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Abstract
Vaccination is a valid strategy to prevent and control newly emerging and reemerging infectious diseases 
in humans and animals. However, synthetic and recombinant antigens are poor immunogenic to stimulate 
efficient and protective host immune response. Immunostimulants are indispensable factors of vaccines, which 
can promote to trigger fast, robust, and long-lasting immune responses. Importantly, immunotherapy with 
immunostimulants is increasing proved to be an effective and promising treatment of cancer, which could 
enhance the function of the immune system against tumor cells. Pattern recognition receptors (PRRs) play 
vital roles in inflammation and are central to innate and adaptive immune responses. Toll-like receptors (TLRs)-
targeting immunostimulants have become one of the hotspots in adjuvant research and cancer therapy. Bacterial-
origin immunoreactive molecules are usually the ligands of PRRs, which could be fast recognized by PRRs and 
activate immune response to eliminate pathogens. Varieties of bacterial immunoreactive molecules and bacterial 
component-mimicking molecules have been successfully used in vaccines and clinical therapy so far. This work 
provides a comprehensive review of the development, current state, mechanisms, and applications of bacterial-
origin immunostimulants. The exploration of bacterial immunoreactive molecules, along with their corresponding 
mechanisms, holds immense significance in deepening our understanding of bacterial pathogenicity and in the 
development of promising immunostimulants.
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Introduction
Vaccines could induce the host immune response to 
defense against infectious and noninfectious diseases, 
which is considered to be one of the most successful 
medical interventions. Since Edward Jenner’s landmark 
discovery in the late 18th century, vaccines have suc-
cessfully reduced worldwide transmission levels to near 
eradication for some infectious diseases like hepatitis, 
malaria in humans, and rinderpest in animals [1, 2]. The 
limitations on vaccine efficacy often arise due to inad-
equate immunogenicity of certain antigens, resulting 
in insufficient immune responses. To address this chal-
lenge, researchers have turned to immune adjuvants as a 
way to enhance and modulate immune responses. Cru-
cially, developing new vaccines with a rapid and efficient 
immune response stimulation is an urgent problem in 
combating the newly emerging diseases including novel 
coronavirus. Meanwhile, exploiting immune adjuvant to 
stimulate and regulate immune pathways can improve 
the effect of cancer immunotherapy.

Immune adjuvants refer to substances that can change 
or enhance the immune response of the body to the 
antigen and enhance the immunogenicity of the corre-
sponding antigen or change the type of immune response 
(Fig.  1). Adjuvants came to attention in the 1920s after 
Gaston Ramon, of the Pasteur Institute in France, made 
the crucial observation that inflammatory reaction at the 

site of injection using different substances, like tapioca 
and lanolin, enhanced immune response, and he had dis-
covered the concept of adjuvant [3]. Immune adjuvants 
come from a wide range of sources, including aluminum 
salts, microorganisms and their derivatives, animal lipids, 
synthetic polymer materials, natural plant esters, poly-
saccharides, etc. Immune adjuvants can be categorized as 
immunostimulants and delivery systems [4]. The delivery 
system can promote antigen delivery by facilitating the 
uptake, transport, or presentation of antigens by antigen-
presenting cells (APCs), however, immunostimulants can 
directly activate or enhance the host’s immune response 
[5]. Bacterial-origin immunostimulants are of particular 
interest due to their ability to directly activate or enhance 
the host’s immune response.

Many of the bacterial molecules trigger a more robust 
immune response by inducing affinity maturation of 
the antibody response, increasing serum antibody 
titers, and immunoglobulin class switching [6]. Bacte-
rial active molecules are usually regarded as conserved 
pathogen-associated molecular patterns (PAMPs) for 
the activation of the innate immune system [7]. Stimulat-
ing the innate immune system is now known to have an 
important role in the evolution of the adaptive immune 
response [8]. Innate immune responses lead to a rapid 
burst of inflammatory cytokines and activation of APCs 
and then lead to the subsequent development of specific 

Fig. 1 Schematic of immune response to the vaccine. Antigens are delivered to and bind with naïve dendritic cells to form mature antigen-presenting 
cells. Then the processed antigens bind with T-cell receptors on naïve CD4+ cells or naïve CD8+ cells, respectively. The stimulated T cells secrete cytokines 
to drive Th1 or Th2 immune response, leading to humoral or cellular immunity. In addition, activated dendritic cells can act directly on CD8+ T cells to 
license them to become CTLs. Adjuvants, mainly immunostimulants, interact with PRRs that induce the production of cytokines and chemokines, facilitat-
ing the generation of T helper cell response. CTL, cytotoxic T-lymphocyte
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adaptive immune responses. The addition of such micro-
bial PAMPs as immunostimulants leads to the develop-
ment of robust and durable adaptive immune responses. 
Therefore, PAMPs, especially Toll-like receptor (TLR) 
ligands are considered attractive adjuvant candidates in 
vaccine development.

Both emergency infectious disease and cancer are 
major health threats worldwide. Immunostimulants play 
important roles in modern vaccine development, hence 
developing new materials to promote immune response 
against microbial infections and tumor cells has attracted 
the interest of multitudinous researchers. Some bacterial 
active molecules have been clinically applied, however, 
more efficient and safer bacterial-origin immunostimu-
lants need to be discovered to promote and guide mod-
ern vaccine development. In this review, we will explore 
the current state of research on bacterial-origin immuno-
stimulants and their potential impact on immunity.

Bacterial active molecules
Lipopolysaccharide (LPS) and monophosphoryl lipid A 
(MPL)
LPS is a complex molecule found in the outer membrane 
of Gram-negative bacteria that play a critical role in pro-
tecting the bacterial cell from environmental stresses. It 
was first described under the name of endotoxin by Pfei-
ffer as a highly toxic component firmly bound to cells of 
vibrio cholera [9]. TLR4 is a receptor that recognizes LPS 
on the surface of Gram-negative bacteria, triggering a 
signaling cascade that leads to the activation of the innate 
immune response. It forms a complex with MD-2, induc-
ing myeloid differentiation 88 (MyD88)-dependent sig-
naling and activating the NF-κB pathway. The activation 

of NF-κB eventually produces amounts of inflamma-
tory cytokines, like interleukin (IL)-6, and tumor necro-
sis factor (TNF)-α [7]. However, it is clear that LPS also 
exacerbates the effects, which are known as major fac-
tors involved in the disastrous manifestations and clini-
cal consequences of severe Gram-negative infections and 
generalized inflammation.

LPS is composed of three major parts: an O-specific 
chain, core polysaccharide, and Lipid A, which is the 
toxic component / harbors the ‘endotoxic principle’ of 
LPS responsible for the pathophysiological effects asso-
ciated with severe Gram-negative infections [10]. How-
ever, due to its toxicity, Lipid A cannot be used directly as 
an immunostimulant. MPL, a nontoxic derivative of LPS 
obtained by hydrolyzing Lipid A, retains the immunos-
timulatory properties of LPS but lacks many of its toxic 
effects, making it a promising adjuvant for vaccine devel-
opment. MPL™ (Corixa) adjuvant is a 3-O-desacyl-4’-mo-
nophosphoryl lipid A is detoxified derivative of the LPS 
isolated from the Gram-negative bacterium Salmonella 
Minnesota (S. Minnesota) R595 strain [11]. LPS treated 
with acid hydrolysate was shown to be the 4’-monophos-
phoryl derivative of the lipid A moiety which is confirmed 
to be a potent immunostimulant and lacks many of the 
toxic properties of the parent LPS [12] (Fig.  2). Subse-
quent mild alkaline treatment of MPL selectively removes 
a single fatty acid, resulting in a further reduction in tox-
icity without diminishing its immunostimulatory effi-
cacy [13]. Vaccine Adjuvant System (AS), specifically 
AS01, AS02, AS04, and AS15, incorporate MPL™ as 
an immunostimulatory ingredient. Importantly, AS04, 
which consists of MPL™ adsorbed onto aluminum salts, 
has received approval for incorporation in the human 

Fig. 2 Structure of lipid A and MPL from S. Minnesota R595. (A) structure of lipid of LPS from S. Minnesota R595. (B) structure of MPL hydrolyzed from (A)
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papillomavirus (HPV) vaccine (Cervarix) and hepati-
tis B virus (HBV) vaccine (Fendrix). The innate immune 
responses elicited by AS04 are attributed predominantly 
to MPL. This adjuvant stimulates robust antibody pro-
duction, enhances Th1 cell responses, and increases the 
frequency of HPV-specific memory B cells [14]. Both LPS 
and MPL are recognized specifically by TLR4. However, 
MPL uniquely triggers signaling exclusively via the TRIF 
adaptor, whereas LPS activates TLR4 through both TRIF 
and MyD88 pathways. The MyD88 pathway resulting 
in high levels of many inflammatory cytokines, promi-
nently TNF-α [15] (Fig. 3). MPL can stimulate cytokines 
and chemokines and initiate both innate and adaptive 
immune responses [16]. MPL also promotes the migra-
tion and maturation of antigen-presenting cells [17]. As 

a Th1-type adjuvant, MPL has shown a good safety pro-
file in human and animal studies, making it a promising 
candidate for use in vaccines for global health. TLR4 ago-
nists such as MPL can enable the development of new 
generation vaccines that are more effective at stimulating 
immune responses and protecting against infectious dis-
eases and tumors.

Bacterial outer membrane protein (OMP) and lipoprotein
All Gram-negative bacteria possess surface-associated 
OMPs, some of which have long been recognized as 
potential vaccine candidates. Purified preparations of 
meningococcal OMPs noncovalently complexed with 
antigens via hydrophobic interaction to form multi-
molecular vesicular structures, which were regarded as 

Fig. 3 Schematic of representative bacterial-origin immunostimulants signaling pathway. (A) LPS and MPL interact with TLR4, recruiting its downstream 
adaptors. LPS induced both the MyD88-dependent and MyD88-independent signaling pathways, responsible for proinflammatory cytokine expression 
and Type I interferons, respectively. MPL activated the MyD88-independent signaling mediating the induction of Type I interferons. (B) The signaling 
cascade induction by flagellin can be through MyD88-dependent and MyD88-independent pathways. Flagellin activates the dimerization of TLR5 and 
then recruited MyD88 binding to the cytoplasmic portion of TLR5. The interaction leads to the activation of NF-κB signaling, inducing many downstream 
inflammatory-related genes expression. Meanwhile, TLR5 can form heteromeric complexes with TLR4 induced with flagellin, which lead to the activation 
of MyD88-independent signaling and production of NO. (C) Cytoplasmic flagellin activates caspase-1 and secretion of IL-1β via NLRC4/NAIP5-dependent 
inflammasome pathway. (D) CpG-ODN interacts with TLR9 in the endosome and recruits MyD88 and the downstream molecules, which activates either 
NF-κB or IRF7 according to the type of endosomes. The activation of NF-κB is responsible for the production of pro-inflammatory cytokines, like IL-1, IL-6, 
IL-12, and TNF-α, while the activation of IRF-7 is responsible for the expression of type I interferons. LPS, lipopolysaccharide; MPL, monophosphoryl lipid A; 
TLR, Toll-like receptors; MyD88, myeloid differentiation 88; NO, nitric oxide; IL, interleukin; NLRC4, Nod-like receptor protein 4; NAIP5, Nucleotide-binding 
domain leucine-rich repeat family, apoptosis inhibitory protein 5; CpG-ODN, CpG Oligodeoxynucleotides; IRF7, Interferon regulatory factor 7; TNF, tumor 
necrosis factor
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proteosomes. In clinical trials I and II, combinations of 
Neisseria meningitidis (N. meningitidis) OMPs-proteos-
ome and Shigella flexneri 2a or Pleisiomonas shigelloides 
LPS (Protollin ™) were used as an intranasal adjuvant and 
shown to be safe and well-tolerated [18, 19].

Bacterial lipoproteins are secreted proteins anchored 
to the cell membrane, playing important roles in bacte-
rial life activities [20]. The first lipoprotein in E. coli was 
described by Braun and Rehn in 1969, and the lipidation 
pattern at the N-terminus of bacterial lipoproteins, the 
cysteine-linked diacyl lipid portion, which acts as potent 
agonists of TLRs [21, 22]. For example, E. coli expressed 
bivalent recombinant LP2086, the second recombinant 
lipoprotein licensed for use in human vaccines, has been 
shown to prevent N. meningitidis serogroup B disease 
in children and adolescents [23]. Lipoprotein BP1569 
of Bordetella pertussis (B. pertussis) has been shown to 
activate mouse dendritic cells (DCs), macrophages, and 
human monocytes. Subsequently, synthetic lipopep-
tide LP1569 was shown to enhance pertussis vaccine-
induced Th1, Th17, and IgG2a antibody response against 
B. pertussis infection [24]. Synthetic lipopeptide of the 
N-terminal lipopentapeptide and lipohexapeptide Pam3-
Cys-Ser-Lys4 (Pam3CSK4) of bacterial lipoprotein have 
also been shown to act as potent immunostimulants [25, 
26].

However, the members of bacterial lipoprotein family 
are abundant and largely remains unclear. The diacyl-
glyceryl and triacyl-glyceryl structures of lipoproteins 
could activate TLR2/TLR6 or TLR2/TLR1 signaling to 
induce innate immune responses [27, 28]. Based on these 
structures, lipoproteins are promising immunostimu-
lants candidates, while they often play a role in patho-
genicity in the context of an infection. Their lipopeptide 
analogues are synthesized and investigated for biological 
activity [29]. However, interaction between lipoproteins/
lipopeptides and TLR2 induce most diverse of molecule 
signaling. Therefore, researches on the structure-activity 

relationship of immunostimulants are necessary and 
synthetic lipopeptides are the primary candidates, due 
to the diverse convenient chemical modification. Bacte-
rial OMPs and lipoproteins are promising vaccines and 
immunostimulants candidates based on previous stud-
ies. However, due to the complexity and diversity of their 
structures, the biological activity and mechanism of 
these compounds remain uncertain and require further 
investigation.

