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Abstract: Bacterial ghosts (BGs) are empty bacterial envelopes of Gram-negative bacteria produced
by controlled expressions of cloned gene E, forming a lysis tunnel structure within the envelope of
the living bacteria. Globally, BGs have been used as vaccine delivery systems and vaccine adjuvants.
There is an increasing interest in the development of novel delivery systems that are based on BGs for
biomedical applications. Due to intact reservation of bacterial cell membranes, BGs have an inherent
immunogenicity, which enables targeted drug delivery and controlled release. As carrier vehicles,
BGs protect drugs from interference by external factors. In recent years, there has been an increasing
interest in BG-based delivery systems against tumors, inflammation, and infection, among others.
Herein, we reviewed the preparation methods for BGs, interactions between BGs and the host, and
further highlighted research progress in BG development.
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1. Introduction

Delivery systems for drugs, nucleic acids, and other biomolecules are recent develop-
ments in biotechnology [1,2]. There is a growing interest in the design and development of
novel targeted delivery systems. Bacterial derivatives, including bacterial ghosts (BGs),
extracellular vesicles, and alimental toxins, are popular biological nanomaterials that are
potential vaccine and drug carriers [3]. These delivery platforms retain many of the ad-
vantages of bacteria, including the ability to colonize and target human tissues, enhance
immunogenicity of vaccines, and have good loading capacities. Advances in genetic
engineering and chemical biotechnology have facilitated the development of different
types of BGs, which will be important in immobilized enzyme technology, agriculture and
medicine [4]. Recently, BGs have received increased attention as potential candidates for
targeted delivery of biomolecules [5,6].

Essentially, BGs are bacterial shells with pores. Genetic engineering or chemical meth-
ods can be used to induce the release of cellular contents; hence, they have no nucleic
acids, ribosomes, or other components [7]. As such, the structural integrity of surface
antigens on most BGs remains intact [8]. The preparation of inactivated vaccines using
methods such as formaldehyde and heat treatments can destroy the surface structures of
the bacteria [9,10]. Contrarily, BGs prepared by genetic engineering retain all the structural
antigens expressed by pathogenic bacteria, which induces very strong, effective humoral
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and cellular immune responses [11]. The structure of BGs is shown in Figure 1. They con-
tain pathogen-associated molecular patterns (PAMPs), such as lipopolysaccharide (LPS),
lipoprotein (LPP), peptidoglycan (PGN), and fimbriae, among others, which are highly con-
served structures on the outer cell bacterial wall [12]. Once in the host, BGs are recognized
by pattern recognition receptors (PRR) on immune cells, stimulating the production of
several immune mediators that induce the maturation of antigen-presenting cells (APCs),
such as dendritic cells (DCs) [13,14]. In general, pathogenic bacterial ghost serotypes are
well preserved, and high concentrations of BGs can provide a high immunogenicity. More-
over, they can only be purified by washing, centrifugation and freeze-drying [15]. Based on
these novel biological characteristics, BGs are potential vaccine delivery systems [16]. They
have been progressively adopted in the delivery of nucleic acids, proteins, and chemical
drugs [17].

Figure 1. The diagram of BGs. (left) Pores are formed on the surface of bacteria; (right) overflow of cellular contents including
nucleic acids, ribosomes, and other components.

BGs are applied in several disciplines including biology, chemistry, pharmacy, biomedicine,
and material sciences, among others [18]. In this paper, we reviewed the methods for BG
preparation and how they induce immunity in hosts. Moreover, we reviewed the principles
for designing BG-based delivery systems as well as the advantages and limitations of BGs
in biomedical applications. Finally, we discussed the administration routes for BG-based
delivery systems, particularly the oral-digestive route.

2. Methods for BGs Preparation
2.1. Genetic Engineering

When ΦX174, a single-stranded DNA phage, infects Gram-negative bacteria, it inhibits
the activities of the enzyme phospho-MurNAc-pentapeptide translocase (MraY) on the
bacteria membrane. This is mediated by lysis protein E, a hydrophobic protein that
inhibits the synthesis of PGN in bacterial cell walls [19]. First, the hydrophobic N-terminal
binds the inner membrane of the bacterial cell wall. Then, the conformation of protein E
changes, binding its hydrophobic C-terminal across the inner and periplasmic spaces to
the outer membrane of the cell wall [20]. This disruption causes secondary effects, such as
activation of phosphatase activities, and increased membrane mobilities. This increases
internal osmotic pressures, inducing the release of cell contents [21]. Currently, the most
commonly used method for the preparation of BGs involves cloning lysis gene E (276 bp,
accession number: MF426914.1) into expression regulation systems of Gram-negative
bacteria, which utilizes the switch function of the control element to control expression [22].
The preparation process for BGs is shown in Figure 2.

