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A B S T R A C T   

Purpose of review: This review evaluates the current modes of allergen-specific immunotherapy for cockroach 
allergens, in terms of clinical outcomes and explores future trends in the research and development needed for a 
more targeted cockroach immunotherapy approach with the best efficacy and minimum adverse effects. 
Summary: Cockroach allergy is an important risk factor for allergic rhinitis in the tropics, that disproportionately 
affects children and young adults and those living in poor socio-economic environments. Immunotherapy would 
provide long-lasting improvement in quality of life, with reduced medication intake. However, the present 
treatment regime is long and has a risk of adverse effects. In addition, cockroach does not seem to have an 
immuno-dominant allergen, that has been traditionally used to treat allergies from other sources. Future trends 
of cockroach immunotherapy involve precision diagnosis, to correctly identify the offending allergen. Next, 
precision immunotherapy with standardized allergens, which have been processed in a way that maintains an 
immunological response without allergic reactions. This approach can be coupled with modern adjuvants and 
delivery systems that promote a Th1/Treg environment, thereby modulating the immune response away from the 
allergenic response.   

1. Introduction 

Cockroaches are insects that are commonly regarded as pests and are 
notorious for causing various diseases, including allergies. Among the 
more than 4000 known species, the American cockroach (Periplaneta 
americana) and German cockroach (Blatella germanica), both frequently 
encountered in indoor environments, play a significant role as allergic 
sensitizers (Fukutomi and Kawakami, 2021). 

Exposure to cockroach allergens has been associated with allergic 
sensitization (Gold et al., 1999). A study conducted on 476 inner-city 
children with asthma revealed that children who were both sensitized 
to cockroach allergens and exposed to elevated levels of these allergens 
had a higher risk of experiencing increased wheezing frequency, hos
pitalization, missed school days, and poorer sleep quality compared to 
those sensitized to other indoor allergens (Rosenstreich et al., 1997). 
Reducing cockroach infestation has proven to be an effective approach 
to decreasing cockroach allergen levels (Nalyanya et al., 2009; Rabito 
et al., 2017; Sever et al., 2007). However, maintaining long-term elim
ination of cockroaches and their allergens from indoor environments is 
challenging, making allergen avoidance a difficult task (Brenner et al., 
2003; Kinney et al., 2002). 

Sensitization to cockroaches has been associated with respiratory 
allergies, including allergic rhinitis and asthma. Allergic rhinitis is a 
major risk factor for the development of asthma, with previous studies 
revealing significant mechanistic overlaps between the two conditions 
(Bousquet et al., 2015; Liu et al., 2016). According to the ARIA guide
lines, management strategies for allergic rhinitis vary based on symptom 
severity and persistence. These strategies encompass symptomatic relief 
using pharmacotherapy such as anti-histamines, intranasal corticoste
roids, and leukotriene receptor antagonists, either as monotherapy or in 
combination (Bousquet et al., 2020). Specific allergen immunotherapy 
(AIT) not only provide long-lasting symptomatic relief and reduces the 
need for pharmacotherapy, but also modifies the underlying type 2 
inflammation mechanism towards a tolerogenic response, thus 
improving patients’ quality of life (Hossenbaccus et al., 2020). Allergen 
specific immunotherapy is recommended in patients with poorly 
controlled of allergic symptoms despite pharmacotherapy and allergen 
avoidance, those experiencing side effects from pharmacotherapy use, 
or those who prefer to avoid long-term pharmacotherapy use (Bousquet 
et al., 2021; Hossenbaccus et al., 2020). In addition to its long-lasting 
benefits, AIT has been shown to prevent the progression of AR to 
asthma in children (Roberts et al., 2018). 
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In this review, we evaluate the existing methods of allergen-specific 
immunotherapy for cockroach allergens, focusing on their clinical out
comes, and explore future trends in the research and development 
required to achieve a more targeted approach to cockroach immuno
therapy with optimal efficacy, and minimum side effects. 

2. Current allergen immunotherapy approaches for cockroach 
allergy 

A search of the present literature reveals that only cockroach extract- 
based immunotherapy has been evaluated in human clinical trials, while 
other approaches using defined and purified molecules, such as re
combinant allergens, peptides, and DNA vaccines are still at the pre- 
clinical proof-of-concept stage in animal model studies (Fig. 1). 