Flagellin
The flagellum is a long filamentous appendage on the 
surface of bacteria, which is composed of three parts: 
the basal body, the torsion hook, and a helical hol-
low filament [30]. The flagellar filament is composed of 
thousands of copies of the protein flagellin [31]. Flagellin 
acts as a potent immunostimulant, it engages the innate 
immune system by activating the extracellular TLR5 
signaling pathway and intracellular Nod-like receptor 
protein 4 (NLRC4) signaling pathway [32, 33] (Fig.  3). 
Flagellin can be divided into four domains, labeled 
D0-D3, arranged from the inside to the outside of the fil-
ament [34] (Fig. 4). The adjuvant activity of flagellin was 
first reported by McEwen, and subsequent studies have 
demonstrated its effectiveness as an adjuvant, eliciting 
potent systemic and mucosal adaptive immune responses 
[35, 36]. The mucosal immune response serves as the first 
line of defense against many pathogens in the respira-
tory, gastrointestinal, and genitourinary tract due to the 
expression of TLR5 in mucous tissue [32, 37]. TLR5 rec-
ognizes only flagellin monomers and the recognition site 
is buried in the core of the flagellar filament [38]. This 
indicates that cellular recognition of flagellin requires 
breaking down of the filament to into its monomeric 
form. The crosstalk between flagellin and epithelial cells 
is essential for the recruitment of DCs. The recruitment 
of DCs into the epithelium is a prerequisite to initiate an 
adaptive response [39]. Taking advantage of TLR5- and 

Fig. 4 Structure schematic of the bacterial flagellum. The bacterial flagellum structure consists of a basal body, a hook, and a filament. The basal structure 
is anchored in the outer and inner membranes. The hook is external to the cell, lying between the basal body and the filament. Filament consists of four 
domains, D0, D1, D2, and D3, in end-on view. Antibody responses tend to be targeted to the filament
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NLRC4- stimulating activities, flagellin has been actively 
developed as a vaccine adjuvant and immunotherapeutic.

Flagellin can be mixed with vaccine antigens, chimeri-
cally expressed, or co-displayed with foreign antigens in 
live bacterial strains, incorporated into nanoparticles, 
and used as an adjunctive therapy for tumors. In addi-
tion, Vaccination with recombinant fusion antigens 
physically linked with flagellin has shown greater efficacy 
[40]. To date, four candidate vaccines based on flagellin-
fusion technology have entered clinical trials, including 
a plague vaccine, recombinant M2e-flagellin influenza 
vaccine (STF2.4xM2e, VAX102), recombinant HA-fla-
gellin influenza vaccine (STF2.HA1 SI, VAX125) and a 
prototypic quadrivalent seasonal HA-flagellin influenza 
vaccine (STF2, VAX2012Q) [41]. The plague vaccine, a 
recombinant flagellin-F1-V protein against Yersinia pes-
tis, is evaluated in a phase I clinical trial [42]. VAX102, 
a recombinant of four copies of the ectodomain of M2e 
antigen and Salmonella typhimurium flagellin phase 2 
(STF2), and phase I trials show a fourfold rise in anti-
M2e antibodies in human [43]. VAX125 vaccine consists 
of the globular head of the HA1 domain of H1N1 fused 
with STF2 and has advanced to phase II study, making 
it a promising candidate for the prevention of influenza 
A disease in elderly patients [44]. VAX2012Q comprises 
four hemagglutinin subunits, each fused to a flagellin 
protein, and was studied in a phase I clinical trial. All 
four components of VAX2012Q elicited seroprotective 
immune responses against respective influenza type A 
or B viruses, and no safety concerns were reported [45]. 
Flagellin enhances antigen immunogenicity and induces 
both humoral and cellular responses against infectious 

pathogens, making it a promising tool for the develop-
ment of novel vaccines. Although none of the flagellin-
adjuvanted vaccines has received approval for sale or 
use, a flagellin-fusion influenza vaccine has advanced to 
phase II studies. Phase III studies of flagellin influenza 
vaccines are expected to be completed within the next 
five years. Flagellin-based nanoparticles and optimized 
derivatives are also rapidly developing in novel vaccine 
design and tumor immunotherapy. However, one poten-
tial concern is the ability of flagellin to induce anti-flagel-
lin antibodies, which could potentially interfere with its 
adjuvant activity. Therefore, deeper understanding and 
optimization of flagellin derivatives would expedite clini-
cal application.

Bacterial CpG oligonucleotides
Tokunaga et al. found that Mycobacterium bovis (M bovis) 
strain Bacillus Calmette-Guérin (BCG) DNA possessed 
antitumor activity [46]. Six-base self-complementary 
‘palindromes’ in microbial DNA, which are capable of 
immune stimulation were shown to contain at least one 
cytosine-phosphate-guanine (CpG) dinucleotide [47]. 
Synthetic oligodeoxynucleotides containing unmethyl-
ated CpG dinucleotide, flanked by two 5’ purines and two 
3’ pyrimidines, could induce more than 95% of all spleen 
B cells to enter the cell cycle, suggesting the immune 
stimulation of bacterial DNA with non-methylated 
CpG motifs (CpG ODN) [48]. CpG motifs are unique 
to microbial DNA since vertebrate DNA is methylated 
at CpG sites, making it non-stimulatory. The immuno-
stimulatory effects of bacterial DNA can be mimicked 
by synthetic oligodeoxynucleotides containing a CpG 
ODN. Several types of synthetic CpG ODNs have been 
identified, including A-class (D-type), B-class (K-type), 
C-class, and P-class (Table  1). Differences in retention 
times of CpG/TLR9 complexes in pDC endosomes can 
explain the distinct activities of different types [49]. A/D 
class CpG ODNs are characterized by high interferon-α 
(IFN-α) but intrinsically form aggregates, hindering their 
good manufacturing practice grade preparation [50]. The 
structure-function relationship of B-class CpG ODNs has 
been extensively investigated to enable their clinical use.

Halperin et al. first reported CpG used as the sole 
adjuvant and the phase I study showed the safety and 
immunogenicity of a 22-mer synthetic, phosphorothio-
ate oligodeoxyribonucleotide immunostimulatory DNA 
sequences (CpG 1018) co-administered with hepatitis B 
surface antigen in healthy adults [51]. CpG 7909 as an 
adjuvant to Engerix-B (GlaxoSmithKline) HBV vaccine 
and pneumococcal conjugate vaccine in HIV-infected 
adults was confirmed in phase I/II study [52]. In addition, 
CpG ODNs are most studied the potential for cancer 
treatment in human clinical trials such as Non-Hodg-
kin’s lymphoma, renal cell carcinoma, melanoma, and 

Table 1 Comparison of A, B, C, and P class CpG
class Structure 

characteristics
Immunomodulatory 
activity

Refer-
ence

CpG-A phosphodiester CpG 
motif(s)
phosphorothioate-G-
rich 3’ and 5’ ends

strong pDC IFN-α 
induction
weak B cell activation.

 [146, 
147]

CpG-B multiple CpG motifs 
on a phosphorothioate 
backbone

potent Th1
strong B cell and NK 
cell activation
triger TNF-α and IL-6 
production
weak pDC IFN-α 
induction

 [148]

CpG-C wholly 
phosphorothioate
no poly-G stretches
palindromic sequence

good induction of 
IFN-α in pDCs
activating B cells
good Th1 induction

 [149, 
150]

CpG-P two palindromic 
sequences
form concatemers
multimeric units

strong induction of 
IFN-α production

 [151]

pDC, plasmacytoid dendritic cell; IFN, interferons; NK cell, natural killer cell; TNF, 
tumor necrosis factor; IL, interleukin
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non-small cell lung cancer, including ND1018 ISS of class 
B CpG ODN from Dynavax, IMO 2055 from Idera and 
agatolimod from Pfizer [53].

CpG ODN can induce a good Th1-type immune 
response via synergy between TLR9 and the B-cell recep-
tor, resulting in antigen-specific B-cell stimulation, inhi-
bition of B-cell apoptosis, enhanced IgG class switching 
and DC maturation and differentiation [48, 54–56]. CpG 
ODNs interact with TLR9 in the endosome, recruiting 
MyD88 and downstream signaling molecules to activate 
NF-κB and IRF-7, resulting in the production of inflam-
matory cytokines and type I IFNs [57] (Fig.  3). Addi-
tionally, Miguel et al. found that CPG ODNs activate a 
non-TLR9-dependent signaling pathway through the 
Src kinase family, triggering a tyrosine phosphorylation-
mediated signaling cascade involved in upstream MyD88 
signaling [58]. CpG ODN-antigen conjugates enhance 
immunogenicity by ensuring that both antigen and CpG 
ODN are taken up by the same APC and improving 
uptake on these cells, and this effect is independent of 
the nature of the ODN but requires physical conjugation 
of DNA to target antigen [59]. In addition, inclusion of 
CpG ODNs further enhances the utility of cholera toxin, 
a leading experimental mucosal adjuvant for the induc-
tion of strong mucosal immune responses [60]. Mucosal 
immunization with CpG ODN alone could also induce 
strong mucosal immune responses [61]. Currently, there 
are many ongoing or completed clinical trials study-
ing B-class CpG ODNs as adjuvants targeting infectious 
agents, allergens, and cancer. CpG ODN-based therapies 
for allergens and cancers needs to be exploited further 
as an immunostimulant. Exploration of other and new 
classes of CpG ODNs could advance progress in the areas 
of immunity, chemistry, and biology and pave the way for 
broader usage in clinical application.

Cholera toxin subunit
Cholera, mainly caused by Vibrio cholerae (V. cholerae) 
O1 and 139 serotypes, is a highly contagious acute dehy-
drating diarrheal disease. Four oral cholera vaccines are 
available in the global market, including Dukoral® (SBL 
Vaccine AB, Stockholm, Sweden), Shanchol® (Shantha 
Biotechnics Limited, Bashir Bagh, India), and Euvichol® 
(EuBiologics, South Korea) [62, 63]. Dukoral® is the first 
prequalified vaccine meeting World Health Organiza-
tion (WHO) recommendations and contains inactivated 
V. cholerae and recombinant cholera toxin subunits B 
(rCTB). Shanchol® and Euvichol® are modified version of 
Dukoral®, which do not require a buffer. These vaccines 
were respectively prequalified in 2011 and 2015. EuBio-
logics changed the presentation of the vaccine from con-
ventional glass vials to plastic tubes as Euvichol-Plus®, 
which is prequalified by WHO in 2017 [64].

Cholera toxin (CT) is the main virulence factor of V. 
cholerae that also possesses strong mucosal immunogenic 
properties. The adjuvant activity appears to be closely 
linked to its adenosine diphosphate (ADP)-ribosylating 
action. However, the toxicity of CT makes it unsuitable 
for use, necessitating the removal of toxicity while main-
taining adjuvanticity. The two main subunits of CT are 
CTA and CTB. The CTA subunit is responsible for the 
disease phenotype, while CTB acts as a vector for CTA 
delivery to target cells. CTA is a 28kD subunit containing 
two major domains: CTA1, the active part of the toxin, 
and CTA2, which acts as an anchor for the CTB subunit. 
CTB subunit is composed of about 55 kD homologous 
pentamer structure that binds with high affinity to GM1 
ganglioside on mammalian cells [65]. CTA can improve 
the body’s local and systemic immunity to antigens, but 
its strong toxicity can cause serious diarrhea reactions. 
CTB eliminates the toxicity of CT while retaining strong 
immunogenicity and adjuvanticity, making it a research 
hotspot [66]. Coupling antigens to CTB induces a much 
stronger response via the oral administration route [67]. 
A common form is to fuse CTB recombinantly to anti-
gens. In addition, CTB can be co-administered with anti-
gens directly or through chemical coupling. CTB can be 
used as an adjuvant against infection with the amoeba 
Naegleria flowleri, HIV, Plasmodium yoelii, and Helio-
bacter pylori infection in the animal model [68–71]. CTB 
plays an important role in immune regulation mainly by 
regulating T cell response, playing an important role in 
cellular immunity and antibody production. The type of 
immune response induced by CTB as an adjuvant has not 
yet been determined, with the Th2 type as the main result 
in many studies, and the Th1 type as the main result in 
some studies.

Mucosal administration of relevant antigens conju-
gated to CTB induces oral tolerance with exceptionally 
high efficiency, providing a promising approach to pre-
vent or treat allergic or autoimmune disorders [72]. CTB 
dramatically increases mucosal antigen uptake and pre-
sentation by different APCs through binding to a gan-
glioside, making most B cells effective APCs irrespective 
of their antibody specificity. Meanwhile, CTB mediates 
stimulation of transforming growth factor-β (TGF-β) 
and IL-10 production while inhibiting IL-6 formation, 
explaining the dramatic potentiation of oral tolerance 
by mucosal antigens presented with CTB [66]. Behcet’s 
disease (BD) patients were treated with oral tolerance 
induction by HSP60 p336-351/CTB conjugate in phase 
I/phase II clinical study and the promising findings give 
hope to this strategy with antigen/CTB conjugate in 
patients with BD and other autoimmune or inflamma-
tory disorders [73]. The immunological and toxicological 
impacts of CTB administration in different host require 
further investigation. The capacity of CTB to induce 
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potent mucosal immune responses and the development 
of efficient CTB/CTB-antigen expression strategies make 
it applicable in multiple areas, including vaccine develop-
ment and prevention or treatment of allergic or autoim-
mune disorders. These findings suggest that CTB-based 
therapies need further exploration and exploitation.

Bacterial extracts and preparations
Bacterial outer membrane vesicles (OMVs)
In 1967, Chatterjee and Das reported that V. cholerae 
could secret particles in the form of bulging out and 
pinching-off of portions [74]. Membrane vesicles (MVs), 
usually referred to as OMVs, were first found to be pro-
duced through controlled blebbing of the outer mem-
brane of Gram-negative bacteria. Certain Gram-positive 
bacteria have also been shown to produce similar vesi-
cles [75]. MVs can differ in their structure and compo-
sition, including OMVs, outer-inner membrane vesicles 
(OIMVs), cytoplasmic membrane vesicles (CMVs), and 
tube-shaped membranous structures (TSMSs).

OMVs are spherical buds of outer double-membrane-
like structures, approximately 20 to 400 nm in diameter, 
filled with periplasmic content, and commonly produced 
by Gram-negative bacteria [76]. OMVs can be considered 
bacterial ‘sample packs’, containing much of the biologi-
cal content found within the parent bacterium but in a 
non-replicative form [77]. All types of Gram-negative 
bacteria produce OMVs in a variety of environments, 
including biofilms and within mammalian hosts [78, 79]. 
OMVs are nano-sized spherical vehicles and contain 
multiple parent bacterial-derived components, such as 
lipopolysaccharide, lipoprotein, DNA, RNA, peptidogly-
can, and others. Based on their structures, OMVs have 
been developed for biomedical applications such as vac-
cines, adjuvants, and drug delivery vehicles [80]. OMVs 
are reported to have important biological roles in patho-
genesis and intercellular interactions and the structure 
and composition of OMVs are the basis of their function. 
An important feature of OMVs is that the proteins asso-
ciated with them exhibit biological activities. The OMV 
vaccines from N. meningitidis serotype B have been 
explored since the 1970s and have succeeded in the out-
break of meningococcal group B (MenB)-caused menin-
gitis in Cuba, Norway, and New Zealand have proven the 
concept of their efficacy [81, 82].