Constructed BGs are about 1–2 µm long and 0.5–2 µm wide. Lysis protein E connects
the inner and outer membranes, minimizing the loss of enzymes in periplasmic spaces.
During bacterial lysis, inner and outer membrane structures remain intact. Diameters of
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transmembrane pores are about 40–200 nm, but, under osmotic pressure, they can reach
500 nm [23]. Pore sizes are determined by sieve sizes of the PGN layer in the cell wall [24].

Figure 2. Preparation of the BGs using genetic engineering.

Transmembrane tunnels are formed at the bacterial division site or polar cap of bacteria,
but mostly at the bacterial site, which is related to Z-ring formation mechanisms during
bacterial division. The bacterial division protein FtsZ is necessary for Z-ring formation [25].
Witte, A. et al. found that protein E-mediated lysis occurs in the presence of GTPase
activities of FtsZ, which is independent of Z-ring structure [26]. However, the mechanisms
involved in conformational changes of protein E, which are caused by GTPase activities of
FtsZ, should be further investigated.

Expressions of temperature-sensitive λ pL/pR-cI857 or chemically induced expression
systems (efficient expression systems of all kinds of hybrids based on Lac promoter) are
generally used as markers for selection of successful transformation [23]. For λ pL/pR-cI857
expression, at appropriate temperatures, bacteria are cultured to the logarithmic growth
phase, before raising the temperature to 42 ◦C to induce the expressions of gene E [27–29].
For chemically induced expression systems, IPTG or arabinose is added to the original
culture medium to obtain BGs [21]. Obtained BGs are lyophilized. Lyophilized BGs can be
stored at room temperature for many years [30]. Barisani Asenbauer et al. cultured E. coli
in a fermentor until OD600 = 0.9, which took about 90 min. Under temperature-sensitive
expression systems, a temperature of 42 ◦C induces the expressions of protein E. After
120 min of expression, lytic efficiency reached 99.9% [31]. Langemann et al. prepared
BGs by heating a mixed culture media of bacteria to 42 ◦C. After 2 h, bacterial lytic
efficiency reached 99.99% [21]. Even with the excellent lysis, residual pathogenic bacteria
are potentially harmful. Therefore, secondary inactivation is required to achieve complete
lysis. Since UV radiation or formaldehyde inactivation can damage the structures of BG
surface antigens, the commonly used method involves the addition of β-acetone (BPL) for
inactivation, freeze drying, and storage at −20 ◦C [10,32]. Gentamicin and streptomycin
are also used to inactivate non-lysed bacteria [33]. Double gene inactivation has also been
used for secondary inactivation. Zhu et al. enhanced the lytic efficiency of bacteria by
incorporating the staphylococcal nuclease A(SNUC) gene into a lysis plasmid (mE-L-SNA)
expressing the E fusion gene. The lytic efficiency of E. coli at the logarithmic growth
stage reached 99.99995%, thus improving the safety of BGs [34]. Tian et al. constructed
Streptococcus pullorum ghosts by fusing the antimicrobial peptide gene, SMAP29, with lysis
gene E. Twenty-four hours after induced lysis, they did not find any viable bacteria [35].
Hjelm et al. constructed a mutant strain of E. coli (MC4100) by deleting the ASD gene,
which encodes aspartate semialdehyde dehydrogenase involved in diaminopimelic acid
(DAP) synthesis. The growth of mutant strains is entirely dependent on the amount of DAP
added to the culture medium. After gene E was induced, the target bacteria/BGs were
incubated in LB medium without DAP for 12 h, centrifuged, collected, and freeze-dried to
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completely inactivate E. coli [36]. Chemical and genetic engineering methods can inactivate
residual pathogenic bacteria.

Currently, regulation of the expression of the gene E lysis system has been success-
fully applied against several gram-negative bacteria strains, Salmonella typhimurium [37],
Salmonella enteritidis [8], Vibrio cholerae [38], Pectobacterium cypripedii [39], Helicobacter py-
lori [40], Actinobacillus-pleuropneumoniae [41], Haemophilus influenzae [42], Pasteurella mul-
tocida [43], Brucella [44], and Aeromonas hydrophila [45], among others. Given the wide
spectrum of bacteria, these findings imply that any suitable gene E carrier, perhaps all
Gram-negative bacteria, can produce lysis-based BGs. However, the preparation methods
for BGs are associated with several challenges. (I) Plasmids are not applicable to all Gram-
negative bacteria, which should be investigated and modified for each strain. Uneven
distributions of plasmids during bacterial division leads to plasmid loss; therefore, there is
a need to determine whether gene E can be cloned into the bacterial genome. (II) During the
preparation of BGs, the antibiotic resistance gene is introduced alongside lysis gene E. The
antibiotic resistance gene can be laterally transferred in the environment [46]. (III) There
are many lytic resistant mutants, especially E. coli, which requires double gene inactivation,
such as combining gene E and gene SNUC [47].