2.1. Cockroach extracts for AIT 

To date, six clinical trials have been conducted using cockroach ex
tracts for immunotherapy (Table 1). The earliest reported trial was by 
Kang et al. (1988). Patients from this study demonstrated a significant 
improvement in their symptom and medication scores, accompanied by 
the presence of functional blocking IgG antibodies (Kang et al., 1988). 
The second study was a two-year study conducted in India using extracts 
from the American cockroach (Srivastava et al., 2011). AIT-treated 
subjects demonstrated a significant reduction in symptoms, and 
improvement in bronchial hyper-reactivity by the end of the first year of 
study. By the second year of the study, the reduction in symptoms among 
AIT-treated patients was correlated to the increase in the IgG4:IgG1 
serum antibody ratios, suggesting the role of blocking antibodies in 
immune-modulation (Srivastava et al., 2011). Wood et al. (2014) next 
reported a series of four pilot studies aimed to assess the effectiveness of 
subcutaneous immunotherapy (SCIT) versus sublingual immunotherapy 
(SLIT) and to assess the presence of adverse effects from cockroach 
immunotherapy. In general, they reported that the cockroach immu
notherapy with extracts were well tolerated, and resulted in the 
increased of the expected blocking antibodies, and reduced allergy in
flammatory responses. 

The composition of allergen extracts is prone to variability in its 
allergen components which is dependent on the quality of the raw ma
terial and extraction process (Englert et al., 2021; Mohapatra et al., 
2010). Analysis of commercial extracts from German cockroaches 
demonstrated considerable variability in levels of specific allergens, 
endotoxin levels, and potency in stimulating T-cell reactivity (Birrueta 
et al., 2019). Although no tests have been done specifically to evaluate 
the impact of the differences in composition on the clinical efficacy of 
immunotherapy, this is very likely given that no immunodominant 
allergen has been identified among cockroach-allergic individuals 
(Pomes et al., 2020), and that studies from house dust mite and peanut 
allergies have also demonstrated that extract composition variability 

leads to incomplete protective responses against all allergens of a 
particular source (Chen et al., 2019; Investigators et al., 2018; Uotila 
et al., 2019). 

An additional issue with extracts is the possible presence of 
contaminating molecules such as endotoxins and microbial proteins that 
can trigger unwanted immunological responses upon AIT (Dzoro et al., 
2018; Glesner et al., 2019). The limitations of an allergen extract may be 
overcome by the use of purified allergens that can be standardized for 
their purity and biological activity. 

In general, clinical trials of cockroach-extract-based AIT have 
demonstrated improvements in symptom and medication scores, but 
adverse reactions have been reported in both SCIT and SLIT delivery 
systems. Although these adverse effects were mostly classified as mild or 
moderate events, they remain undesirable outcomes of AIT and can 
potentially impact patient compliance in completing the treatment 
course. Adverse allergic reactions occur due to the presence of intact 
allergens within the AIT extract, which can mount an allergic immune 
response. One approach to reduce such undesired adverse reactions 
following AIT is the modification of the allergens to mask, disrupt or 
remove IgE epitopes while retaining allergen IgG epitope recognition. 

Modification strategies have been employed to decrease adverse ef
fects following immunotherapy with allergen extracts from various 
sources (Jutel et al., 2020; Sola et al., 2018; Sola Martinez et al., 2020). 
These modified allergens, also known as allergoids, effectively reduce 
the allergenicity of extracts through allergen polymerization, 
cross-linking, or denaturation using various methods such as the use of 
haptens, glutaraldehyde, and polyethylene glycol. 

Adjuvants can also be used to alter the immunological response to
ward allergens. Recently, a pre-clinical trial using mouse models of 
cockroach allergy was done to assess the efficacy of a combination of 
cockroach allergen (CRA) mixed with nanoemulsion (NE) mucosal 
adjuvant via the intranasal route (Baker et al., 2021). Nanoemulsion 
adjuvants have been identified to suppress the Th2-polarized responses 
of a typical allergic reaction and skew it towards a Th1 and Th17 
phenotype. In this study, cockroach allergen-sensitized mice received 
three immunizations with allergens coupled to NE. Mice immunized 
with the CRA-NE vaccine showed reduced airway inflammation and 
mucus production compared to the control groups (CRA-PBS or NE 
only). Upon re-challenge with CRA, the CRA-NE treated mice had 
reduced airway hyperresponsiveness compared to CRA-PBS only. 
CRA-NE-treated mice had reduced lung IL-12 and ILC2 cells through the 
suppression of alarmins IL-25 and IL-33. No significant changes in 
CRA-specific antibodies (IgE, IgG1, or IgG2a), or total CD4, CD8, Treg, 
or activated Th1 cells were noted between the treatment or control 
groups. These results suggest that the reduced airway hyper
responsiveness and inflammation are likely driven by ILC2 cells, and can 
be achieved without humoral involvement (Baker et al., 2021). 