OMVs consist of properties including non-replicating 
properties, nano-particles, pathogen-like properties, 
and multiple PAMPs, which have increased the appeal of 
OMVs as ideal adjuvant candidates. Immunized OMVs 
with model antigens like ovalbumin or specific patho-
gen antigens like hepatitis B virus surface antigen have 
displayed strong adjuvant activity [83, 84]. Integrat-
ing antigens into OMVs is another approach to improve 
the immunization efficacy of antigens of interest. 

Glycosylated OMVs displaying pathogen glycotopes have 
been reported to trigger bactericidal activities via cap-
sular polysaccharide or LPS-specific antibodies [85, 86]. 
An adjuvant formulation of MenB OMV containing mite 
allergens from Dermatophagoides siboney is undergo-
ing a phase I clinical trial [87]. The safety of native OMVs 
from N. meningitidis has been confirmed in humans, 
and the MenB vaccine product Bexsero OMVs has been 
approved by European Medicines Agency (EMA) and US 
Food and Drug Administration (FDA), further validating 
the safety of OMVs used as an adjuvant [88]. The mecha-
nism of the adjuvant activities of OMVs remains elusive. 
PAMPs present in OMVs recognized by PRRs promote 
activation and maturation of APCs, which express major 
histocompatibility complex class II (MHC-II) as well 
as B7 proteins, a necessary co-stimulatory molecule for 
T cell activation [5]. Engineered OMVs of Salmonella 
typhimurium have been discovered to express mem-
brane-bound antigen program APCs for cross-presen-
tation to CD8+ T cells via the MyD88 signaling pathway 
[89]. Furthermore, it has been proposed that OMVs 
influence immune response by the “geographic concept”, 
involving increased antigen uptake and translocation to 
lymph nodes by APCs.

OMVs have also been studied in the field of cancer 
immunotherapy and drug delivery vehicles. Yong Song 
Gho et al. reported bacterial OMVs could effectively 
induce long-term IFN-γ-dependent antitumor immune 
responses without notable adverse effects [90]. With the 
development of genetic engineering, OMVs can be engi-
neered with enhanced tumor-targeting ability and antitu-
mor immune response. In addition, drug delivery vesicle 
is a promising novel approach for OMVs, as OMVs could 
be decorated with targeting ligands and accumulated in 
tumors. Sangyong Jon et al. utilized the bioengineered 
E. coli OMVs to deliver small interfering RNA (siRNA) 
to target and kill cancer cells [91]. In conclusion, bacte-
rial OMVs hold potential as promising vaccine platforms, 
delivery carriers, and immune adjuvants. However, 
further bioengineering and optimization of OMVs is 
required to reduce endogenous proteins and endotoxin 
activities, improve productivity, and enhance exogenous 
antigen loading. Therefore, extensive research efforts 
aimed at understanding the underlying mechanisms of 
OMV production and optimizing their design will be 
essential for advancing their use and implementation.

Corynebacterium parvum (C. Parvum)
C. parvum, recently renamed as Cutibacterium acnes, 
is a commensal Gram-positive bacterium that has been 
shown to be an effective adjuvant when added to nor-
mal vaccines, enhancing both soluble and cell-medi-
ated immune responses [92]. Halpern first reported the 
phagocytic activity of the reticuloendothelial system by 
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C. parvum [93]. Series studies in vitro/in vivo of animal 
models reported the peculiar immunomodulating roles 
of C. parvum against a wide variety of virus infections, 
such as hepatitis B, herpes simplex virus-1 (HSV-1), 
influenza virus, rabies virus, human immunodeficiency 
virus (HIV), and so on [94–97]. Liu et al. reported that 
C. parvum can induce peripheral blood monocyte dif-
ferentiation into CD209+ macrophages and CD1b+ DCs 
in vitro. CD209+ cells are more effective in binding and 
phagocytosis of microbial pathogens, while CD1b+ cells 
with an immature DC phenotype are efficient antigen-
presenting cells to adaptive T cells response [98]. In addi-
tion, both CD209+ and CD1b+ cell populations secret 
human IL-12 or IL-23 to modulate the adaptive Th1 
response [99]. The host receptors involved in the immu-
nostimulatory process of C. parvum remain unknown, 
due to the host receptors recognize highly conserved 
microbial structures, which are potential candidates for 
its immunostimulatory effect. TLR2, TLR9, and MyD88 
are related to the immunostimulatory effects of C. par-
vum on both innate and adaptive immunity. Meanwhile, 
C. parvum can activate macrophages, enhance the activ-
ity of NK cells, enhance the ability of B cells to produce 
antibodies, and induce the production of cytokines such 
as IFN, TNF, and interleukin. However, C. parvum may 
enhance the toxicity of LPS endotoxin through the induc-
tion of TNF by immune-competent cells [100].

The very first clinical use of C. parvum as a drug 
(Coryparv, by the International Wellcome Burroughs 
Company) was in the oncological setting because of its 
direct anticancer properties, resulting in prolonged sur-
vival and better quality of life. However, the registration 
of Coryparv, a drug containing C. parvum, expired in 
Europe [101]. The wide spectrum antiviral activity of C. 
parvum is supposedly due to activity potentiating mono-
cytes, and NK cells with regards to their number and 
function, and interferon gene activation, which is the first 
barrier to virus invasion [92]. During the coronavirus dis-
ease 2019 (COVID-19) pandemic, the superior activities 
of C. parvum in promote innate immunity and modulate 
adaptive immunity have attracted researchers’ attention. 
Palmieri et al. confirmed that C. parvum is safe and effec-
tive in supporting immunocompromised patients during 
epidemic or pandemic events when the risk of infection 
and complications is increased, including COVID-19 
infection [101]. The antiviral properties suggest its poten-
tial and effective use to fortify fragile patients. C. par-
vum may be used to prevent COVID-19 and other virus 
infections by blocking the virus entrance and interrupt-
ing early symptoms in the respiratory system [99]. When 
sudden pandemic occurs, the inactivated C. parvum is 
promising to be used as an innate immunity trigger, help-
ing to quick and effectively get rid of virus.

The BCG and BCG cell wall skeleton (BCG-CWS)
Tuberculosis infection is characterized by a complex 
immunologic response, leading to a unique host-patho-
gen interaction. BCG is an attenuated strain of M bovis, 
isolated by and named after Calmette and Guérin in 
Lille, France, which is used as vaccines against tuber-
culosis [102]. Benjamin Weill-Halle and Turpin gave a 
dose of BCG to the infant by oral route in 1921, show-
ing no undesirable sequelae [103]. BCG vaccination has 
been shown to be safe and effective, with several vac-
cines in use today, such as products of Pasteur-Merieux-
Connaught, the Danish Statens Serum Institute, Evans 
Medeva, and the Japan BCG Laboratory in Tokyo. BCG 
vaccination has been associated with a reduction in 
infant mortality due to protection against respiratory 
tract infections and neonatal sepsis [104].

Experiments with BCG as cancer treatment began and 
in 1976 Morales published the first successful clinical 
results of nine patients with superficial bladder tumors 
treated with intravesical BCG and the intravesical instil-
lation of BCG for treating bladder cancer is a powerful 
cancer immunotherapy [105]. BCG is available in the 
clinic (Immunobladder®) and it obtains an overwhelm-
ingly high therapeutic effect that indicates it will be used 
in the treatment of cancers other than bladder cancer 
[106]. BCG has potent immunological effects, includ-
ing augmentation of the antibody response, increased 
delayed hypersensitivity responses to a variety of anti-
gens, increased activity of peritoneal macrophages, and 
increased clearance of bacteria [107]. In the current, 
COVID-19 pandemic situation, numerous vaccines 
against emerging and re-emerging infections have limited 
immunity and a prior BCG vaccination is also implicated 
with better clinical outcomes from COVID-19 [104, 
108]. The COVID-19 pandemic has renewed researchers’ 
interest in this old vaccine and the increasing scientific 
investigations will provide new ideas for the understand-
ing of immunology.

The BCG-CWS is the central immune activator and 
potent substitute of BCG, with a basic structure com-
posed of mycolic acid, arabinogalactan, and peptidogly-
can. BCG-CWS can act as ligands for TLR2 and TLR4, 
leading to DCs maturation and secretion of TNF-α, IL-6, 
and IL-12 p40 [109]. BCG-CWS can also be recognized 
by C-type lectin receptors, such as macrophage-induc-
ible C-type lectin and dectin-2, via trehalose dimycolate 
and mannose-capped lipoarabinomannan [109–111]. 
However, BCG-CWS is insoluble in both aqueous and 
organic solvents, and the use of mineral oil and Tween 80 
to form an oil-in-water (O/W) emulsion of BCG-CWS 
applied to animals and humans, leads to limited routes of 
administration and strong local inflammation [112, 113]. 
Although BCG-CWS immunotherapy has been exten-
sively studied in clinical trials, there are still issues to be 
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solved. For example, BCG-CWS immunotherapy seemed 
to improve survival after resection of non-small cell lung 
cancer (NSCLC), especially locally advanced NSCLC 
[114]. Kim et al. investigated BCG-CWS adjuvant effects 
on influenza vaccine efficacy in both infant and old-aged 
mice [115]. Masuda and Nakamura explored a kind of 
water-dispersible nanoparticle formulation of BCG-CWS 
that could be applied as a systemically injected adjuvant 
for cancer immunotherapy [102, 116].

BCG-CWS exhibits potent immunomodulatory activi-
ties, however, further exploration of its underlying molec-
ular mechanisms and advancements in technology are 
necessary to enable its wider application across multiple 
fields. As such, extensive research efforts aimed at under-
standing the molecular basis of BCG-CWS-induced 
immune modulation, as well as developing new tech-
nologies for its production and application, are needed to 
facilitate broader usage of this potent immunostimulant.

Hemolytic streptococcus preparation OK-432
OK-432 is a bacterial-origin immunostimulant that is 
a lyophilized streptococcal preparation from a low-vir-
ulence strain of Streptococcus pyogenes incubated with 
penicillin. It is utilized as an immunotherapeutic agent in 
cancer treatment via the induction of Th1-type cytokines 
[117]. OK-432 was first reported to have potent antitu-
mor activity in the early 1970’s by Sakurai and his team 
members [118]. OK-432 induces Th-1 cytokines, such as 
IFN-γ and IL-12, as well as shifting the Th-1/Th-2 bal-
ance to a Th-1 dominant state [119]. OK-432 can activate 
NK cells, macrophages, polymorphonuclear cells, and 
CD4+T cells [120–122].

In Japan, OK-432 has been used for more than two 
decades as a good manufacturing product (GMP)-grade 
immune-potentiating agent [123]. Preclinical and clini-
cal trials have investigated the use of OK-432 for cancer 
treatment and lymphangiomas. It is reported that intra-
tumoral administration of immature DCs in combination 
with OK-432 accelerated the antitumor effect of imma-
ture DCs in animal models [124]. A phase I trial of pre-
operative intratumoral immature DCs injection together 
with OK-432 is considered to be a safe and feasible pro-
cedure for neo-adjuvant immunotherapy for pancre-
atic cancer [125]. In addition, intralesional injection of 
OK-432 is an effective treatment and should be consid-
ered the primary method of treatment for lymphangio-
mas, which was employed to treat 64 lymphangiomas 
between 1986 and 1992 [126]. A phase II clinical trial at 
27 U.S. academic medical centers reported by Mark dem-
onstrated that OK-432 immunotherapy is an effective, 
safe, and simple treatment option for the management of 
macrocystic cervicofacial lymphatic malformations [127]. 
Intralesional injection of OK-432 is a safe and effective 
therapy for lymphangioma and OK-432 could activate 

white blood cells to secret cytokines including tumor 
necrotic factor, which increased endothelial permeabil-
ity and then accelerated lymph drainage and increased 
lymph flow leading to shrinkage of the cystic spaces 
[128]. The OK-432 was then exploited to treat plunging 
ranula, similar to a cystic lymphangioma, suggesting it 
was a safe and effective therapy resulting in a complete 
or a significant decrease in the volume of cysts [129, 130]. 
The efficacy of OK-432 treatment is more often con-
firmed in antitumor immunity for cancer treatment, such 
as thyroglossal duct cysts, auricular hematomas, pneu-
mothorax, pediatric solid tumors, advanced ovarian can-
cer, and so on [131–133]. It is reported that OK-432 (also 
called sapylin) could improve the immunity of patients 
with thoracic malignancies significantly in the early post-
operative period [134].

In summary, OK-432 shows promise as an immu-
notherapeutic agent in cancer treatment. Its ability to 
induce Th1-type cytokines and activate immune cells 
makes it a potentially effective treatment option for a 
range of medical conditions. Bacterial therapy is often 
studied in cancer treatments research indicates the 
immunomodulatory potential of bacterial preparation, 
and other bacterial strains, including Bifidobacteria, Sal-
monella, and Clostridia species, are potential candidates 
for tumor treatment. Detailed evaluation of the toxicity 
associated with bacterial preparations necessitates long-
term studies. However, innovation approaches, such as 
the engineering of bacterial strains, hold potential for 
promoting the expansion of bacterial therapy develop-
ment and tumor immunity. Meanwhile, the exploration 
and revelation of the mechanism underlying its immuno-
therapeutic effect associated with bacterial preparations 
will facilitate their broader application across multiple 
fields.

Conclusions and future perspective
Emerging infectious diseases and heightened risk of 
cancer are huge challenges for public health in current 
society. Current vaccines have demonstrated low cross 
protection against pathogen isolates, resulting in unde-
sirable immune responses that fail to clear them. There-
fore, the use of immunostimulants, particularly those 
targeting innate immunity, offers promising strategies to 
improve vaccine effectiveness.

The discovery of adjuvants has historically been guided 
by empirical observations, with aluminum salts being 
the sole adjuvant approved by the FDA for extensive 
utilization spanning several decades [135]. Neverthe-
less, aluminum salts exhibit limited adjuvanticity for 
certain antigens, such as those associated with influenza 
[136]. In response to these limitations, immunostimu-
lants have emerged as a critical component for address-
ing the unmet clinical needs in vaccine development 
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and therapeutic protocols. The burgeoning use of highly 
purified recombinant antigens also necessitates the 
advancement of immunostimulants. The advantages and 
potential applications of bacterial-origin immunostimu-
lants are described in Fig. 5. In addition, bacterial-origin 
immunostimulants have their respective characteristics, 
advantages, and even limitations (Table  2). Clarifying 
these properties will also help guide their design appli-
cation. With the advancements in our comprehension of 
immunological mechanisms, coupled with technological 
innovations, the field of adjuvant development has transi-
tioned from a reliance on chance discoveries to strategic, 
rational design.