Gens other than gene E can also be used to prepare BGs. For instance, Ronchel
et al. prepared Pseudomonas putida-based BGs by cloning heterologous GEF proteins in
these bacteria [48]. BGs have also been prepared by cloning plasmid pDKL02 expressing
lysis genes S, R, and Rz from bacteriophage λ into E. coli, Acinetobacter calcoacetate and
Pseudomonas stephensi [49]. At the same time, they compared the gene E-mediated lysis
system with this gene lysis system. They found that the nucleic acid produced by the gene
E-mediated lysis system could be completely degraded after 1 h in vitro, which was more
efficient for the preparation of adjuvants.

2.2. The Chemical Method

The “sponge-like” method is a common chemical process for preparing BGs. In this
method, pores are made through bacterial cell walls using chemical reagents. Then, cellular
contents are removed by centrifugation (Figure 3A). Amara et al. used less than the
minimum inhibitory concentration (MIC) of chemicals such as NaOH, SDS, H2O2, and
CaCO3 to prepare BGs. Then, they used the Plackett–Burman experimental design to
optimize the preparation conditions for “sponge-like” E. coli ghosts [50]. Sheweita et al.
prepared “sponge” BGs by incubating Acinetobacter baumannii Ali190 in a mixture of NaOH,
Na2CO3 and a solution of H2O2 [11]. Under these methods, cell wall integrity remains
intact. Sameh et al. designed a novel chemical method of preparing BGs by culturing
Salmonella for 24 h in a culture media supplemented with 7% Tween 80 [51]. The pH
of the medium was reduced to 3.6 using lactic acid. Tween 80 causes the dissolution of
hydrophobic components in the outer membrane of the bacteria, thus forming weak areas.
These areas facilitate puncture formation caused by the sudden decrease in pH. In another
biochemical method, BGs were developed by incubating bacteria in an artificial synthetic
model amphiphilic peptide (MAP) dissolved in Na2HPO4 solution (Figure 3B) [52,53]. The
chemical process can be performed at any stage of bacterial growth and only requires
dilution to control OD600 = 0.1. The efficiency of gene E-mediated lysis was best in the
logarithmic growth phase, and lysis in the stationary phase resulted in the survival of live
bacteria [54]. Furthermore, the chemical method is not limited to Gram-negative bacteria
as it is also effective for Gram-positive bacteria and yeasts [55].

Rapid preparation of BGs using chemical agents eliminates the limitations associated
with the use of lysis gene E, particularly genetic restriction-modification [2]. The chemical
method is simple, rapid, and does not change the three-dimensional morphology of cells,
except for producing holes. However, chemicals may denature surface immunogenic
antigens. Excess holes may disrupt the controlled release property. Follow-up experiments
should be performed to solve these challenges. Therefore, genetic engineering methods are
still the most widely used techniques.
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Figure 3. Chemical method for preparation of BGs. (A) Preparation of BGs using the model am-
phiphilic peptide (MAP). (B) The two-step method for preparation of BGs.

3. The Association between BGs and Target Cells

The intensity of immune responses depends on the physical and chemical properties
of the antigen and host immune systems [56]. As vaccine or vaccine adjuvants, BGs can
enhance host innate immune responses to antigens. BGs possess PAMPs because they are
Gram-negative bacterial shells without internal nucleic acids [29]. Therefore, this section
focuses on effects of Gram-negative bacterial PAMPs, such as flagella, LPS, and PGN on
the immune system (Figure 4).

LPS can induce the immune response mediated by Toll-like receptor 4 (TLR4) [60,61],
which is mainly distributed on the surfaces of APCs. BGs stimulate APCs through the
binding of LPS on BGs to TLR4 on these cells. There are two intracellular signaling
pathways downstream of TLR4: MyD88-dependent and MyD88-independent pathways.
The MyD88-dependent intracellular signaling pathway involves activation of the NF-κB-
mediated inflammatory factor gene expression (TNF-α, IL-1,6,8, etc.) and activation of
the MAPK pathway (including JNK and P38 pathways) [62,63]. The MyD88-independent
pathway (TRIF dependent signaling pathways) induces the expressions of transcription
factor IRF3, resulting in expressions of type I interferon (IFN-1) and activation of NF-κB to
promote the expressions of inflammatory factors. Activation of the TLR4 receptor promotes
the maturation of DCs and differentiation of T cells into Th1 cells [64]. In conclusion, LPS
on BGs enhances innate and adaptive immune system responses.