While the application of allergoids and adjuvants may seem prom
ising (Baker et al., 2021; Satitsuksanoa et al., 2018), the lack of 

Fig. 1. Different approaches to cockroach allergen immunotherapy (AIT) which has been tested in both human clinical trials and animal pre-clinical trials.  
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standardization for the composition of the resulting modified product, 
coupled with the difficulties in standardizing the initial allergen extract 
preparation poses serious challenges to the reproducibility of this 
approach for clinical applications (Zimmer et al., 2017). 

2.2. Recombinant cockroach allergens for AIT 

The advancement of genetics and molecular tools made it possible to 
clone individual allergens and prepare highly purified recombinant al
lergens from cockroaches which allows for detailed immunological 
characterization. The understanding of cockroach allergens at a mo
lecular level started in 1995, with the cloning of Bla g 2 (Arruda et al., 
1995), the allergen database currently reports the identification of 20 
allergens from P. americana and 11 allergens from B. germanica, each 
belonging to unique protein families (Table 2). 

As previously mentioned, allergen extract preparations are difficult 
to standardize, which results in variable AIT outcomes. The use of re
combinant allergens can overcome the limitations of allergen extracts 
while enabling the preparation of allergens with high purity in a 
reproducible manner to provide consistent and reproducible outcomes 
(Tscheppe and Breiteneder, 2017). 

Table 1 
Summary of six clinical trials of cockroach immunotherapy performed using 
cockroach extracts.  

No. Study Design Main Outcomes 

1 Open-label, single-site study 
Of 28 subjects, 15 were given active 
treatment (mixed cockroach extract), 
13 received a placebo via SCIT. 
Duration: 60 months. 

Individuals from the 
immunotherapy group showed 
significant improvement in their 
symptom scores, and medication 
scores and demonstrated the 
presence of blocking IgG antibodies 
against cockroach extracts and 
reduced basophil histamine release 
compared to the control group (Kang 
et al., 1988). 

2 DBPC, single site study. 
50 patients with AR, asthma or both, 
were given American cockroach 
extract for AIT or placebo for 2 years. 
Study objective: To assess changes in 
clinical symptoms, medicine usage 
and differences in specific 
biomarkers. 

Twenty-four patients in the active 
group and 18 in the placebo group 
completed the first year of AIT. The 
AIT-treated subjects demonstrated a 
significant reduction in symptoms, 
improvement in bronchial hyper- 
reactivity, and an increase in specific 
IgG4 in comparison to the placebo 
group. A significant reduction in 
both medication use and symptoms, 
a reduction in specific IgE, and an 
increase in cockroach-specific IgG4 
were observed in the treated 
(n = 12) vs placebo group (n = 18) 
after 2 years of AIT. AIT-treated 
patients also showed a correlation 
between a reduction in symptom 
scores and an increase in the IgG4: 
IgG1 ratio (Srivastava et al., 2011). 

3 Open-label, single-site study (SCSS 
study). 
27 subjects (adults and children) 
with a history of AR were 
administered German cockroach 
extracts via SLIT for 14 days. Extracts 
contained 4.2 μg Bla g 2 and 50 μg 
Bla g 1. 
Study objective: To assess the safety 
of the cockroach allergen extract 
dose by the number and severity of 
adverse events. 

In the adult group, 7 of 9 participants 
reported treatment-related adverse 
events, ranging from oral or throat 
pruritus (n = 5), non-urticarial rash 
(n = 3), and nausea (n = 1). In most 
cases, symptoms were graded as 
mild, except moderate in 1 patient. 
In the 8–17-year-old group, 2 
participants suffered from oral 
pruritus’ which resolved upon 
antihistamine treatment. In the 5–7- 
year-old group, three participants 
reported mild reactions to the 
immunotherapy (nasal congestion, 
pruritus of the nose and eyes and 
facial hive, and erythema on the 
neck (Wood et al., 2014). 