The growing recognition of innate immunity’s central 
role in shaping vaccine adjuvant activity has emerged 
as a critical area of investigation within the field of 

vaccinology [137]. Bacterial active molecules are natural 
agonists of PRRs like TLRs, which can significantly boost 
the host immune system, making them great potential 
for anti-infection and anti-tumor. MPL, a TLR agonist, 
led the way as the first of its kind to be approved as part 
of the adjuvant system AS04 in the Cervarix vaccine, 
which received licensure in 2009 [138]. Subsequently, the 
implementation of CpG 1018 in the HBV, approved in 
2017, underscored the clinical relevance of TLR agonists 
[139]. These milestones have spurred further research 
into the mechanisms and applications of TLR agonists 
as vaccine adjuvants. Bacterial immunostimulants initi-
ate an immune cascade by activating stromal and resi-
dent immune cells at the site of infection and recruiting 
additional immune cells to the fray. Engagement of these 
immunostimulants with PRRs assists in the mobilization 

Fig. 5 Advantages and potential applications of bacterial origin immunostimulants. Bacterial component or bacterial component-mimicking com-
pounds can be recognized by PRRs and activate both innate and adaptive immune responses. PAMPs-PRRs rapidly mediate innate immune response and 
determine the type, extent, duration of infection, and the requirement for immediate or future defense. Meanwhile, some PAMPs can activate mucosal 
immunity, which is significant for pathogen trafficking. Interaction between bacterial component or bacterial component-mimicking compounds and 
PRRs can promote a more efficient adaptive immune response, including more rapid, magnitude, broadening, and long-time antibody response and IgA 
secretion. Research and development of appropriate bacterial-origin immunostimulants may be filled the gaps both in vaccine production and cancer 
therapy. PRR, Pattern recognition receptor; PAMP, pathogen-associated molecular pattern

 



Page 12 of 19Wang et al. Cell & Bioscience           (2024) 14:24 

Im
m

un
os

im
ul

an
ts

A
dd

iti
on

al
 in

fo
rm

at
io

n
Im

m
un

e 
re

sp
on

se
s

Th
e 

m
er

its
Th

e 
dr

aw
ba

ck
s

(P
ot

en
tia

l) 
ap

pl
ic

at
io

ns
M

PL
D

et
ox

ifi
ed

 T
LR

4 
lig

an
d

TL
R4

-T
RI

F 
sig

na
lin

g;
 T

N
F-

α,
 

IL
-6

, I
FN

-γ
 p

ro
du

ct
io

n;
 T

h1
 

re
sp

on
se

in
du

ce
 h

ig
h 

an
d 

pe
rs

ist
en

t-
sp

ec
ifi

c 
an

tib
od

y 
re

sp
on

se
s

Co
nt

ai
ns

 se
ve

ra
l d

iff
er

en
t M

PL
 sp

ec
ie

s 
th

at
 v

ar
y 

in
 le

ng
th

 a
nd

 d
eg

re
e/

ty
pe

 o
f 

fa
tt

y 
ac

id
 a

cy
la

tio
n;

 M
PL

 m
an

uf
ac

tu
r-

in
g 

pr
oc

es
s f

ro
m

 L
PS

 is
 c

om
pl

ex
ity

; 
hy

dr
op

ho
bi

c 
na

tu
re

; l
oc

al
 a

dv
er

se
 

ev
en

ts
 (p

ai
n,

 e
ry

th
em

a 
an

d 
sw

el
lin

g)

A 
co

m
po

ne
nt

 o
f A

S0
4 

in
 H

BV
 

va
cc

in
e 

Fe
nd

rix
, a

nd
 H

PV
 v

ac
-

ci
ne

 C
er

va
rix

, a
 c

om
po

ne
nt

 o
f 

AS
01

 in
 v

ar
ic

el
la

 z
os

te
r v

ac
ci

ne
 

Sh
in

gr
ix

; v
ac

ci
ne

s t
ar

ge
tin

g 
in

fe
ct

io
us

 d
ise

as
es

; v
ac

ci
ne

s 
ta

rg
et

in
g 

al
le

rg
en

s; 
va

cc
in

es
 

ta
rg

et
in

g 
ca

nc
er

s
Ba

ct
er

ia
l l

ip
op

ro
te

in
s/

lip
op

ep
tid

es
Li

pi
da

te
d 

N
-t

er
m

in
us

 o
f b

ac
te

ria
l 

lip
op

ro
te

in
s b

eh
av

e 
as

 p
ot

en
t 

ad
ju

va
nt

; R
ep

re
se

nt
at

iv
e 

sy
nt

he
tic

 
lip

op
ep

tid
e:

 P
am

nC
ys

 a
na

lo
gu

es
M

ac
ro

ph
ag

e-
ac

tiv
at

in
g 

Li
po

pe
p-

tid
e-

2 
(M

AL
P-

2)
 fr

om
 M

yc
op

la
sm

a 
fe

rm
en

ta
ns

 w
as

 sy
nt

he
siz

ed
 

as
 P

am
2C

ys
; P

am
3C

ys
 li

ga
nd

 is
 

de
riv

ed
 fr

om
 th

e 
N

-t
er

m
in

al
 m

ot
if 

of
 B

ra
un

’s 
lip

op
ro

te
in

, a
 m

ur
ei

n 
lip

op
ro

te
in

 fo
un

d 
in

 th
e 

ce
ll 

w
al

ls 
of

 G
ra

m
-n

eg
at

iv
e 

ba
ct

er
ia

Pa
m

nC
ys

 a
na

lo
gu

es
 a

ct
i-

va
te

 T
LR

2/
TL

R1
 o

r T
LR

2/
TL

R6
 si

gn
al

in
g;

 IF
N

-γ
 a

nd
 

TN
F-

α 
pr

od
uc

tio
n;

 T
h1

, 
Th

17
 re

sp
on

se

Po
te

nt
ia

l t
o 

be
 a

 se
lf-

ad
ju

va
tin

g 
va

cc
in

e;
 

ea
se

 o
f d

es
ig

n 
an

d 
sy

nt
he

sis
 sm

al
l m

ol
-

ec
ul

e 
lip

op
ep

tid
e

Po
te

nt
ia

l a
dv

er
se

 si
de

 e
ffe

ct
 d

ue
 to

 
th

e 
an

tig
en

ic
 d

om
ai

n 
of

 a
 b

ac
te

ria
l 

lip
op

ro
te

in
; s

tr
uc

tu
re

s o
f f

ul
l-l

en
gt

h 
ba

ct
er

ia
l l

ip
op

ro
te

in
s a

re
 fe

w
 a

nd
 fa

r 
be

tw
ee

n

se
lf-

or
 a

ut
o-

ad
ju

va
tin

g 
va

cc
in

e 
ca

nd
id

at
es

Fl
ag

el
lin

Co
-m

ix
ed

 w
ith

 a
nt

ig
en

s; 
Ch

im
er

ic
 

ex
pr

es
sio

n 
or

 c
o-

di
sp

la
y 

of
 fl

ag
el

-
lin

 a
nd

 fo
re

ig
n 

an
tig

en
s i

n 
liv

e 
ba

ct
er

ia
l s

tr
ai

ns
; R

ec
om

bi
na

nt
 p

ro
-

te
in

s c
on

sis
tin

g 
of

 h
et

er
ol

og
ou

s 
an

tig
en

s f
us

ed
 to

 fl
ag

el
lin

TL
R5

 si
gn

al
in

g 
w

ith
 T

N
F-

α,
 

IL
-1

0,
 IL

-8
, I

FN
-γ

 p
ro

du
c-

tio
n;

 N
LR

C4
/N

AI
P5

 si
gn

al
-

in
g 

w
ith

 IL
-1

β 
pr

od
uc

tio
n;

 
Th

1 
an

d 
Th

2 
re

sp
on

se

Ex
ce

lle
nt

 a
dj

uv
an

t 
ac

tiv
ity

 (l
ow

 d
os

e)
; 

m
od

ifi
ab

le
; fl

ex
ib

le
 

an
d 

effi
ci

en
t f

or
 

an
tig

en
 d

el
iv

er
y

An
ti-

fla
ge

lli
n 

an
tib

od
y 

co
ul

d 
in

te
rfe

re
 

w
ith

 it
s a

dj
uv

an
t a

ct
iv

ity
; p

ot
en

tia
l 

lo
w

 im
m

un
e 

re
sp

on
se

 to
 a

nt
ig

en
s 

fu
se

d 
to

 fl
ag

el
lin

M
uc

os
al

 v
ac

ci
ne

s; 
an

tig
en

 d
el

iv
-

er
y 

ve
hi

cl
e;

 im
m

un
ot

he
ra

py

Ba
ct

er
ia

l C
pG

 o
lig

on
uc

le
ot

id
es

sy
nt

he
tic

 o
lig

od
eo

xy
nu

cl
eo

tid
es

 
co

nt
ai

ni
ng

 a
 C

pG
 O

D
N

 m
im

ic
ki

ng
 

ba
ct

er
ia

l D
N

A

TL
R9

 a
nd

 B
-c

el
l r

ec
ep

to
r o

r 
Sr

c 
ki

na
se

 fa
m

ily
 si

gn
al

in
g;

 
TN

F-
α,

 IL
-1

β,
 IL

-1
α,

 IL
-6

 
pr

od
uc

tio
n;

 T
h1

 re
sp

on
se

M
uc

os
al

 im
m

un
e 

re
sp

on
se

s; 
bo

os
t 

im
m

un
ity

 in
 g

ro
up

s 
w

ith
 re

du
ce

d 
im

-
m

un
e 

fu
nc

tio
n;

 
di

re
ct

ly
 a

ct
iv

at
e 

hu
m

an
 B

 c
el

ls

up
re

gu
la

tio
n 

of
 in

do
le

am
in

e 
2,

3-
di

-
ox

ig
en

as
e 

ex
pr

es
sio

n 
in

 D
Cs

, a
 w

el
l-

de
sc

rib
ed

 m
ed

ia
to

r o
f i

m
m

un
ol

og
ic

al
 

to
le

ra
nc

e;
fre

qu
en

cy
 a

nd
 se

ve
rit

y 
of

 lo
ca

l a
d-

ve
rs

e 
ev

en
ts

 (i
nj

ec
tio

n 
sit

e 
re

ac
tio

ns
 

su
ch

 a
s p

ai
n,

 sw
el

lin
g,

 in
du

ra
tio

n,
 

pr
ur

itu
s, 

an
d 

er
yt

he
m

a)
 a

nd
 sy

st
em

ic
 

sy
m

pt
om

s (
in

cl
ud

in
g 

flu
-li

ke
 sy

m
p-

to
m

s)
 w

er
e 

el
ev

at
ed

; i
nc

re
as

ed
 h

os
t 

su
sc

ep
tib

ili
ty

 to
 a

ut
oi

m
m

un
e 

di
se

as
e 

or
 a

 p
re

di
sp

os
iti

on
 to

 to
xi

c 
sh

oc
k

Cp
G

10
18

 in
 h

ep
at

iti
s B

 v
ac

ci
ne

 
(a

pp
ro

ve
d 

by
 F

D
A 

in
 2

01
7)

; V
ac

-
ci

ne
s t

ar
ge

tin
g 

al
le

rg
en

s; 
Va

c-
ci

ne
s t

ar
ge

tin
g 

ca
nc

er
; A

dj
uv

an
t 

fo
r D

N
A 

va
cc

in
e;

 A
pp

lic
at

io
ns

 
in

 e
nh

an
ci

ng
 th

e 
im

m
un

e 
re

sp
on

se
s o

f v
ac

ci
ne

s i
n 

im
-

m
un

oc
om

pr
om

ise
d 

po
pu

la
tio

ns

Ch
ol

er
a 

to
xi

n 
su

bu
ni

te
C

TB
 fo

rm
s a

 ri
ng

-li
ke

 st
ru

ct
ur

e 
co

m
po

se
d 

of
 fi

ve
 C

TB
 m

on
om

er
s; 

Re
co

m
bi

na
nt

 p
ro

te
in

s c
on

sis
tin

g 
of

 h
et

er
ol

og
ou

s a
nt

ig
en

s f
us

ed
 to

 
C

TB
; C

o-
m

ix
ed

 w
ith

 a
nt

ig
en

s

G
M

1 
re

ce
pt

or
 m

ed
ia

tin
g 

up
ta

ke
; I

L-
4,

 IL
-1

0,
 IF

N
-γ

, 
IL

-1
β 

pr
od

uc
tio

n;
 T

h2
 a

nd
 

Th
1 

re
sp

on
se

m
uc

os
al

 im
m

un
e 

re
sp

on
se

s; 
st

ab
ili

ty
; 

ea
se

 to
 e

xp
re

ss
 C

TB
; 

m
od

ifi
ab

le
; r

ec
og

ni
-

tio
n 

re
ce

pt
or

 G
M

1 
ex

pr
es

se
d 

in
 B

 c
el

ls

Po
te

nt
ia

l l
ow

 e
xp

re
ss

io
n 

le
ve

l w
ith

 
fu

sio
n 

an
tig

en
 to

 C
TB

M
uc

os
al

 a
dj

uv
an

t; 
an

tig
en

 
de

liv
er

y 
ve

hi
cl

e;
 A

dj
uv

an
t f

or
 

D
N

A 
va

cc
in

e;
 V

ac
ci

ne
s t

ar
ge

tin
g 

al
le

rg
en

s a
nd

 a
ut

oi
m

m
un

e 
di

so
rd

er
s

Ta
bl

e 
2 

M
ai

n 
ch

ar
ac

te
ris

tic
s o

f t
he

 re
pr

es
en

ta
tiv

e 
of

 b
ac

te
ria

l o
rig

in
al

 im
m

un
os

tim
ul

an
ts



Page 13 of 19Wang et al. Cell & Bioscience           (2024) 14:24 

Im
m

un
os

im
ul

an
ts

A
dd

iti
on

al
 in

fo
rm

at
io

n
Im

m
un

e 
re

sp
on

se
s

Th
e 

m
er

its
Th

e 
dr

aw
ba

ck
s

(P
ot

en
tia

l) 
ap

pl
ic

at
io

ns
Ba

ct
er

ia
l O

M
Vs

O
M

Vs
 d

isp
la

y 
a 

co
m

pl
ex

 a
rr

ay
 o

f 
PA

M
Ps

, s
uc

h 
as

 L
PS

, fl
ag

el
lin

, a
nd

 
pe

pt
id

og
ly

ca
n,

 in
 th

ei
r n

at
iv

e 
co

n-
fo

rm
at

io
n;