The bacterial flagellum is an adhesion structure that mediates host cell coloniza-
tion. Given their antigenic properties, flagella are ideal adjuvants and vaccine candidates.
Clostridium difficile [65] and polymeric flagellin filaments are examples of flagella-based
vaccines [66]. The flagellum structure on BGs remains intact [31]. Flagellin can induce
the expressions of TLR5 and Nod-like receptor card domain containing 4 (NLRC4) in-
flammasomes’ signaling pathways [67,68]. TLR5 is mainly distributed on the surface of
intestinal epithelial cells. The binding of flagellin to TLR5 activates the MyD88-dependent
signaling pathway and induces NF-κB-mediated inflammatory responses [69]. NLR4 forms
NLRC4 inflammasomes and induces the recruitment as well as activation of caspase-1
upon detecting flagellin in the cytoplasm. Activated caspase-1 hydrolyzes, stimulates, and
induces the maturation and release of pro-IL-18 and pro-IL-1β to participate in the immune
responses [61,70].

Toll-like receptor 2 (TLR2) on the surface of macrophages and DCs mainly recognizes
PAMPs such as PGN and LPP of BGs [71]. Lysozymes secreted by epidermal cells break
down PGN on BGs, then mediate its binding to corresponding receptors. The binding of
PGN to TLR1/2 stimulates the expression of NF-κB via the MyD88-dependent pathway,
which is involved in adaptive immune responses [72,73]. In addition, binding of the PGN
fragment to the NLR1/2 receptor induces the production of TNFα IL-1 and IL-6 [74].
The binding of LPP to TLR2/6 activates pathways similar to those activated by PGN,
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and subsequent production of TNF-α as well as inflammatory factors, such as IL-6 and
macrophage inflammatory protein 2 [75].

Figure 4. The pathway that mediates binding of BGs to TLRs on immune or epithelial cells. The
cytoplasmic portion of TLR contains a Toll/IL-1 receptor homolog domain that induces the recruit-
ment of various adapters such as MyD88, TRIF, TIRAP/MAL, and TRAM that regulates specific
biological responses [57,58]. Membrane CD- 14 mediates binding between LPS on BGs with a TLR2
homologous dimer, activating the MyD88-independent pathway to produce IFN-1 [59]. CD-14 also
mediates binding of surface LPP and PGN with TLR2/TLR6 or TLR2/TLR1 heterodimers, activating
the MyD88-dependent pathway. The MyD88-independent and MyD88-dependent pathways even-
tually stimulate the production of IFN-1 and NF-κB, which activate the secretion of inflammatory
factors such as IL-1β, IL-8, and TNF-α [4]. These cytokines induce and regulate inflammation, recruit
immune cells and induce apoptosis. In addition to activating the TLR5 pathway and the subsequent
MAPK pathway, flagella can also activate NLRC4 inflammasome pathway in cells, which induces
cell scorch death.

Not only do BGs bind APCs and epithelial cell surface receptors to cause immune
responses, they can also be internalized by these cells, such as human conjunctiva-derived
epithelial cells (HCDECs), Caco-2, etc. [17]. Kudela et al. revealed that independent of the
bacterial species, there were no cytotoxic effects of BGs on HCDECs, and HCDECs strongly
internalized BGs [30,76]. BGs are a natural adjuvant that can induce a strong antigenic
cross-presentation when loaded with DNA or proteins [77]. In an in vitro DCs experiment,
Michalek et al. found that administration of BGs loaded with the autologous tumor
lysate activated both MHC-I and MHC-II antigen processing and presentation pathways,
promoting the proliferation of CD4+ and CD8+ T cells [12]. DC immunotherapy stimulates
DC maturation and cross-presentation through BG surface polyantigenicity. After sticking
to the surface of targeted areas, BGs, or their released contents, could be endocytosed
by target cells. BGs promote antigen presentation, including MHC-I and MHC-II by
stimulating DC maturation. There are two theories on the presentation of MHC-I in DCs:
(I) the DC engulfs antigenic substances into the intracellular body through endocytosis,
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and then “somehow” flows out into the cytoplasm, where it forms a pathway to merge
with the classical MHC-I antigen complex; (II) DCs phagocytose antigenic substances into
the intracellular body through endocytosis, and then fuse directly with the intracellular
body carrying no-load MHC-I through membrane vesicles.

