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ABSTRACT 

More than 25% of the global population suffers from IgE mediated allergic diseases. Allergen immunotherapy (AIT) is 

the only available form of treatment that alters the underlying mechanism of IgE-mediated allergic diseases. AIT is 

aimed at desensitizing allergic individuals by repeatedly administering disease-causing allergens over a long period of 

time. Despite its proven efficacy in numerous clinical trials, the effectiveness of AIT still suffers some drawbacks due 

to the quality of allergens used and in particular the unavailability of efficient allergen delivery systems. Several studies 

have demonstrated that bacterial ghosts (BG) systems can be used to display and deliver antigens to their targets for the 

management of diseases. However, there is no report documenting the use of BG systems for immunotherapy of IgE-

mediated diseases so far. Thus, in this review, we intend to discuss the potentialities of BG systems for displaying and 

delivering allergens for future management of IgE-mediated diseases. 
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INTRODUCTION 

More than 25% of the world population suffers from IgE-mediated allergy 
1,2

, a hypersensitivity disease characterized 

by production of IgE antibodies against innocuous allergens such as pollen, dander, insect venom, house dust mites etc. 

In atopic individuals, these allergen specific-IgEs upon production, bind onto the surfaces of mast, eosinophil and 

basophil cells via FcεR I. 
4
 Upon second exposure, these same allergens cause cross-linking of adjacent FcεR I bound 

IgEs, resulting in the production pro-inflammatory mediators such as histamines, leukotrines, proteases, cytokines as 

well as activation and recruitment of cells to the mucosa. 
5
 Allergic individuals demonstrate Th2-like immune responses 

characterised by elevated levels of IL-4, IL-5, IL-13, and an elevated level of IgE antibodies against innocuous 

allergens. 
3
 Resultant clinical symptoms include urticaria, conjunctivitis, dermatitis, allergic rhinitis and sometimes 

more severe conditions like asthma and anaphylactic shock. 
3 
On the other hand, non-allergic individuals exhibit a Th1-

like immune response in which they produce higher levels of IFN-γ, TNF-α, regulatory IL-10 and specific IgGs to 

innocuous allergens. 
3,4

 

Allergen immunotherapy (AIT) has been demonstrated in numerous clinical trials to be the only form of treatment that 

addresses the underlying pathology of IgE-mediated diseases. 
6--9

 It is based on inducing a state of allergen specific 

unresponsiveness by the administration of an increased dose of allergens (usually an allergen extract) that an individual 

is sensitive to over a long period of time. 
10,11

 Although the underlying mechanism of AIT is still unclear, studies 

investigating patients who received successful AIT indicated a modification of the immune response to allergen 

exposure at T lymphocytes level. Hence successful AIT is generally associated with a shift in the balance of Th2 (IL-4, 

IL-5 and IL-13) in favor of a Th1-like cytokine profile and/or an induction of regulatory Treg cells (IL-10). 
7,12

 

Allergen extracts for AIT are prepared from natural sources (pollen, animal dander, house dust mites etc.), hence the 

quality of these allergens is always compromised as a result of batch-to-batch inconsistencies. 
13

 Natural allergens often 

show variation in their contents. 
14

 In some cases they lack important allergens, 
15

 often get contaminated with non-

target but allergenic substances making patients to become sensitized to allergens which they were not sensitive to 

before. 
16

 

With the advancement of genetic engineering technologies, recombinant allergens and their hypoallergenic 
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variants of high purity, known immunologic and molecular characteristics can now be produced under 

controlled expression procedures. 
17

 Some of these recombinant allergens or their variants have undergone 

various stages of clinical trials with some exhibiting promising results. 
1,18,19

 However recombinant allergens 

and other hypoallergenic peptides often lack effective delivery systems to get them to their target tissues and 

cells thus limiting their applicability in AIT. 
20

 In this review, we discuss strategies of improving AIT by 

manipulating bacterial ghost (BGs) system to display and deliver allergens of interest. 