4 DBPC, multicentre study (BioCSI 
study). 
54 adult subjects with a history of AR 
were administered German 
cockroach extracts via SLIT for 6 
months. Extracts contained 4.2 μg 
Bla g 2 and 50 μg Bla g 1. 
Study Objective: To determine 
changes in cockroach-specific IgE 
levels between treatment or placebo 
groups. 

The immunotherapy group had an 
almost 2-fold increase in specific IgE 
compared to placebo (p < 0.0001), 
and a trend towards an increase in 
IgG4 responses. The blocking 
antibody responses did not differ 
significantly between both groups ( 
Wood et al., 2014). 

5 DBPC, multicentre, low and higher 
dose study (BioCSI2 study). 
99 subjects (children) were enrolled, 
including 30 in the high-dose group 
(16.8 μg Bla g 2, 202 μg Bla g 1), 31 
in the low-dose group (4.2 μg Bla g 2, 
50 μg Bla g 1), and 28 in the placebo 
group. Duration: 3 months 
Study objective: To determine 
changes in cockroach-specific IgE 
levels between high/low treatment 
or placebo groups. 

Significant differences between the 
levels of specific IgE, IgG, and IgG4 
were found between the treatment 
and placebo groups. However, the 
levels of these serological markers 
did not differ significantly between 
the low-dose and high-dose 
treatment groups (Wood et al., 
2014). 

6 Open-label, single-site study 
(SCITCO study). 
10 adult subjects with cockroach 
sensitization and AR, asthma, or both 

Throughout this study, 147 mild 
adverse events, and 3 moderate 
adverse events were reported, but 
none required adjustments in dosing.  

Table 1 (continued ) 

No. Study Design Main Outcomes 

were given German cockroach 
extracts as immunotherapy. Extracts 
contained 6 μg of Bla g 2 and 120 μg 
of Bla g 1. Duration: 6 months. 
Study objective: To assess the safety 
of the cockroach allergen extract 
dose by the number and severity of 
adverse events. 

There was a significant increase in 
cockroach-specific IgE and IgG4 

levels, as well as inhibition of 
facilitated antigen binding activity 
compared to baseline (Wood et al., 
2014).  

Table 2 
Identified cockroach allergens from Periplenata americana and Blatella germanica 
as reported in the allergen database (www.allergen.org).  

Allergen 
group 

Biochemical Name Molecular 
Weight (kDa) 

Cloned 
allergens 

1 Nitrile specifier, microvilli-like 
protein with unknown function 

46 Per a 1, Bla 
g 1 

2 Aspartic protease-like and 
inactive aspartic protease-like 

42 Per a 2, Bla 
g 2 

3 Arylphorins/TO Arthropod 
hemocyanins 

72 Per a 3, Bla 
g 3 

4 Lipocalin 17 Per a 4, Bla 
g 4 

5 Glutathione S-transferase 23 Per a 5, Bla 
g 5 

6 Troponin C 17 Per a 6, Bla 
g 6 

7 Tropomyosin 33 Per a 7, Bla 
g 7 

8 Myosin light chain 22 Per a 8, Bla 
g 8 

9 Arginine kinase 43 Per a 9, Bla 
g 9 

10 Serine protease 28 Per a 10 
11 Alpha amylase 55 Per a 11, Bla 

g 11 
12 Chitinase 45 Per a 12, Bla 

g 12 
13 Glyceraldehyde-3-phosphate 

dehydrogenase 
36 Per a 13 

14 Enolase 50 Per a 14 
15 Cytochrome C 15 Per a 15 
16 Cofilin 20 Per a 16 
17 Alpha-tubulin 53 Per a 17 
18 Peptidyl-prolyl-cis-trans 

isomerase; Cyclophilin 
24 Per a 18 

19 Porin 3 7.4 Per a 19 
20 Peroxiredoxin-6 (Prx6) 24 Per a 20  

K. Reginald and F.T. Chew                                                                                                                                                                                                                   



Molecular Immunology 161 (2023) 11–24

14

Relatively few studies have been done to assess the effectiveness of 
recombinant cockroach allergens for AIT, and all studies are at the pre- 
clinical stage. The first study conducted in 2010 evaluated the efficacy of 
recombinant Per a 10 as an AIT molecule in a mouse model of cockroach 
allergy sensitized using cockroach extract (Srivastava et al., 2010). 
Reduction in specific serum IgE levels, and reduction in inflammatory 
responses as seen in reduced lung infiltration with eosinophils and 
decreased IL-4 cytokine levels in the bronchoalveolar lavage (BAL) 
fluids. The use of proteolytically inactive Per a 10 as an immunotherapy 
molecule resulted in more substantial reductions in the levels of specific 
serum IgE, which was accompanied by higher IL-10 secretion in the BAL 
fluids, and eosinophilic infiltration in the lung (Srivastava et al., 2010). 
Nevertheless, the authors reported that the IgG1 and IgG2a levels did 
not show differences pre-and post-IT, which brings into question the role 
of blocking antibodies in this IT model. 