 E
ng

in
ee

re
d 

to
 e

xp
re

ss
 

an
tig

en
ic

 p
ro

te
in

s o
f i

nt
er

es
t o

r 
m

od
ul

at
e 

to
xi

ci
ty

 a
nd

 a
dj

uv
at

in
g 

eff
ec

t, 
or

 ta
rg

et
 d

el
iv

er
y

O
M

V-
as

so
ci

at
ed

 P
AM

Ps
 

co
nt

rib
ut

in
g 

to
 in

na
te

 im
-

m
un

e 
re

sp
on

se
 in

 v
ar

io
us

 
ce

ll 
ty

pe
s; 

Th
1 

an
d 

Th
2 

re
sp

on
se

M
od

ifi
ab

le
; 

na
no

pa
rt

ic
le

s
To

xi
ci

ty
 o

f L
PS

 a
nd

 o
th

er
 O

M
Ps

; h
ig

h 
co

st
 fo

r m
an

uf
ac

tu
re

O
M

V-
ba

se
d 

va
cc

in
e 

ag
ai

ns
t 

m
en

in
go

co
cc

us
 M

en
B 

(4
CM

en
B,

 
Be

xs
er

o;
 G

SK
);

An
tig

en
-d

el
iv

er
in

g 
pl

at
fo

rm
;

im
m

un
ot

he
ra

py
; m

uc
os

al
 

ad
ju

va
nt

Co
ry

ne
ba

ct
er

iu
m

 p
ar

vu
m

un
iq

ue
 a

sp
ec

ifi
c 

an
tiv

ira
l 

pr
op

er
tie

s
in

te
rfe

ro
n 

fa
m

ily
, I

L-
8,

 IL
-1

b,
 

TN
F-

α,
 IL

-1
2,

 IL
-1

5,
 G

M
-C

SF
 

in
du

ct
io

n;
 T

LR
2,

 T
LR

9,
 

an
d 

M
yD

88
 si

gn
al

in
g;

 T
h1

 
re

sp
on

se

St
ro

ng
 m

ac
ro

ph
ag

e 
ac

tiv
at

or
; i

nc
re

as
e 

ly
m

ph
oc

yt
e 

co
un

t 
(h

el
pe

r a
nd

 k
ill

er
 

ly
m

ph
oc

yt
es

)

N
on

-s
pe

ci
fic

 a
ct

iv
at

io
n;

Si
de

 e
ffe

ct
 li

ke
 fe

ve
r, 

m
al

ai
se

, a
nd

 
lo

ca
l r

ea
ct

io
ns

 a
t t

he
 si

te
 o

f i
nj

ec
tio

n;
 

po
te

nt
ia

l f
or

 c
au

sin
g 

di
se

as
e;

 e
nh

an
ce

 
th

e 
to

xi
ci

ty
 o

f L
PS

 e
nd

ot
ox

in

an
tiv

ira
l a

ct
iv

ity
 d

ur
in

g 
a 

pa
nd

em
ic

 e
m

er
ge

nc
y;

 c
an

ce
r 

tr
ea

tm
en

t; 
ap

pl
ic

at
io

ns
 in

 e
n-

ha
nc

in
g 

th
e 

im
m

un
e 

re
sp

on
se

s 
of

 c
er

ta
in

 v
ac

ci
ne

s
BC

G
-C

W
S

a 
ba

sic
 st

ru
ct

ur
e 

co
m

po
se

d 
of

 
m

yc
ol

ic
 a

ci
d,

 a
ra

bi
no

ga
la

ct
an

, a
nd

 
pe

pt
id

og
ly

ca
n

TL
R2

 a
nd

 T
LR

4,
 C

-t
yp

e 
le

ct
in

 re
ce

pt
or

s s
ig

na
lin

g;
 

TN
F-

α,
 IL

-6
, a

nd
 IL

-1
2 

p4
0 

pr
od

uc
tio

n;
 T

h1
 re

sp
on

se

lo
ng

-la
st

in
g 

ad
ap

tiv
e 

im
m

un
e 

re
sp

on
se

In
so

lu
bl

e 
in

 b
ot

h 
aq

ue
ou

s a
nd

 
or

ga
ni

c 
so

lv
en

ts
; l

im
ite

d 
ro

ut
es

 o
f 

ad
m

in
ist

ra
tio

n 
an

d 
st

ro
ng

 lo
ca

l 
in

fla
m

m
at

io
n

ca
nc

er
 tr

ea
tm

en
t

O
K-

43
2

A 
st

re
pt

oc
oc

ca
l p

re
pa

ra
tio

n
Ac

tiv
at

in
g 

va
rio

us
 a

sp
ec

ts
 

of
 th

e 
im

m
un

e 
re

sp
on

se
; 

IL
-6

, I
L-

8,
 IF

N
-γ

, T
N

F-
α,

 
IL

-1
2 

p7
0 

pr
od

uc
tio

n;
 T

h1
 

re
sp

on
se

Po
te

nt
 a

nd
 m

ul
-

tif
ac

ed
 im

m
un

e 
ac

tiv
at

io
n;

 a
 p

ot
en

t 
m

at
ur

at
io

n 
fa

ct
or

 fo
r 

M
o-

D
Cs

Si
de

 e
ffe

ct
 li

ke
 fe

ve
r, 

ch
ill

, a
nd

 o
th

er
 

flu
-li

ke
 sy

m
pt

om
s; 

no
t t

um
or

-s
pe

ci
fic

A 
ca

nc
er

 im
m

un
ot

he
ra

py
 d

ru
g 

in
 Ja

pa
n;

Ca
nc

er
 tr

ea
tm

en
t i

nc
lu

di
ng

 
ly

m
ph

an
gi

om
as

, p
le

ur
al

 e
ffu

sio
n 

du
e 

to
 lu

ng
 c

an
ce

r; 
ot

ol
ar

yn
go

-
lo

gi
ca

l c
ys

tic
 d

ise
as

es
 th

er
ap

y
M

PL
, M

on
op

ho
sp

ho
ry

l l
ip

id
 A

; O
M

Vs
, o

ut
er

 m
em

br
an

e 
ve

si
cl

es
; B

CG
-C

W
S,

 B
CG

 c
el

l w
al

l s
ke

le
to

n;
 C

TB
, C

ho
le

ra
 t

ox
in

 s
ub

un
it 

B;
 G

M
1,

 M
on

os
ia

lo
te

tr
ah

ex
os

yl
ga

ng
lio

si
de

; N
LR

C4
, N

od
-li

ke
 r

ec
ep

to
r 

pr
ot

ei
n 

4;
 N

A
IP

5,
 

N
uc

le
ot

id
e-

bi
nd

in
g 

do
m

ai
n 

le
uc

in
e-

ric
h 

re
pe

at
 fa

m
ily

, a
po

pt
os

is
 in

hi
bi

to
ry

 p
ro

te
in

 5
; M

o-
D

C
s,

 m
on

oc
yt

e-
de

riv
ed

 d
en

dr
iti

c 
ce

lls

Ta
bl

e 
2 

(c
on

tin
ue

d)

 



Page 14 of 19Wang et al. Cell & Bioscience           (2024) 14:24 

and activation of various innate cell types, most notably 
APCs like monocytes and dendritic cells. These acti-
vated APCs, armed with antigens, journey to the drain-
ing lymph nodes where they orchestrate the antigen 
presentation to T cells, thereby catalyzing the adaptive 
immune response. The specificity of bacterial-derived 
immunostimulants for PRRs enhances APC activation, 
as evidenced by increased expression of co-stimulatory 
molecules, which in turn leads to more efficient anti-
gen presentation to CD4+ T cells. An elevated number 
of robust CD4+ T cells can better guide B-cell differen-
tiation, ensuing a surge in antigen-specific memory B-cell 
populations [140]. With the in-depth study of innate 
immune mechanism, TLRs agonists as new molecular 
adjuvants have shown good application prospects and 
deserve further study.

Tumor-specific immunotherapy represents a frontier 
in cancer treatment, yet presents significant challenges 
due to the often weak immunogenicity of tumor anti-
gens, attributable in part to their resemblance to self-
antigens. The immune evasion tactics of tumors, such 
as the suppression of DC maturation and function, fur-
ther complicate the therapeutic landscape. Immunos-
timulants are thus becoming an indispensable element 
of tumor vaccine strategies [141]. For cancer therapy, 
the ideal vaccine adjuvant would consistently provoke a 
type 1-polarized, cellular immune response, rather than 
a predominantly type 2-polarized or antibody-mediated 
humoral response. To date, efforts to enhance cellular 
responses through vaccination have not produced sig-
nificant advances. Moreover, MPL has demonstrated the 
ability to elicit strong Th1-polarized and cellular immune 
responses. Similarly, CpG oligodeoxynucleotides have 
shown efficacy in stimulating robust Th1 and cytotoxic 
T-cell responses. The intrinsic characteristics of MPL 
and CpG position them as promising candidates for anti-
tumor therapy. Additional research into the molecular 
workings of various bacterial-origin immunostimulants 
is critical to enabling more innovative vaccine design. 
The modulation of the cytokine network by bacterial-
origin immunostimulants is a key mechanism through 
which these agents activate the immune system [142]. 
Cytokines are vital regulators of both innate and adaptive 
immunity; thus, immunostimulatory cytokines, such as 
IL-2, IFN-γ, IL-12, and granulocyte-macrophage colony-
stimulating factor (GM-CSF), are promising candidates 
for inclusion in vaccines. Nevertheless, the therapeutic 
efficacy of cytokines as adjuvants has been inconsistent, 
perhaps owing to variabilities in dosage and administra-
tion regimens [143]. The use of cytokines also brings con-
cerns over toxicity, particularly when high concentrations 
breach the systemic circulation, as well as limitations 
arising from their pleiotropic nature and brief half-
life—both factors implicated in the induction of toxicity. 

Consequently, several strategies have been employed to 
circumvent these complications, including the encapsula-
tion of cytokines within liposomes and the co-delivery of 
cytokine-expressing vectors alongside DNA vaccines.

Addressing safety and regulatory concerns is para-
mount when introducing novel immunostimulants into 
vaccine formulations. To date, bacterial-origin immuno-
stimulants utilized in commercial or clinical settings have 
exhibited a relatively acceptable safety profile. However, 
as these immunostimulants often derive from bacterial 
virulence factors, there is an inherent risk of trigger-
ing overactive immune responses via PRRs, potentially 
leading to excessive or uncontrolled inflammation. This 
double-edged sword of bacterial-derived immunostimu-
lants underscores the complexity of developing safe yet 
effective adjuvants. Mitigating toxicity while preserv-
ing or enhancing immune response is a critical focus. 
Advancements in our understanding of PRR signaling 
and immune activation pathways empower researchers 
to rationally design bacterial-derived molecules, tem-
pering their ability to over-stimulate the immune system 
and thereby minimizing harmful outcomes. The creation 
of synthetic analogs offers a strategic pathway towards 
optimizing these molecules, achieving greater efficacy 
with reduced toxicity. The targeted delivery of immuno-
stimulants to select immunocompetent cells emerges as 
a significant strategy to constrain their systemic spread 
and prevent excessive inflammatory reactions. Integrat-
ing such approaches is indicative of the inherently multi-
disciplinary nature of adjuvant discovery, which straddles 
the fields of formulation science, immunology, toxicology, 
and biology, not to mention the business considerations 
of sourcing, cost, accessibility, and intellectual property. 
The successful implementation of MPL and CpG 1018 
immunostimulants within licensed vaccines acts as both 
a testament to their clinical utility and a beacon for future 
adjuvant development.

In recent years, the chemical synthesis, modification, 
and assembly of bacterial active molecules have become 
a focal point of research, transforming these molecules 
into advanced materials. Consequently, there is a recog-
nized need for more in-depth investigation into bacte-
rial PAMPs and their associated pathogenesis. The use 
of potent adjuvants in vaccination is a promising strategy 
for the prevention of secondary and concurrent infec-
tions, as well as for bolstering overall immune responses 
[144]. In the backdrop of ongoing pandemic challenges, 
such as COVID-19, traditional BCG vaccine may serve 
as a bridge to a specific COVID-19 vaccine and public 
health implications of a plausible BCG cross-protection 
from severe COVID-19 are also being discussed [145]. 
This underscores the compelling capacity of bacterial 
immune-reactive molecules to activate and strengthen 
the host immune system.
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Many types of adjuvants are currently available for 
incorporation in vaccines, and their numbers are increas-
ing as many more being described annually. However, 
only a limited subsets of these adjuvants have undergone 
evaluation in human subjects, and even smaller number 
have been incorporated into licensed or commercially 
available vaccines. When selecting an adjuvant for a par-
ticular vaccine, a multitude of factors must be meticu-
lously considered. These considerations extend beyond 
the adjuvant’s immunomodulatory efficacy, safety pro-
file, and tolerability. They also encompass commercial 
viability, production feasibility, specific antigenic prop-
erties, and the stability of the vaccine formulation, etc. 
The optimal adjuvant choice is one that achieves a har-
monious balance among these varied, yet equally critical, 
attributes to ensure the ultimate success of the vaccine in 
both clinical and commercial settings.

Overall, bacterial-origin immunostimulants show great 
promise for the prevention and therapy of infectious dis-
eases and tumors. It is very meaningful and important 
to explore and expand our knowledge of bacterial active 
molecules for immunostimulant development. Further 
research and development are needed to ensure the 
safety and efficacy of these immunostimulants, but their 
potential benefits warrant continued investigation and 
exploration. Aspiring adjuvant technologies should con-
tinually evolve to meet the demands of safety, efficacy, 
and regulatory approval, ensuring a positive impact on 
the future landscape of vaccine development.

Abbreviations
PRRs  Pattern recognition receptors
TLRs  Toll-like receptors
APCs  Antigen-presenting cells
PAMPs  Pathogen-associated molecular patterns
LPS  Lipopolysaccharide
MPL  Monophosphoryl lipid A
MyD88  myeloid differentiation 88
TNF  Tumor necrosis factor
AS  Adjuvant System
OMP  Outer membrane protein
N. meningitidis  Neisseria meningitidis
B. pertussis  Bordetella pertussis
DCs  Dendritic cells
Pam3CSK4  Pam3-Cys-Ser-Lys4
NLRC4  Nod-like receptor protein 4
STF2  Flagellin phase 2
M bovis  Mycobacterium bovis
BCG  Bacillus Calmette-Guérin
CpG  Cytosine-phosphate-guanine
CpG ODN  Specific nucleotide fragments containing non-methylated 

CpG motifs
pDCs  Plasmacytoid dendritic cells
IFN  interferon
V. cholerae  Vibrio cholerae
CT  Cholera toxin
rCTB  Cholera toxin subunits B
ADP  Adenosine diphosphate
OMVs  Bacterial outer membrane vesicles
MVs  Membrane vesicles
OIMVs  Outer-inner membrane vesicles
CMVs  Cytoplasmic membrane vesicles

TSMSs  Tube-shaped membranous structures
MenB  Meningococcal group B
EMA  European Medicines Agency
FDA  US Food and Drug Administration
MHC-II  Major histocompatibility complex class II
siRNA  small interfering RNA
C. parvum  Corynebacterium parvum
HSV-1  Herpes simplex virus-1
HIV  Human immunodeficiency virus
COVID-19  Coronavirus disease 2019
BCG-CWS  BCG cell wall skeleton
O/W  Oil-in-water
NSCLC  non-small cell lung cancer
GMP  Good manufacturing product

Author contributions
GW and FM designed the study. GW and YW drafted the manuscript. GW and 
FM drew the pictures. All authors helped with the revision of this manuscript.