Bacterial Ghost systems 

Bacterial ghosts (BGs) are empty bacterial cell envelopes (0.5 – 3μm) derived from gram-negative bacteria. They are 

devoid of nucleic acids, ribosomes or other intracellular constituents but they still possess intact bacterial surface 

structures and proteins. 
21

 Thus, depending on the delivery mode, when inside the body they are able to induce a strong 

humoral and cell-mediated immune response. 
22

 

The production of BGs was reviewed in detail by Langemann et al. 
23

 However, in summary, they are produced from 

gram-negative bacteria by the controlled expression of a cloned lysis gene E, a 91 amino-acid polypeptide from 

bacteriophage φX174. Expression of gene E causes bacterial lysis via the formation of transmembrane tunnels (40-200 

nm diameter), which facilitate leakage of bacterial cytoplasmic contents by an osmotic pressure difference between 

the bacterial cell interior and the outside environment resulting in an empty bacterial ‘shell’. 
24

 This process is so rapid 

and efficient that BG formation takes only a few milliseconds.
25 

resulting in 96% of bacteria carrying plasmids bearing 

lysis genes being converted to BGs 10 minutes after lysis induction. 
44 

However, unlike other lytic pathways, protein E 

does not cause much physical or chemical damage to bacterial surface structures. Rather the channel formation is 

restricted to only a small part of the total cell surface. This results in empty bacterial shells otherwise lacking cellular 

components (Figure 1). Gene E-mediated lysis in principle works in many if not all gram-negative bacterial species as 

long as the E lysis cassette is successfully introduced into the recipient gram-negative bacterium by an appropriate 

vector and that there be available a tight repression and induction system for gene E. Production of BGs has been 

successfully performed in a broad spectrum of bacteria including, Salmonella enteritidis, Klebsiella pneumonia, Vibrio 

cholera, Salmonella typhimurium, Helicobacter pylori, Pseudomonas aeruginosa, Haemophilus influenza and 
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Escherichia coli K12 strains. 
55 

Cryo-electron tomography of membrane protein complexes has shown that these 

‘ghosts’ still retain their antigenic determinants and other surface molecules just like their living counterparts. 
22,26

 Thus, 

save for the formation of trans-membrane channels, the morphology of resultant BGs including all cell surface 

structures remain unchanged as a result of the lysis events. Unlike convectional vaccines that need refrigeration, once 

produced and purified, BGs can be stored for several years at ambient room temperature as lyophilized products 

without loosing their potency. 
23

 

Benefits of using BGs in allergen immunotherapy 

Since they share functional epitopes on their surfaces with their living counterparts, BGs can be used as excellent 

delivery systems of allergens. 
27

 As previously demonstrated, heterologous proteins can be carried onto the BGs’ outer 

membranes (OM), the periplasmic space (PPS), inner-membrane (IM) or in the hollow lumen. 
28

 Their ability to bear 

foreign peptides either on their surfaces or in the interior not only render them as targets for major histocompatibility 

complex class II antigen processing and presentation pathways by APCs, 
29

 but also enables them to be combined with 

other display platforms such as the autotransporter systems. 
30

 BGs’ intact pathogen associated molecular patterns 

(PAMPs) provide them with the original targeting functions from the host organism’s pattern recognition receptors 

(PRRs) as well as enhancing the activation of macrophages and DCs. 
31

 Particulate substances are readily taken up by 

APCs since allergen uptake is dependent on several properties among them receptor interactions, surface charge, size, 

shape, hydrophobicity and hydrophilicity, 
32,58 

Hence due to their inherent particulate nature, BGs tend to interact better 

with APCs compared to soluble allergens. 

Displaying allergens on bacterial ghosts membrane surfaces 

Allergen surface display entails the presentation of allergens or their hypoallergenic variants on the surfaces of BG 

shells. The first report documenting bacterial display of foreign peptides was published in 1986 when a 15 amino acid 

gene fragment was displayed in an accessible form onto an Escherichia coli (E. coli) surface. 
33,34

 Following this, short 

gene fragments were linked onto the genes of gram-negative bacteria outer membrane β–barrel proteins, maltoporin 

LamB, outer membrane protein A (OmpA) and phosphate-inducible porin (PhoE). The gene fusion products would be 

accessible on the outer surfaces of bacteria. This break through gave way to new insights into how bacterial cells and 
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their components could be engineered and applied into the field of vaccinology and immunotherapeutics. 