As mentioned earlier, adhesion factors on the bacterial surface, LPS, PGN, and other
immune stimulants on BGs remain intact. As such, they are well recognized by APCs
in different tissues. Studies have shown that BG-based vaccines are more effective than
inactivated bacterial vaccines. Xuhua Ran et al. immunized mice with a Pasteurella multocida
(PM) ghost [43]. Compared to inactivated PM, the BGs group produced more lymphocytes,
more IL-4 and γ-INF, and had a better defense against PM. Moreover, BGs protect internal
molecules from degradation; are useful for targeted delivery of nucleic acids, proteins, and
chemical drugs; and their contents are slowly delivered by adhesion to cells [14,78]. The
various applications of BGs are shown in Table 1.

Table 1. Application strategies of BGs-based delivery systems.

Lysis Plasmid Contents Strain Name
of BGs Application Reference Model

/

pcDNA of
Macrophage

infectivity potentiator
(MIP) and pcDNA of
C. psittaci major outer

membrane protein
(MOMP)

E. coli JM109 DNA vaccine for Preventing
C. psittaci infection [79] mice

pBBR1MCS-E Recombinant plasmid
pVAX1-nspA S.enteritidis DNA vaccine for Preventing

Gonococcal [80] mice

pBV220-E
DNA of Vibrio mimicus
epitopes OmpU and

VMH in tandem
E. coli DH5α

Oral DNA vaccine for Preventing
Vibrio mimicus infection [81] grass carps

/ Oxaliplatin ECN
Injection of oxaliplatin@BGs to
induce immunogenic cell death

(ICD) for therapy of colon cancer
[82] mice

pML1, pDKL01 NTHi antigen OMP26 E. coli pop2135
Mucosal delivery of OMP26@BGs

for immunization against
NTHi infection

[42] rat

pBAD-E
Ferri-siderophore

receptors FepA, FhuE,
IroN and IutA

E. coli APEC
Recombinant BGs vaccine

mucosal vaccine to prevent
APEC infection

[83] chicken

/ Lewis tumour cell
lysate ECN

BGs carries tumor lysates to
enhance tumor immunogenicity,
induce immune cells to mature

and attack cancer cells

[84] mice

pBV-mELS Epothilone B ECN Epothilone B@BGs as an
anticancer drug to treat cancer [85] HeLa cell

pSON1 DOX Mannheimia
haemolytica

DOX@BGs is targeted to human
colon adenocarcinoma cells for

the treatment of cancer
[86] Caco-2

pLysS 5-FU E. coli BL21 (DE3) 5-FU@BGs treatment of various
types of colorectal cancer [87] Caco-2

/ Bedaquiline and
delamanid

Mycobacterium
tuberculosis

Bedaquiline/delamanid@BGs
stimulate the immune system to

kill bacteria and treat tuberculosis
[88] mice

pBV220-E CIP ECN
CIP@BGs is used to destroy
Staphylococcus aureus in

macrophages
[89]

macrophage
RAW264.7/

mice

pBV220-E ZOL/5-FU ECN
ZOL/5-FU@BGs promote

macrophage polarization and
kill tumor

[5] mice
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4. BGs-Based Vaccine
4.1. DNA Vaccines