Funding
This work was supported by the National Natural Science Foundation of China 
(31902243), and Jiangsu Agriculture Science and Technology Innovation Fund 
(CX(22)3030).

Data availability
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no conflicts of interest.

Received: 10 October 2023 / Accepted: 6 February 2024

References
1. Kaufmann SH. The contribution of immunology to the rational design of 

novel antibacterial vaccines, Nature reviews. Microbiology. 2007;5(7):491–504.
2. Dworetzky M, Cohen S, Mullin D. Prometheus in Gloucestershire: Edward 

Jenner, 1749–1823. J Allergy Clin Immunol. 2003;112(4):810–4.
3. Cavaillon JM. Inflammation through the Ages: A Historical Perspective, 

Inflammation2017.
4. Christensen D. Vaccine adjuvants: why and how. Hum Vaccines Immuno-

therapeutics. 2016;12(10):2709–11.
5. Zhu Z, Antenucci F, Villumsen KR, Bojesen AM. Bacterial outer membrane 

vesicles as a Versatile Tool in Vaccine Research and the fight against Antimi-
crobial Resistance. mBio. 2021;12(4):e0170721.

6. Wilson-Welder JH, Torres MP, Kipper MJ, Mallapragada SK, Wannemuehler MJ, 
Narasimhan B. Vaccine adjuvants: current challenges and future approaches. 
J Pharm Sci. 2009;98(4):1278–316.

7. Tsukamoto H, Takeuchi S, Kubota K, Kobayashi Y, Kozakai S, Ukai I, Shichiku 
A, Okubo M, Numasaki M, Kanemitsu Y, Matsumoto Y, Nochi T, Watanabe K, 
Aso H, Tomioka Y. Lipopolysaccharide (LPS)-binding protein stimulates CD14-
dependent toll-like receptor 4 internalization and LPS-induced TBK1-IKK-IRF3 
axis activation. J Biol Chem. 2018;293(26):10186–201.

8. Pashine A, Valiante NM, Ulmer JB. Targeting the innate immune response 
with improved vaccine adjuvants. Nat Med. 2005;11(4):63–S68.

9. Pfeiffer R.Z. Untersuchengen über das Choleragift. Hygiene. 1892;11:393–412.
10. Schromm AB, Brandenburg K, Loppnow H, Moran AP, Koch MHJ, Rietschel ET, 

Seydel U. Biological activities of lipopolysaccharides are determined by the 
shape of their lipid a portion. Eur J Biochem. 2000;267:2008–13.

11. Didierlaurent AM, Morel S, Lockman L, Giannini SL, Bisteau M, Carlsen H, Kiel-
land A, Vosters O, Vanderheyde N, Schiavetti F, Larocque D, Van Mechelen M, 



Page 16 of 19Wang et al. Cell & Bioscience           (2024) 14:24 

Garcon N. AS04, an aluminum salt- and TLR4 agonist-based adjuvant system, 
induces a transient localized innate immune response leading to enhanced 
adaptive immunity. J Immunol. 2009;183(10):6186–97.

12. Qureshi N, Takayama K, Ribi EJJoBC. Purification and structural determina-
tion of nontoxic lipid a obtained from the lipopolysaccharide of Salmonella 
typhimurium, 257(19) (1982) 11808–15.

13. Ulrich JT, Myers KR. Monophosphoryl lipid A as an adjuvant. Vaccine Des 
(1995) 495–524.

14. Giannini SL, Hanon E, Moris P, Van Mechelen M, Morel S, Dessy F, Wettendorff 
MA. Enhanced humoral and memory B cellular immunity using HPV16/18 L1 
VLP vaccine formulated with the MPL/aluminium salt combination (AS04) 
compared to aluminium salt only. Vaccine. 2006;24(33–34):5937–49.

15. Mata-Haro V, Cekic C, Martin M, Chilton PM, Casella CR, Mitchell TC. The 
vaccine adjuvant monophosphoryl lipid A as a TRIF-biased agonist of TLR4. 
Science. 2007;316(5831):1628–32.

16. Baldridge JR, McGowan P, Evans JT, Cluff C, Mossman S, Johnson D, Persing D. 
Taking a toll onhuman disease: toll-like receptor 4 agonists as vaccine adju-
vants and monotherapeutic agents. Expert Opin Biol Ther. 2004;4(7):1129–38.

17. Coccia M, Collignon C, Herve C, Chalon A, Welsby I, Detienne S, van Helden 
MJ, Dutta S, Genito CJ, Waters NC, Deun KV, Smilde AK, Berg R, Franco D, 
Bourguignon P, Morel S, Garcon N, Lambrecht BN, Goriely S, Most RV, Didi-
erlaurent AM. Cellular and molecular synergy in AS01-adjuvanted vaccines 
results in an early IFNgamma response promoting vaccine immunogenicity. 
NPJ Vaccines. 2017;2:25.

18. Jones T, Cyr S, Allard F, Bellerose N, Lowell GH, Burt DS. Protollin: a novel 
adjuvant for intranasal vaccines. Vaccine. 2004;22(27–28):3691–7.

19. Fries LF, Montemarano AD, Mallett CP, Taylor DN, Hale TL, Lowell GH. Safety 
and immunogenicity of a proteosome-Shigella flexneri 2a lipopolysac-
charide vaccine administered intranasally to healthy adults. Infect Immun. 
2001;69(7):4545–53.

20. Smithers L, Olatunji S, Caffrey M. Bacterial lipoprotein posttranslational 
modifications. New insights and opportunities for Antibiotic and Vaccine 
Development. Front Microbiol. 2021;12:788445.

21. Xia P, Wu Y, Lian S, Yan L, Meng X, Duan Q, Zhu G. Research progress on 
toll-like receptor signal transduction and its roles in antimicrobial immune 
responses. Appl Microbiol Biotechnol. 2021;105(13):5341–55.

22. Takeuchi O, Kawai T, ̈hlradt PFM, Morr M, Radolf JD, Zychlinsky A, Takeda K, 
Akira S. Discrimination of bacterial lipoproteins by toll-like receptor 6. Int 
Immunol. 2001;13(7):933–40.

23. Marshall HS, Richmond PC, Nissen MD, Jiang Q, Anderson AS, Jansen KU, 
Reynolds G, Ziegler JB, Harris SL, Jones TR, Perez JL. Safety and immunogenic-
ity of a meningococcal B bivalent rLP2086 vaccine in healthy toddlers aged 
18–36 months: a phase 1 randomized-controlled clinical trial. Pediatr Infect 
Dis J. 2012;31(10):1061–8.

24. Dunne A, Mielke LA, Allen AC, Sutton CE, Higgs R, Cunningham CC, Higgins 
SC, Mills KH. A novel TLR2 agonist from Bordetella pertussis is a potent adju-
vant that promotes protective immunity with an acellular pertussis vaccine. 
Mucosal Immunol. 2015;8(3):607–17.

25. WIESMÜLLER K-H, BESSLER W, JUNG G. Synthesis of the Mitogenic S-[2,3-
Bis(palmitoyloxy)propyl]-N-palmitoylpentapeptide from Escherichia coli 
Lipoprotein, 364(1) (1983) 593–606.

26. Caproni E, Tritto E, Cortese M, Muzzi A, Mosca F, Monaci E, Baudner B, Seubert 
A, De Gregorio E. MF59 and Pam3CSK4 boost adaptive responses to influenza 
subunit vaccine through an IFN type I-independent mechanism of action. J 
Immunol. 2012;188(7):3088–98.

27. Jin MS, Kim SE, Heo JY, Lee ME, Kim HM, Paik SG, Lee JO. Crystal structure of 
the TLR1-TLR2 heterodimer induced by binding of a tri-acylated lipopeptide. 
Cell. 2007;130(6):1071–82.

28. Kang JY, Nan X, Jin MS, Youn SJ, Ryu YH, Mah S, Lee JO. Recognition of 
lipopeptide patterns by toll-like receptor 2-Toll-like receptor 6 heterodimer. 
Immunity. 2009;31(6):873–84.

29. Hamley IW. Lipopeptides for vaccine development. Bioconjug Chem. 
2021;32(8):1472–90.

30. Depamphilis ML, Adler J. Purification of Intact Flagella from Escherichia coli 
and Bacillus subtilis. J Bateriology. 1971;105(1):376–83.

31. Samatey FA, Imada K, Nagashima S, Vonderviszt F, Kumasaka T, Yamamoto M, 
Namba K. Structure of the bacterial flagellar protofilament and implications 
for a switch for supercoiling. Nature. 2001;410(6826):331–7.

32. Hayashi F, Smith KD, Ozinsky A, Hawn TR, Yi EC, Goodlett DR, Eng JK, Akira S, 
Underhill DM, Aderem A. The innate immune response to bacterial flagellin is 
mediated by toll-like receptor 5. Nature. 2001;410:1099–103.

33. Miao EA, Alpuche-Aranda CM, Dors M, Clark AE, Bader MW, Miller SI, Aderem 
A. Cytoplasmic flagellin activates caspase-1 and secretion of interleukin 1beta 
via Ipaf. Nat Immunol. 2006;7(6):569–75.

34. Yamaguchi T, Toma S, Terahara N, Miyata T, Ashihara M, Minamino T, Namba K, 
Kato T. Structural and functional comparison of Salmonella Flagellar filaments 
composed of FljB and FliC. Biomolecules 10(2) (2020).

35. Mizel SB, Bates JT. Flagellin as an adjuvant: cellular mechanisms and potential. 
J Immunol. 2010;185(10):5677–82.

36. McEwen J, Levi R, Horwitz RJ, Arnon R. Synthetic recombinant vaccine 
expressing influenza haemagglutinin epitope in Salmonella flagellin leads to 
partial protection in mice. Vaccine. 1992;10(6):405–11.

37. Muir A, Soong G, Sokol S, Reddy B, Gomez MI, Van Heeckeren A, Prince A. Toll-
like receptors in normal and cystic fibrosis airway epithelial cells. Am J Respir 
Cell Mol Biol. 2004;30(6):777–83.

38. Cui B, Liu X, Fang Y, Zhou P, Zhang Y, Wang Y. Flagellin as a vaccine adjuvant. 
Expert Rev Vaccines. 2018;17(4):335–49.

39. Frédéric S, Dubois B, Coste A, Kaiserlian D, Kraehenbuhl J-P, Sirard J-C. Flagel-
lin stimulation of intestinal epithelial cells triggers CCL20-mediated migration 
of dendritic cells. Proc Natl Acad Sci. 2001;98(24):13722–7.

40. Huleatt JW, Jacobs AR, Tang J, Desai P, Kopp EB, Huang Y, Song L, Nakaar V, 
Powell TJ. Vaccination with recombinant fusion proteins incorporating toll-
like receptor ligands induces rapid cellular and humoral immunity. Vaccine. 
2007;25(4):763–75.

41. Talbot HK, Rock MT, Johnson C, Tussey L, Kavita U, Shanker A, Shaw AR, Taylor 
DN. Immunopotentiation of trivalent influenza vaccine when given with 
VAX102, a recombinant influenza M2e vaccine fused to the TLR5 ligand 
flagellin. PLoS ONE. 2010;5(12):e14442.

42. Frey S.E., Lottenbach K., Graham I., Anderson E., Bajwa K., May R.C., Mizel S.B., 
Graff A., Belshe R.B. A phase I safety and immunogenicity dose escalation trial 
of plague vaccine, Flagellin/F1/V, in healthy adult volunteers (DMID 08–0066). 
Vaccine. 2017;35(48 Pt B):6759–65.

43. Turley CB, Rupp RE, Johnson C, Taylor DN, Wolfson J, Tussey L, Kavita 
U, Stanberry L, Shaw A. Safety and immunogenicity of a recombinant 
M2e-flagellin influenza vaccine (STF2.4xM2e) in healthy adults. Vaccine. 
2011;29(32):5145–52.

44. Taylor DN, Treanor JJ, Strout C, Johnson C, Fitzgerald T, Kavita U, Ozer K, Tussey 
L, Shaw A. Induction of a potent immune response in the elderly using the 
TLR-5 agonist, flagellin, with a recombinant hemagglutinin influenza-flagellin 
fusion vaccine (VAX125, STF2.HA1 SI). Vaccine. 2011;29(31):4897–902.

45. Tussey L, Strout C, Davis M, Johnson C, Lucksinger G, Umlauf S, Song L, Liu G, 
Abraham K, White CJ. Phase 1 safety and immunogenicity study of a quadri-
valent Seasonal Flu Vaccine comprising recombinant hemagglutinin-flagellin 
Fusion proteins. Open Forum Infect Dis. 2016;3(1):ofw015.

46. Tokunaga T, Yamamoto H, Shimada S, Abe H, Fukuda T, Fujisawa Y, Furutani Y, 
Yano O, Kataoka T. T.J.J.o.t.N.C.I. Sudo, Antitumor activity of deoxyribonucleic 
acid fraction from Mycobacterium bovis BCG. I. isolation, physicochemical 
characterization, and antitumor activity, 72(4) (1984) 955–62.

47. Krieg AM. Mechanisms and applications of immune stimulatory CpG 
oligodeoxynucleotides, Biophysica Acta (BBA)-Gene Structure and Expression 
1489(1) (1999) 107–116.

48. Krieg AM, Yi A-K, Matson S, Waldschmidt TJ, Bishop GA, Teasdale R, Koretzky 
GA, Klinman DM. CpG motifs in bacterial DNA trigger direct B-cell activation. 
Nature. 1995;374(6522):546–9.

49. Bode C, Zhao G, Steinhagen F, Kinjo T, Klinman DM. CpG DNA as a vaccine 
adjuvant. Expert Rev Vaccines. 2011;10(4):499–511.