Some studies have used extracts from common bacterial species that affect the upper and lower airway tract infections 

for AIT. 
35

 Co-administration of allergens with killed bacteria yielded good protective results in mice 
36

 and allergic 

dogs. 
37

 For example in one randomized double blind, placebo-controlled trial, aiming at evaluating the efficacy and 

antibody response changes to Dermatophagoides pteronyssinus (Der p) major allergens Der p 1 and Der p 2 in house 

dust mite allergic patients, it was found that immunotherapy using Der p allergens mixed with bacterial extracts was 

more effective at reducing allergy symptoms than Der p allergens administered alone. 
38

 Building up from this 

phenomenon, Bohle et al. demonstrated that a recombinant fusion protein rSbsC-Bet v 1, consisting of Bet v 1 allergen 

and a bacterial surface protein SbsC exhibited a reduced histamine releasing capacity and a cytokine profile skewed 

towards a Th1 response. 
39

 In addition, chemically linking Bet v allergens to bacterial proteins was also shown to 

display strong Th1-promoting capabilities from birch pollen-allergic individuals in vitro 
40,41

 proving that bacteria or 

their components could be incorporated in immunotherapy. 
42

 

However, in most of these earlier studies, the allergens were produced as recombinant proteins intracellularly and 

recovery from whole cell extracts is a cumbersome multistep down streaming procedure. On the contrary, displaying of 

allergens on bacterial surfaces can be an easier and better strategy compatible with continuous culturing. 
43,44 

Using 

recombinant DNA technology, allergens can be incorporated onto the bacterial envelope complexes before lysis and 

made to become elements of the BGs with heterologous proteins’ biophysical and functional properties being retained. 

45
 Further, heterologous surface allergens that are exposed on the surface of bacteria elicit a superior immune response 

than those present intracellularly. 
46,47

 

From the earlier studies, it sounds logical to speculate that BGs may also be able to display allergen molecules or their 

hypoallergenic variants on their surfaces for allergen immunotherapy. Hence, it is possible to design BGs displaying 

therapeutic allergens for AIT with improved efficacy and safety in a similar manner described by Hjelm et al. 
48

 Using 

this straightforward approach any allergen can theoretical be fused to proteins that have specific translocation and 

surface anchoring abilities like the autotransporter or ice nucleating systems. These systems can then be jointly 

expressed with lysis protein E in gram-negative bacteria such as E. coli. Thus, an allergen gene is fused to a specific 

translocation and surface anchoring protein gene (for example the hemoglobin protease in case of an autotransporter 
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system) via the C-terminal in a plasmid downstream of an inducible promoter as shown in Figure 2. The lysis protein E 

is placed into a different plasmid and the two plasmids are then co-transformed into a single E. coli host. The E. coli 

cells are then induced to express the allergen gene of interest first followed by their processing to BGs as described by 

Langemann et al. 
23 

Using this platform, foreign peptides/ proteins for AIT (e.g. recombinant whole allergens, 

hypoallergens and T-cell epitopes) can be inserted into the inner or outer membranes via specific N-, or C-, or N and C- 

terminal anchor sequences. This novel combination of translocation protein-mediated surface display of allergens and 

BG formation allows allergens to be expressed on cell surfaces in relatively high quantities to the magnitudes of up to 

100 000 copies per cell, making these systems favorable candidates for allergen immunotherapy. 

Loading allergens into BG the lumen 

BGs have been shown to have an outstanding loading capacity, 
31

 as such one or more allergens can be loaded into the 

periplasmic space (PPS) or the hollow lumen.
23, 49,50

 For example, one study demonstrated that a mixture of five 

recombinant grass pollen allergens was effective in reducing grass pollen allergy symptoms. Loading this mixture in 

BG might be beneficial to people who are allergic to grass pollen. 
51

 Pohlit et al. 
20

 suggested that apart from 

maintaining allergen integrity, entrapping allergens inside carrier systems might also hinder the production of pro-

inflammatory mediators by ‘‘hiding’’ allergens away from IgEs bound on mast and basophil cells prior to engulfment 

by APCs. Thus if allergens are to be entrapped inside BGs, they would be shielded away from binding with IgE on mast 

and basophil cells resulting in no effector cell degranulation. 
52

 In addition, BGs’ intact muco-adhesive PAMPs enable 

them to attach to specific tissues such as the mucosal surfaces of respiratory tract where there is an abundance of 

macrophages. 
53

 Depending on the route of administration, entrapment of allergens into BGs can also help protect 

allergens from environmental influences such as unfavorable pH, humidity, and temperature. 
20

 This increases the 

allergens’ half-life, enabling the lowering of frequency of allergen administrations and ultimately aiding patients’ 

adherence to therapy. 
54

 