Naked DNA vaccines are limited by their weak immunogenicity. To elicit stronger im-
mune response, they are usually combined with various adjuvants, such as alum. However,
the currently used adjuvants have various limitations and the adjuvant options available
to any recombinant vaccine manufacturer are very limited. However, carrier transport can
enhance its immunogenicity and efficiency [90]. Currently, nucleic acid vectors, including
viruses (influenzavirus, adenovirus, poliovirus, etc), fungi (Saccharomyces), and bacteria
(Bacillus Calmette Guerin), among others, are commonly used. As carriers, BGs can be
internalized by various cells, such as mouse macrophage raw 264.7, HCDECs, DCs, and
Caco-2 [76,86,91]. In vitro cell experiments have shown that 60% of macrophages (raw
264.7) can internalize BGs containing reporter plasmids and then express green fluorescent
proteins [92]. DCs can also internalize BGs and secrete IL-12 to activate Th1 immune
responses [93]. The internalization and activation of BGs by APC cells provides a new
strategy for vaccination and in situ immunotherapy. BGs carrying plasmids adopt the
diffusion strategy (plasmid DNA diffuses through the lytic pore into the BGs) [92], and
the nucleic acid can nonspecifically bind with BGs (The negatively charged DNA binds
to positively charged groups in the inner membrane, such as amines). Each BG can load
4000–5000 copies of plasmid DNA (from medium to large plasmids) [94]. These in vitro
experiments have proven that BGs are feasible for nucleic acid delivery. In mice models,
there have been many studies of BG-based nucleic acid vaccines. Zhou et al. used BGs
as a delivery system to prepare an effective DNA vaccine for the prevention of C. psittaci
infection [79]. This BG-based DNA vaccine induced a stronger humoral immunity (IgG
upregulation) and cellular immunity (Th1 type immune related indicator upregulation)
than the naked DNA vaccine and BGs. Jiao et al. used the Salmonella ghost to prepare DNA
vaccines to prevent Neisseria gonorrhoea [80]. They found that BG-based DNA vaccines
induced stronger humoral immunities (IgG upregulation) and lymphocyte proliferation,
relative to naked DNA vaccines and BGs alone. In a model experiment with bone marrow-
derived DCs (BMDCs), Jiao et al. cultured the vaccine with BMDCs [95]. They found
that the BG-based DNA vaccine promoted greater DCs maturation and activation (up
regulation of cell surface costimulatory molecules CD80, CD86, CD40, and MHC-II) than
the naked DNA vaccine and BGs alone. These results show that DNA vaccines prepared
with BG-loaded plasmids have a better stimulatory effect on both humoral and cellular
immunities, relative to naked DNA vaccines. Cao et al. used DH5α ghosts loaded with
plasmids containing five exogenous fragments (including invariant chain-like protein [Iclp]
gene) to prepare double-targeted DNA vaccines for oral immunization of grass carp [81].
Plasmids with endogenous Iclp easily enter the MHC-II antigen presentation pathway.
Immunization with the double-targeted DNA vaccine substantially increases the activities
of three innate immune parameters (SOD, LZM and C3) in serum and intestinal mucus.
Moreover, the relative survival rate of the experimental group reached 81.11%, demonstrat-
ing the efficiency of the vaccine against Vibrio strains. These studies show that antigenic
genes in BGs can be internalized and expressed by APCs, and foreign genes can be derived
from multiple plasmids or a plasmid containing the fusion gene fragment. The multigene
BGs vaccine induced stronger immune responses than the naked DNA vaccine.

4.2. Protein Antigen Vaccines

BGs serve as carriers for protein vaccines in two ways. (I) Multi epitope peptide
BGs: through genetic engineering, the antigen and protein target is displayed on the
surface to improve its immunogenicity and targeting. (II) Non-recombinant BGs mixture:
when the antigen is co-incubated with BGs, the protein non-specifically binds the intima.
However, to obtain strong immune responses, optimal doses of proteins and BGs should
be investigated further. Tuntufye HN et al. found that BG-based recombinant vaccines
of ferri-siderophore receptors protected chickens against avian pathogenic E. coli APEC
infection [83]. They found that both the recombinant BGs vaccine and the non-recombinant
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mixture vaccine could significantly increase IgG immune responses and reduce mortality
after infection. Moreover, the mortality rate for recombinant BGs chickens was lower,
relative to that of the non-recombinant mixture vaccine. Sai Gong et al. developed a
vaccine against hand-foot-and-mouth disease by expressing antigenic proteins of Entero
virus 71 and Coxsackie virus in the outer membrane protein A(OMPA) of E. coli O157:
H7 [15]. The vaccine increased IgG and IgA secretion, thereby inducing mucosal immunity.
Moreover, the vaccine candidate protected mice against E. coli infection. In addition to
expressing protein antigens on the outer membrane of BGs, Riedmann et al. enhanced
cellular immune responses via intestinal or lung inoculation of BGs developed by fusing
the Haemophilus influenzae (NTHi) antigen (OMP26) into the S layer or periplasmic space of
E. coli [42]. In conclusion, endomembrane proteins, periplasmic space proteins and outer
membrane proteins on BGs are antigenic, and they can induce immunogenicity. Compared
to the protein subunit vaccine, BGs adjuvants significantly enhance the immunogenicity of
antigenic proteins [20].

Currently, there is increasing attention on how to improve the protein loading capaci-
ties of BGs (Figure 5). To achieve this, attempts have been made to express streptavidin
in the inner membrane of BGs, whereas the target protein is phthalated with biotin. The
specific interaction between biotin and streptavidin immobilizes the target protein in the
inner membrane. In other studies, the protein was attached to the bacterial membrane
through genetic engineering. For example, Sührer et al. attached galactosidase anchors on
BGs containing cytochrome b5 to immobilize the enzyme [96]. In other studies, BGs have
been sealed by fusions with membrane vesicles [97].