50. Aoshi T, Haseda Y, Kobiyama K, Narita H, Sato H, Nankai H, Mochizuki S, 
Sakurai K, Katakai Y, Yasutomi Y, Kuroda E, Coban C, Ishii KJ. Development 
of Nonaggregating Poly-A Tailed Immunostimulatory A/D Type CpG Oligo-
deoxynucleotides Applicable for Clinical Use, J Immunol Res 2015 (2015) 
316364.

51. Halperin SA, Van Nest G, Smith B, Abtahi S, Whiley H, Eiden JJ. A phase I study 
of the safety and immunogenicity of recombinant hepatitis B surface antigen 
co-administered with an immunostimulatory phosphorothioate oligonucle-
otide adjuvant. Vaccine. 2003;21(19–20):2461–7.

52. COOPER CL, DAVIS HL, MORRIS ML, EFLER SM, ADHAMI MA, KRIEG AM, 
CAMERON DW, HEATHCOTE J. CPG 7909, an immunostimulatory TLR9 agonist 
oligodeoxynucleotide, as adjuvant to Engerix-B HBV vaccine in healthy 
adults_ a double-blind phase I_II study. J Clin Immunol. 2004;24:693–701.

53. Murad YM, Clay TM. CpG Oligodeoxynucleotides as TLR9 agonists. BioDrugs. 
2009;23:361–75.



Page 17 of 19Wang et al. Cell & Bioscience           (2024) 14:24 

54. Yi A-K, Chang M, Peckham DW, Krieg AM, Ashman RF. CpG oligodeoxyribo-
nucleotides rescue mature spleen B cells from spontaneous apoptosis and 
promote cell cycle entry. J Immunol. 1998;160:5898–906.

55. Krieg AM. Therapeutic potential of Toll-like receptor 9 activation, 2006.
56. He B, Qiao X, Cerutti A. CpG DNA induces IgG class switch DNA recombina-

tion by activating human B cells through an innate pathway that requires 
TLR9 and cooperates with IL-10. J Immunol. 2004;173(7):4479–91.

57. Chuang YC, Tseng JC, Huang LR, Huang CM, Huang CF, Chuang TH. Adjuvant 
effect of toll-like receptor 9 activation on Cancer Immunotherapy using 
checkpoint blockade. Front Immunol. 2020;11:1075.

58. Sanjuan MA, Rao N, Lai KT, Gu Y, Sun S, Fuchs A, Fung-Leung WP, Colonna 
M, Karlsson L. CpG-induced tyrosine phosphorylation occurs via a TLR9-
independent mechanism and is required for cytokine secretion. J Cell Biol. 
2006;172(7):1057–68.

59. Shirota H, Sano K, Hirasawa N, Terui T, Ohuchi K, Hattori T, Tamura G. B cells 
capturing antigen conjugated with CpG oligodeoxynucleotides induce Th1 
cells by elaborating IL-12. J Immunol. 2002;169(2):787–94.

60. Holmgren J, Adamsson J, Anjuere F, Clemens J, Czerkinsky C, Eriksson K, Flach 
CF, George-Chandy A, Harandi AM, Lebens M, Lehner T, Lindblad M, Nygren 
E, Raghavan S, Sanchez J, Stanford M, Sun JB, Svennerholm AM, Tengvall S. 
Mucosal adjuvants and anti-infection and anti-immunopathology vaccines 
based on cholera toxin, cholera toxin B subunit and CpG DNA. Immunol Lett. 
2005;97(2):181–8.

61. Tengvall S, Lundqvist A, Eisenberg RJ, Cohen GH, Harandi AM. Mucosal 
administration of CpG oligodeoxynucleotide elicits strong CC and CXC che-
mokine responses in the vagina and serves as a potent Th1-tilting adjuvant 
for recombinant gD2 protein vaccination against genital herpes. J Virol. 
2006;80(11):5283–91.

62. Desai SN, Pezzoli L, Martin S, Costa A, Rodriguez C, Legros D, Perea W. A 
second affordable oral cholera vaccine: implications for the global vaccine 
stockpile. Lancet Glob Health. 2016;4(4):e223–4.

63. Desai SN, Pezzoli L, Alberti KP, Martin S, Costa A, Perea W, Legros D. Achieve-
ments and challenges for the use of killed oral cholera vaccines in the global 
stockpile era. Hum Vaccines Immunotherapeutics. 2017;13(3):579–87.

64. Odevall L, Hong D, Digilio L, Sahastrabuddhe S, Mogasale V, Baik Y, Lynch J. 
The Euvichol story–development and licensure of a safe, effective and afford-
able oral cholera vaccine through global public private partnerships. Vaccine. 
2018;36(45):6606–14.

65. Baldauf KJ, Royal JM, Hamorsky KT, Matoba N. Cholera toxin B: one subunit 
with many pharmaceutical applications. Toxins (Basel). 2015;7(3):974–96.

66. Sun JB, Czerkinsky C, Holmgren J. Mucosally induced immunological toler-
ance, regulatory T cells and the adjuvant effect by cholera toxin B subunit. 
Scand J Immunol. 2010;71(1):1–11.

67. Guo L, Liu K, Xu G, Li X, Tu J, Tang F, Xing Y, Xi T. Prophylactic and therapeutic 
efficacy of the epitope vaccine CTB-UA against Helicobacter pylori infection 
in a BALB/c mice model. Appl Microbiol Biotechnol. 2012;95(6):1437–44.

68. Miyata T, Harakuni T, Taira T, Matsuzaki G, Arakawa T. Merozoite surface pro-
tein-1 of Plasmodium Yoelii fused via an oligosaccharide moiety of cholera 
toxin B subunit glycoprotein expressed in yeast induced protective immunity 
against lethal malaria infection in mice. Vaccine. 2012;30(5):948–58.

69. Maeto C, Rodriguez AM, Holgado MP, Falivene J, Gherardi MM. Novel mucosal 
DNA-MVA HIV vaccination in which DNA-IL-12 plus cholera toxin B subunit 
(CTB) cooperates to enhance cellular systemic and mucosal genital tract 
immunity. PLoS ONE. 2014;9(9):e107524.

70. Hou J, Liu Y, Hsi J, Wang H, Tao R, Shao Y. Cholera toxin B subunit acts as a 
potent systemic adjuvant for HIV-1 DNA vaccination intramuscularly in mice. 
Hum Vaccines Immunotherapeutics. 2014;10(5):1274–83.

71. Lv X, Song H, Yang J, Li T, Xi T, Xing Y. A multi-epitope vaccine CTB-UE relieves 
Helicobacter pylori-induced gastric inflammatory reaction via up-regulating 
microRNA-155 to inhibit Th17 response in C57/BL6 mice model. Hum Vac-
cines Immunotherapeutics. 2014;10(12):3561–9.

72. Holmgren J, Czerkinsky C, Lycke N, Svennerholm AM. Strategies for the induc-
tion of immune responses at mucosal surfaces making use of cholera toxin B 
subunit as immunogen, carrier, and adjuvant. Am J Trop Med Hyg. 1994;50(5 
Suppl):42–54.

73. Stanford M, Whittall T, Bergmeier LA, Lindblad M, Lundin S, Shinnick T, 
Mizushima Y, Holmgren J, Lehner T. Oral tolerization with peptide 336–351 
linked to cholera toxin B subunit in preventing relapses of uveitis in Behcet’s 
disease. Clin Exp Immunol. 2004;137(1):201–8.

74. Chatterjee SN, Das J. Electron Microscopic Observations on the excretion of 
cell-wall material by Vibriu Chulerae. J Gen Microbiol 49(1) (1967).

75. Toyofuku M, Nomura N, Eberl L. Types and origins of bacterial membrane 
vesicles. Nat Rev Microbiol. 2019;17(1):13–24.

76. Beveridge TJ. Structures of gram-negative cell walls and their derived mem-
brane vesicles. J Bateriology. 1999;181(16):4725–33.

77. Kaparakis-Liaskos M, Ferrero RL. Immune modulation by bacterial outer 
membrane vesicles. Nat Rev Immunol. 2015;15(6):375–87.

78. Brandtzaeg P, Bryn K, Kierulf P, Ovstebo R, Namork E, Aase B, Jantzen E. Menin-
gococcal endotoxin in lethal septic shock plasma studied by gas chromatog-
raphy, mass-spectrometry, ultracentrifugation, and electron microscopy. J 
Clin Invest. 1992;89(3):816–23.

79. Hellman J, Loiselle PM, Zanzot EM, Allaire JE, Tehan MM, Boyle LA, Kurnick JT, 
Warren HS. Release of gram-negative outermembrane proteins into human 
serum and septic rat blood and their interactions with immunoglobulin in 
antiserum to Escherichia coli J5. J Infect Dis. 2000;181:1034–043.

80. Li M, Zhou H, Yang C, Wu Y, Zhou X, Liu H, Wang Y. Bacterial outer membrane 
vesicles as a platform for biomedical applications: an update. J Control 
Release. 2020;323:253–68.

81. Holst J, Oster P, Arnold R, Tatley MV, Naess LM, Aaberge IS, Galloway Y, 
McNicholas A, O’Hallahan J, Rosenqvist E, Black S. Vaccines against menin-
gococcal serogroup B disease containing outer membrane vesicles (OMV): 
lessons from past programs and implications for the future. Hum Vaccines 
Immunotherapeutics. 2013;9(6):1241–53.

82. Holst J, Martin D, Arnold R, Huergo CC, Oster P, O’Hallahan J, Rosenqvist E. 
Properties and clinical performance of vaccines containing outer membrane 
vesicles from Neisseria meningitidis. Vaccine. 2009;27(Suppl 2):B3–12.

83. Lee DH, Kim SH, Kang W, Choi YS, Lee SH, Lee SR, You S, Lee HK, Chang KT, 
Shin EC. Adjuvant effect of bacterial outer membrane vesicles with penta-
acylated lipopolysaccharide on antigen-specific T cell priming. Vaccine. 
2011;29(46):8293–301.

84. Sardinas G, Reddin K, Pajon R, Gorringe A. Outer membrane vesicles of Neis-
seria lactamica as a potential mucosal adjuvant. Vaccine. 2006;24(2):206–14.

85. Valentine JL, Chen L, Perregaux EC, Weyant KB, Rosenthal JA, Heiss C, Azadi P, 
Fisher AC, Putnam D, Moe GR, Merritt JH, DeLisa MP. Immunization with outer 
membrane vesicles displaying designer glycotopes yields Class-Switched, 
Glycan-Specific Antibodies. Cell Chem Biol. 2016;23(6):655–65.

86. Chen L, Valentine JL, Huang CJ, Endicott CE, Moeller TD, Rasmussen JA, 
Fletcher JR, Boll JM, Rosenthal JA, Dobruchowska J, Wang Z, Heiss C, Azadi P, 
Putnam D, Trent MS, Jones BD, DeLisa MP. Outer membrane vesicles display-
ing engineered glycotopes elicit protective antibodies. Proc Natl Acad Sci 
USA. 2016;113(26):E3609–18.

87. Acevedo R, Fernandez S, Zayas C, Acosta A, Sarmiento ME, Ferro VA, Rosen-
qvist E, Campa C, Cardoso D, Garcia L, Perez JL. Bacterial outer membrane 
vesicles and vaccine applications. Front Immunol. 2014;5:121.

88. Gorringe AR, Pajon R. Bexsero: a multicomponent vaccine for preven-
tion of meningococcal disease. Hum Vaccines Immunotherapeutics. 
2012;8(2):174–83.

89. Schetters STT, Jong WSP, Horrevorts SK, Kruijssen LJW, Engels S, Stolk D, 
Daleke-Schermerhorn MH, Garcia-Vallejo J, Houben D, Unger WWJ, den Haan 
JMM, Luirink J, van Kooyk Y. Outer membrane vesicles engineered to express 
membrane-bound antigen program dendritic cells for cross-presentation to 
CD8(+) T cells. Acta Biomater. 2019;91:248–57.

90. Kim OY, Park HT, Dinh NTH, Choi SJ, Lee J, Kim JH, Lee SW, Gho YS. Bacterial 
outer membrane vesicles suppress tumor by interferon-gamma-mediated 
antitumor response. Nat Commun. 2017;8(1):626.

91. Gujrati V, Kim S, Kim S-H, Min JJ, Choy HE, Kim SC, Jon S. Bioengineered 
bacterial outer membrane vesicles as Cell-Specific Drug-Delivery vehicles for 
Cancer Therapy. ACS Nano. 2014;8(2):1525–37.

92. Palmieri B, Vadala M, Roncati L, Garelli A, Scandone F, Bondi M, Cermelli C. The 
long-standing history of Corynebacterium Parvum, immunity, and viruses. J 
Med Virol. 2020;92(11):2429–39.

93. Halpern BN, Prevot AR, Biozzi G, Stiffel C, Mouton D, Morard JC, Bouthillier 
Y, Decreusefond C. Stimulation of the phagocytic activity of the reticulo-
endothelial system by Corynebacterium Parvum. J Reticuloendothel Soc. 
1964;1:77–96.

94. Papaevangelou G, Sparros L, Vissoulis C, Kyriakidou A, Giokas G, Hadzimanolis 
J, Trichopoulos D. The effect of intradermal administration of Corynebacte-
rium parvum on the immune response to hepatitis bs antigen. J Med Virol. 
1977;1(1):15–9.

95. H K, T SM, M HH, Munk K. Protection of mice against viral infection by Coryne-
bacterium parvum and Bordetella pertussis. J Gen Virol. 1978;411:97–104.



Page 18 of 19Wang et al. Cell & Bioscience           (2024) 14:24 

96. K MN, E S, L AG. Protection of mice against influenza virus infection_ 
enhancement of nonspecific cellular responses by Corynebacterium parvum. 
Cell Immunol. 1983;78(2):314–25.

97. Zgórniak-Nowosielska I, Cwik D, Sławińska B. Protection of mice against 
vaccinia and herpes simplex virus infection by Propionibacterium acnes. Arch 
Immunol Ther Exp (Warsz). 1989;37(3–4):431–42.

98. Liu PT, Phan J, Tang D, Kanchanapoomi M, Hall B, Krutzik SR, Kim J. CD209(+) 
macrophages mediate host defense against Propionibacterium acnes. J 
Immunol. 2008;180(7):4919–23.

99. Palmieri B, Vadala M. Letter to the editor: Corynebacterium Parvum (Propi-
onibacterium Acnes): cytokines cells, innate immunity, and putative antiviral 
adoption. J Interferon Cytokine Res. 2021;41(3):132–6.