In addition to their inherent immunostimulatory properties, BGs are also excellent targets of APCs, such as 

macrophages and dendritic cells (DCs). Their efficient uptake, processing and presentation by APC would help reduce 

the allergen dose or the frequency of immunizations required for AIT. Hence when allergen loaded BGs are taken up by 

APCs there is an induction of an immune response against the BG proteins and against foreign entrapped allergens as 
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well (As shown in Figure 3). One study investigated the uptake of BGs by APCs and the induction of inflammatory 

mediators in human macrophages, it was found that BGs stimulated a significant increase in the secretion of cytokines 

INF-γ, TNF-α and IL-12. Demonstrating BGs’ capacity to induce Th1 immune responses. Furthermore, DCs exposed to 

BGs were shown to have an increased ability to activate T-cells. 
42,53

 

Although several methods of loading allergens into BGs are currently under various stages of development, the most 

popular approach involves firstly anchoring BG’s inner membranes with streptavidin. 
55

 Following lyophilization, 

streptavidin-bearing BGs can then be loaded with allergens by re-suspending them in solution containing the desired 

biotinylated allergen of interest. To prevent leakages, BGs’ trans-membrane channels are sealed by inside-out 

membrane vesicles in the presence of Ca
2+

 ions. 
31

 However, the process of sealing BGs is also currently under 

improvement and it can be envisaged that it will be optimized in the near future. It is also important to note that the 

composition of the target allergen to be packaged into the BG structures is dependent on the allergens’ own 

physiochemical properties. This then determines if it is beneficial to either loosely package them into the PPS or to 

attach them to a matrix. 
28

 

CONCLUSION AND FUTURE PESPECTIVE 

With the continued rise in the global prevalence of IgE-mediated allergic disease, BG systems can constitute a 

promising platform for loading and delivery of allergens for AIT. Since different types of BG based delivery and 

display systems have been developed in attempting to combat infectious diseases in recent years, similar approaches 

can be pursued in order to bring improvement to allergen immunotherapy. For efficient treatment of IgE-mediated 

allergy, an efficient allergen delivery platform has to possess some immunomodulatory properties, must be safe and be 

able to carry foreign allergens. BG system is one such targeting and delivery system, that combines targeting of allergen 

component to APCs and as well as acting as an adjuvant, 
56

 in a simple, cost-effective manner and with an additional 

advantage of having to store them for years by freeze-drying without loosing their potency. 
48

 

However, the application of BGs as delivery systems is still at an early stage of development. One major problem with 

using BG platforms is the restriction of efficacy as a result of dose-limiting toxicity of bacterial cells. 
57

 Hence 

researchers working on AIT vaccines development face an inherent dilemma of maximizing immunogenicity without 
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compromising the vaccines’ safety and tolerability. 
58

 In addition, there is need to come up with quality control 

procedures that discriminate against non-lysed bacteria and fully formed BGs if the processes are to be scaled up for 

production of AIT vaccines. 
44 
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Figure 1. Formation of Bacterial Ghosts Controlled expression of gene E leads to the lysis of bacteria and 
formation of a transmembrane tunnel spanning through the inner and outer membrane of bacteria. It is 
through the trans-membrane tunnel that the bacterial cell contents are expelled. 
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Figure 2. A schematic representation of BG-mediated surface display of allergens on Gram-negative 
cells. Cells are co-transformed with two plasmids, in which one harbors allergens under the control of a 
suitable promoter while the other plasmid carries protein E. Allergen bearing plasmid is induced to express 
the allergen/ hypoallergens first followed by the expression of lysis gene E, leading to the formation of BGs 
displaying allergens. 
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Figure 3. The down-regulation mechanisms of allergen immunotherapy using allergens entrapped into BGs 

When high allergen doses (green dots, A) are taken up by APCs via BG-mediated allergen immunotherapy, DCs in 

particular produce IL-12 which stimulates naive Th0 cell to differentiate and favor skewing of the immune response 

from a pro-inflammatory Th2 to a Th1-driven one. This is followed by an increase in the ratio of Th1 cytokine profile 

as well as an induction of Treg cells and regulatory cytokines (IL-10). Furthermore, BG-mediated allergen 

immunotherapy leads to the production of allergen-specific IgGs that inhibit IgEs from binding onto mast and basophil 

cell surfaces. On the other hand, low dose (red dots, B) and repeated exposure to natural allergens via mucosal surfaces 

leads to a Th2-driven allergic response. 
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