Figure 5. Drug loading strategies in BGs. (A) Expressions of proteins or antigens in the periplasmic
space through genetic engineering. (B) Non-specific binding of drugs to the inner membrane.
(C) Attachment of exogenous proteins or antigens onto the inner membrane using streptavidin.
(D) BGs encapsulated with membranous vesicles. (E) Multiepitope peptide BGs.

BGs can either be mixed with the antigen of interest, or the antigen can be expressed
in a Gram-negative bacterium to be turned into BGs, thereby creating a bacterial shell with
integrated antigens. Given the success of nucleic acid vaccines for COVID-19, BG-based
vaccine research should fully utilize the natural intrinsic adjuvant effect of BGs in its
vaccine candidates.

5. Drug Delivery Systems Based on BGs
5.1. BGs for Delivery of Nucleic Acids

BGs have potential as nucleic acid drug delivery carriers. For example, BGs’ ana-
logue outer membrane vesicles (OMVs) have the ability to target macrophages [98].
SiRNA@OMVs targets macrophages in the tumor microenvironment, affecting the metabolic
phenotype of macrophages by down regulating the redd1 gene of macrophages, thereby
transforming macrophages into tumor suppressive types. This paper provides a reference
for future studies on BG-based nucleic acid delivery systems for cancer treatment.

5.2. BGs Protein Delivery Systems

BGs loaded with protein drugs can be used in tumor immunotherapy. Kraśko et al.
developed BGs from E. coli Nissle 1917(ECN) for transporting Lewis lung cancer cell lysates,
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including tumor associated antigens, to inhibit recurrence after primary resection [84].
Through mice models, we found that immunotherapy significantly enhanced the overall
survival rate of experimental mice, circulation of CD8a + T cells, reduced metastasis
incidences, and stimulated the immune system. Overall, this system has potential clinical
applications in cancer treatment.

5.3. BGs for Delivery of Chemical Drugs

Targeting of BGs results from specific binding of the surface ligand to the recipient
cell, and its surface adhesion factors contribute to adhesion of BGs to the target cell.

BGs play various roles in the treatment of bacterial infections. They stimulate innate
immunity to enhance interactions between APCs and T cells, promoting inflammation [94].
Lim et al. delivered bedaquinoline and delamani, second-line tuberculosis drugs, to the
lungs of mice via Mycobacterium bovis BGs [88]. The drugs effectively killed the bacteria and
significantly increased the number of innate immune cells (neutrophils, macrophages, and
DCs), adaptive immune cells (CD4 effector cells), and levels of Th1 cytokines (TNFα, IFNγ

and IL-12p70). It also stimulated NO production by macrophages to kill the bacteria. Xie
et al. killed bacteria in macrophages by delivering ciprofloxacin (CIP) via ECN ghosts [89].
ECN ghosts have high loading capacities and high targeting efficiencies. ECN ghosts
showed that the loading of CIP was as high as 12.5%, which accumulated in the liver and
spleen after intravenous injection. Specifically, after targeting to macrophages, CIP@ECN
ghosts promote the release of intracellular lysozyme and secretion of pro-inflammatory
cytokines (TNF-α and IL-6), thereby destroying bacteria in macrophages without any obvi-
ous side effects. Bactericidal therapy caused by BGs provides the possibility of alternative
antibiotic therapy.

BGs can also be used as chemotherapy drug carriers for tumor immunotherapy. BGs
that are specific to cancer cells, such as ECN ghost, have been developed [99]. Exper-
iments on several in vitro tumor cells (hepatoma carcinoma cell and colorectal adeno-
carcinoma cells) showed that chemotherapeutics@BGs could adhere to tumor cells and
exhibited stronger cytotoxicities than free chemotherapeutics, thereby reducing the doses of
chemotherapeutic drugs [85,87,100]. Chemotherapeutics@BGs can achieve immunotherapy
against tumors in animal experiments. Groza et al. reported that delivery of oxaliplatin via
BGs exerted stronger anticancer activities against CT26 cell allografts [82]. In rat models,
drug delivery through BGs significantly increased the survival rate of mice with colorectal
cancer, which was attributed to enhanced anti-tumor memory effects. Accumulation of BGs
in tumors may result from local deletion of the immune system in the tumor microenviron-
ment. This deletion inhibits BG clearance from the tumor area. Some living bacteria, such as
ECN, have natural tumor microenvironment targeting properties. Songzhi Xie et al. loaded
the chemotherapeutic drug (5-Fu) and the macrophage phenotype regulator zoledronic
acid (ZOL) into ECN through electroporation, and modified Au nanorods on the surface [5].
When ECN was targeted and colonized into the intestinal tumor area, it was irradiated
by near infrared (NIR) to convert ECN into ECN ghosts through temperature control
induction, and the drug was released from the pore. Finally, macrophages can effectively
become polarized to produce proinflammatory cytokines and inhibit tumor growth. They
combined immunotherapy and photothermal effects to treat cancer. Given the tumor mi-
croenvironment, it is more flexible to use environment-induced promoters such as hypoxic
promoters and temperature-controlled promoters to induce site-specific lysis of tumor-
targeted bacteria. Overall, BG-based delivery systems are potential chemotherapeutic
strategies [88].