100. Tasaka S, Ishizaka A, Sayama K, Sakamaki F, Nakamura H, Terashima T, Waki Y, 
Soejima K, Nakamura M, Matsubara H, Fujishima S, M MK. Heat-killed Cory-
nebacterium parvum enhances endotoxin lung injury with increased TNF 
production in guinea pigs. Am J Respir Crit Care Med. 1996;153(3):1047–55.

101. Palmieri B, Manenti A, Galotti F, Vadala M. Innate immunity stimulation 
during the COVID-19 pandemic: challenge by Parvulan. J Immunol Res. 
2022;2022:4593598.

102. Nakamura T, Fukiage M, Higuchi M, Nakaya A, Yano I, Miyazaki J, Nishiyama 
H, Akaza H, Ito T, Hosokawa H, Nakayama T, Harashima H. Nanoparticulation 
of BCG-CWS for application to bladder cancer therapy. J Control Release. 
2014;176:44–53.

103. Luca S, Mihaescu T. History of BCG Vaccine, Maedica - a. J Clin Med. 
2013;8(1):53–8.

104. O’Neill LAJ, Netea MG. BCG-induced trained immunity: can it offer protection 
against COVID-19? Nature reviews. Immunology. 2020;20(6):335–7.

105. Morales A, Eidinger D, Bruce AW. Intracavitary Bacillus calmette-guerin in the 
treatment of superficial bladder tumors. J Urol. 1976;116(2):180–2.

106. Akaza H, Kameyama S, Kakizoe T, Kojima H, Koiso K, Aso Y, Niijima T. [Ablative 
and prophylactic effects of BCG Tokyo 172 strain for intravesical treatment 
in patients with superficial bladder cancer and carcinoma in situ of the 
bladder. Bladder cancer BCG Study Group]. Nihon Hinyokika Gakkai Zasshi. 
1992;83(2):183–9.

107. Hersh EM, Gutterman JU, Mavligit GM. BCG as Adjuvant Immunotherapy for 
Neoplasia. Annu Rev Med. 1977;28(1):489–515.

108. Escobar LE, Molina-Cruz A, Barillas-Mury C. BCG vaccine protection from 
severe coronavirus disease 2019 (COVID-19). Proc Natl Acad Sci USA. 
2020;117(30):17720–6.

109. Tsuji S, Matsumoto M, Takeuchi O, Akira S, Azuma4 I, Hayashi A, Toyoshima 
K, Seya T. Maturation of human dendritic cells by cell wall skeleton of Myco-
bacterium bovis bacillus Calmette-Guérin_ involvement of toll-like receptors. 
Infect Immun. 2000;68(12):6883–90.

110. Ishikawa E, Ishikawa T, Morita YS, Toyonaga K, Yamada H, Takeuchi O, Kinoshita 
T, Akira S, Yoshikai Y, Yamasaki S. Direct recognition of the mycobacte-
rial glycolipid, trehalose dimycolate, by C-type lectin Mincle. J Exp Med. 
2009;206(13):2879–88.

111. Yonekawa A, Saijo S, Hoshino Y, Miyake Y, Ishikawa E, Suzukawa M, Inoue H, 
Tanaka M, Yoneyama M, Oh-Hora M, Akashi K, Yamasaki S. Dectin-2 is a direct 
receptor for mannose-capped lipoarabinomannan of mycobacteria. Immu-
nity. 2014;41(3):402–13.

112. Yasumoto K, Manabe H, Yanagawa E, Nagano N, Ueda H, Hirota N, Ohta M, 
Nomoto K, Azuma I, Yamamura Y. Nonspecific adjuvant immunotherapy 
of Lung Cancer with Cell Wall Skeleton of Mycobacterium bovis bacillus 
Calmette-Guérin. Cancer Res. 1979;39:3262–7.

113. Hayashi A, Nishida Y, Yoshii S, Kim SY, Uda H, Hamasaki T. Immuno-
therapy of ovarian cancer with cell wall skeleton of Mycobacterium 
bovis bacillus Calmette-Guerin: effect of lymphadenectomy. Cancer Sci. 
2009;100(10):1991–5.

114. Kodama K, Higashiyama M, Takami K, Oda K, Okami J, Maeda J, Akazawa T, 
Matsumoto M, Seya T, Wada M, Toyoshima K. Innate immune therapy with a 
Bacillus Calmette-Guérin cell wall skeleton after radical surgery for non-small 
cell lung cancer: a case-control study. Surg Today. 2009;39(3):194–200.

115. Kim K-H, Lee Y-T, Park Y, Ko E-J, Jung Y-J, Kim Y-J, Jo E-K, Kang S-M. BCG Cell 
Wall Skeleton as a vaccine adjuvant protects both infant and old-aged mice 
from Influenza Virus infection. Biomedicines. 2021;9(5):516.

116. Masuda H, Nakamura T, Noma Y, Harashima H. Application of BCG-CWS as 
a systemic adjuvant by using Nanoparticulation Technology. Mol Pharm. 
2018;15(12):5762–71.

117. Tamada K, Harada M, Li KA, Tada H, Onoe Y, Nomoto K. Antitumor vaccina-
tion effect of dendritic cells can be augmented by locally utilizing Th1-type 

cytokines from OK432-reactive CD4 + T cells. Cancer Immunol Immunother. 
1998;46(3):128–36.

118. Sakurai Y, Tsukagoshi S, Satoh H, Akiba T, Suzuki S, Takagaki YJCCR. Tumor-
inhibitory effect of a streptococcal preparation (NSC-B116209), 56(9) (1972).

119. Mitsui H, Inozume T, Kitamura R, Shibagaki N, Shimada S. Polyarginine-
mediated protein delivery to dendritic cells presents antigen more efficiently 
onto MHC class I and class II and elicits superior antitumor immunity. J Invest 
Dermatol. 2006;126(8):1804–12.

120. Kurosawa S, Harada M, Shinomiya Y, Terao H, Nomoto K. The concurrent 
administration of OK432 augments the antitumor vaccination effect with 
tumor cells by sustaining locally infiltrating natural killer cells. Cancer Immu-
nol Immunother. 1996;43:31–8.

121. Saito M, Nanjo M, Aonuma E, Noda T, Nakadate I, Ebina T, Ishida N. Activated 
macrophages are responsible for the tumor-inhibitory effect in mice receiv-
ing intravenous injection of OK-432. Int J Cancer. 1984;33(2):271–6.

122. ShigeruWatabe F, Sendo S, Kimura S, Arai. Activation ofcytotoxic polymor-
phonuclear leukocytes by in vivo administrationof a streptococcal prepara-
tion, OK-432. J Natl Cancer Inst. 1984;72(6):1365–70.

123. Kuroki H, Morisaki T, Matsumoto K, Onishi H, Baba E, Tanaka M, Katano M. 
Streptococcal preparation OK-432: a new maturation factor of monocyte-
derived dendritic cells for clinical use. Cancer Immunol Immunother. 
2003;52(9):561–8.

124. Okamoto M, Furuichi S, Nishioka Y, Oshikawa T, Tano T, Ahmed SU, Takeda 
K, Akira S, Ryoma Y, Moriya Y, Saito M, Sone S, Sato M. Expression of toll-like 
receptor 4 on dendritic cells is significant for anticancer effect of dendritic 
cell-based immunotherapy in combination with an active component of 
OK-432, a streptococcal preparation. Cancer Res. 2004;64(15):5461–70.

125. Endo H, Saito T, Kenjo A, Hoshino M, Terashima M, Sato T, Anazawa T, Kimura 
T, Tsuchiya T, Irisawa A, Ohira H, Hikichi T, Takagi T, Gotoh M. Phase I trial of 
preoperative intratumoral injection of immature dendritic cells and OK-432 
for resectable pancreatic cancer patients. J Hepatobiliary Pancreat Sci. 
2012;19(4):465–75.

126. Ogita S, Tsuto T, Nakamura K, Deguchi E, Iwai N. OK-432 therapy in 64 patients 
with lymphangioma. J Pediatr Surg. 1994;29(6):784–5.

127. Smith MC, Zimmerman MB, Burke DK, Bauman NM, Sato Y, Smith RJ, Group 
OKCS. Efficacy and safety of OK-432 immunotherapy of lymphatic malforma-
tions. Laryngoscope. 2009;119(1):107–15.

128. Ogita S, Tsuto T, Nakamura K, Deguchi E, Tokiwa K, Kyoto Nl. OK-432 therapy 
for lymphangioma in children_ why and how does it work. J Pediatr Surg. 
1996;31(4):477–80.

129. Rho MH, Kim DW, Kwon JS, Lee SW, Sung YS, Song YK, Kim MG, Kim SG. 
OK-432 sclerotherapy of plunging Ranula in 21 Patients_ it can be a substi-
tute for surgery. Am J Neuroradiol. 2006;27(5):1090–5.

130. Fukase S, Inamura K, Ohta N, Aoyagi M. Treatment of Ranula with Intracystic 
Injection of the Streptococcal Preparation Ok-432, 112(3) (2003) 214–20.

131. Wang Y-L, Peng H-H, Su S-Y, Lin C-T. Combined immunotherapy (OK-432, 
IL-2) with chemotherapy decrease the recurrence rate in Advanced Ovarian 
Cancer, 26(2) (2019) 244–9.

132. Park SI, Baek JH, Suh CH, Chung SR, Choi YJ, Kim TY, Lee YM, Lee JH. Chemical 
ablation using ethanol or OK-432 for the treatment of thyroglossal duct cysts: 
a systematic review and meta-analysis. Eur Radiol. 2021;31(12):9048–56.

133. Ohta N, Fukase S, Kusano Y, Saito Y, Tateda Y, Ishida Y, Ikeda R, Yamazaki M, 
Ono J, Izuhara K. Treatment of Auricular hematomas by OK-432: how and 
why it works. Otol Neurotol. 2019;40(8):e820–3.

134. Tian K, Han B, Shen Y, Li C, Xuan Y. Investigation on immune function and 
chest drainage in patients with thoracic malignancies using the streptococ-
cal agent Sapylin. J Cancer Res Ther. 2014;10(4):1030–2.

135. Reed SG, Orr MT, Fox CB. Key roles of adjuvants in modern vaccines. Nat Med. 
2013;19(12):1597–608.

136. Oleszycka E, Lavelle EC. Immunomodulatory properties of the vaccine adju-
vant alum. Curr Opin Immunol. 2014;28:1–5.

137. Pulendran B, Ahmed R. Translating innate immunity into immunological 
memory: implications for vaccine development. Cell. 2006;124(4):849–63.

138. Shi S, Zhu H, Xia X, Liang Z, Ma X, Sun B. Vaccine adjuvants: understanding 
the structure and mechanism of adjuvanticity. Vaccine. 2019;37(24):3167–78.

139. Campbell JD. Development of the CpG adjuvant 1018: a case study. Vaccine 
Adjuvants: Methods Protocols (2017) 15–27.

140. Zhao T, Cai Y, Jiang Y, He X, Wei Y, Yu Y, Tian X. Vaccine adjuvants: mechanisms 
and platforms. Signal Transduct Target Therapy. 2023;8(1):283.

141. Bowen WS, Svrivastava AK, Batra L, Barsoumian H, Shirwan H. Current 
challenges for cancer vaccine adjuvant development. Expert Rev Vaccines. 
2018;17(3):207–15.



Page 19 of 19Wang et al. Cell & Bioscience           (2024) 14:24 

142. Bastola R, Noh G, Keum T, Bashyal S, Seo JE, Choi J, Lee S. Vaccine adju-
vants: smart components to boost the immune system. Arch Pharm Res. 
2017;40:1238–48.

143. Tovey MG, Lallemand C. Adjuvant activity of cytokines. Vaccine Adjuvants: 
Methods Protocols, (2010) 287–309.

144. Cadena AM, Hopkins FF, Maiello P, Carey AF, Wong EA, Martin CJ, Gideon HP, 
DiFazio RM, Andersen P, Lin PL, Fortune SM, Flynn JL. Concurrent infection 
with Mycobacterium tuberculosis confers robust protection against second-
ary infection in macaques. PLoS Pathog. 2018;14(10):e1007305.

145. Hupert N, Marin-Hernandez D, Gao B, Aguas R, Nixon DF. Heterologous vacci-
nation interventions to reduce pandemic morbidity and mortality: modeling 
the US winter 2020 COVID-19 wave. Proc Natl Acad Sci USA 119(3) (2022).

146. Hartmann G, Krieg AM. Mechanism and function of a newly identified CpG 
DNA motif in human primary B cells. J Immunol. 2000;164(2):944–53.

147. Krug A, Rothenfusser S, Hornung V, Jahrsdörfer B, Blackwell S, Ballas ZK, Endre 
S, M.Krieg A, Hartmann G. Identification of CpG oligonucleotide sequences 
with high induction of IFN-α/β in plasmacytoid dendritic cells. Eur J Immu-
nol. 2001;31(7):2154–63.

148. Mutwiri GK, Nichani AK, Babiuk S, Babiuk LA. Strategies for enhancing the 
immunostimulatory effects of CpG oligodeoxynucleotides. J Control Release. 
2004;97(1):1–17.

149. Poeck H, Wagner M, Battiany J, Rothenfusser S, Wellisch D, Hornung V, 
Jahrsdorfer B, Giese T, Endres S, Hartmann G. Plasmacytoid dendritic cells, 
antigen, and CpG-C license human B cells for plasma cell differentiation 
and immunoglobulin production in the absence of T-cell help. Blood. 
2004;103(8):3058–64.

150. Vollmer J, Weeratna R, Payette P, Jurk M, Schetter C, Laucht M, Wader T, Tluk 
S, Liu M, Davis HL, Krieg AM. Characterization of three CpG oligodeoxy-
nucleotide classes with distinct immunostimulatory activities. Eur J Immunol. 
2004;34(1):251–62.

151. Samulowitz U, Weber M, Weeratna R, Uhlmann E, Noll B, Krieg AM, Vollmer Jr. 
A Novel Class of Immune-Stimulatory CpG Oligodexynucleotides unifies high 
potency in type I Interferon induction with Preferred Structural properties. 
Oligonucleotides. 2010;20(2):93–101.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations. 


	Exploiting bacterial-origin immunostimulants for improved vaccination and immunotherapy: current insights and future directions
	Abstract
	Introduction
	Bacterial active molecules
	Lipopolysaccharide (LPS) and monophosphoryl lipid A (MPL)
	Bacterial outer membrane protein (OMP) and lipoprotein
	Flagellin
	Bacterial CpG oligonucleotides
	Cholera toxin subunit

	Bacterial extracts and preparations
	Bacterial outer membrane vesicles (OMVs)
	Corynebacterium parvum (C. Parvum)
	The BCG and BCG cell wall skeleton (BCG-CWS)
	Hemolytic streptococcus preparation OK-432

	Conclusions and future perspective
	References