6. Drug Delivery Route for BGs

As a natural bioactive delivery system, BGs can be administered in a variety of
ways, including mucosal administration (nasal cavity, gastrointestinal tract, and ocular
administration) and intravenous injection (Figure 6) [11]. Although there is an example
of intraperitoneal injection of BGs in mice to treat colon cancer, mucosal administration is
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associated with enhanced treatment adherence [82]. In the co-culture experiment of BGs
and Caco-2, BGs adhered to these cells, proving the existence of adhesion related factors on
BGs’ surfaces. The presence of TLR4/TLR5 on epithelial cells laid the foundation for the use
of BGs as mucosal vaccines. In addition, in one study, the mucosal route induced immune
responses, which was comparable, or even better than the intra injection route [101].
Inic Kanada et al. used BGs to prepare multi-epitope peptides to prevent trachoma in
mice and guinea pigs, and the specific IgA level was significantly increased, compared
to subcutaneous administration [102]. Therefore, mucosal administration is a promising
method. Ocular surface delivery using BGs as a carrier is only used to prevent trachoma
infected by mycoplasmas [103]. In addition, the oral route of mucosal administration is
highly safe, convenient, and widely acceptable [104]. Oral administration of BGs has been
tested in fish [105]. BGs have certain oral tolerance thresholds, and they can be used as
carriers for oral delivery, especially probiotics. A recent study evaluated the treatment
of colon cancer by inducing lysis to produce BGs after oral administration of probiotic
ECN in mice [5]. Preclinical evidence suggests that bacterial adherence to host tissues
and regulation of natural immunity may be unrelated to bacterial activities [106]. Killed
probiotics have certain anti-inflammatory effects [107]. Moreover, oral administration of
dead Akkermansia lowers lipids levels in blood [108]. These findings prove that BG-based
oral probiotics delivery systems may help alleviate inflammatory bowel disease (IBD) and
obesity. Finally, human clinical research should be conducted to prove the safety and
efficacy of BG-based treatment strategies, and explore individualized treatment programs.

Figure 6. Route of administration of BGs.

7. Conclusions and Perspectives

BGs are a new drug delivery system with many biological characteristics. BGs can
easily load nucleic acids, proteins and chemicals; therefore, they are suitable for mass
production. Since BGs do not contain genetic material, there is no risk for horizontal gene
transfer. Given that BGs are bacterial cell wall enclosures, they express and can be loaded
with multiple antigens or drugs, which can enhance immunogenicity or treatment efficacies
of drugs. BGs can target specific cells, such as APCs, HCDEC, and Caco-2, among others.
The immunogenicity and targeting of BGs can be used for tumor immunotherapy and
vaccines. In addition, the BGs probiotic system has great potential as an oral system for
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intestinal diseases (e.g., colon cancer, IBD). Oral administration reduces the efficacy of
many drugs. BG-based delivery systems have the potential to override this limitation.

However, various challenges are associated with clinical applications of BGs. For in-
stance, therapeutic effects of BGs of different strains combined with antigens or drugs
should be investigated. Moreover, leaking pores of BGs should be sealed, and the stability
as well as mechanisms of the combination of various drugs or antigens with BGs should
also be investigated. BGs can easily be cleared by the immune system in vivo, therefore, it
is important to improve their targeting and stability. Recent BG-based studies have focused
on designs and combined applications of BGs with additional novel features, such as tumor
targeted ECN ghosts. Combined with photothermal therapy, tumor immunotherapy is
expected to solve the poor sealing of BGs and realize the function of targeted drug release
to inhibit tumors. Through surface modifications and genetic engineering, BGs have the
potential to become powerful delivery vehicles for drugs or vaccines.
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