The arginine kinase allergen of P. americana, Per a 9 was also eval
uated for its effectiveness as an AIT molecule in two studies (Prangta
worn et al., 2018, 2021). Immunotherapy of cockroach-sensitized mice 
with liposome-encapsulated Per a 9 induced higher expression of IFN-γ, 
reduced Th2 gene expression (IL-5, IL-13) in lung tissues and reduced 
lung inflammation compared to treatment with liposomes alone 
(Prangtaworn et al., 2018). The authors further evaluated a combination 
of Per a 9 with two distinct Tregitopes (T289 and T167) encapsulated in 
liposomes as AIT molecules. Tregitopes are epitope peptides that can 
stimulate regulatory T-cell expansion. Mice treated with liposome 
encapsulated Tregitopes and Per a 9 demonstrated reduced lung 
inflammation compared to placebo but did not differ from treatment 
with Per a 9-liposome alone. In addition to the suppression of Th2 genes 
(IL-4, IL-5, IL-13), Tregitope-Per a 9-treated mice additionally had 
increased expression of cytokine genes (TGF-β, IL-10, and IL-35 for 
L-T289-Per a 9, and TGF-β and IL-10 for L-T167-Per a 9), indicating the 
action of these AIT molecules in promoting T-regulatory responses, 
while suppressing Th2 responses in this animal model (Prangtaworn 
et al., 2018). 

The same research group later evaluated a liposome preparation 
containing Per a 9 and a TGF-β homologue (TGH) for the nematode 
Brugia malayi as a potential AIT molecule (Prangtaworn et al., 2021). 
TGF-β homologue from B. malayi has been demonstrated to increase the 
number of regulatory T cell subtypes that downregulate host immune 
responses upon infection (Metenou and Nutman, 2013). The therapeutic 
effects of liposome-Per a 9 alone, liposome-TGH alone, and 
liposome-TGH with Per a 9 were evaluated. All three vaccine prepara
tions were able to reduce the type-2 helper T cell responses in the 
cockroach-sensitized mice model, however, the underlying mechanisms 
seemed to differ. The use of Per a 9 encapsulated in liposome demon
strated an increase in IFN-γ gene expression compared to placebo con
trol, while the introduction of TGH (either TGH-liposome, or TGH-Per a 
9-Liposome) showed a down-regulation of IFN-γ expression, and upre
gulation of immunosuppressive cytokine gene expression (IL-10, TGF-β), 
indicating a regulatory T cell response (Prangtaworn et al., 2021). 

At present, the use of recombinant allergens for cockroach AIT is still 
at the proof-of-concept level, as no major cockroach allergen has been 
determined, unlike in dust mite, cat, or peanut allergy, where AIT 
against the major allergen alone is deemed sufficient to treat these 
conditions. Nevertheless, the few studies done using recombinant 
cockroach allergens as AIT molecules have indicated the promotion of 
Th1 and Treg responses, in line with the expected immune modulatory 
effects of AIT. 

3. Modified cockroach allergens for AIT 

3.1. Cockroach allergen T-cell peptide epitopes for AIT 

Recombinant allergens may still harbor certain limitations, as the 
presence of intact IgE epitopes could initiate unwanted allergic re
sponses when used as an immunotherapy molecule. The use of defined 

peptides that stimulates T-cell responses, without the presence of IgE 
epitopes is one way to overcome this limitation. In addition, the use of T- 
cell epitope-derived peptides has shown to be efficacious and safe in 
previous research undertaken for allergies against other common indoor 
and outdoor allergens (Huang et al., 2019; Moldaver et al., 2019; Simms 
et al., 2015). 

Sharma et al. investigated the effects of three peptides containing T- 
cell epitopes of Per a 5 as AIT molecules (Sharma et al., 2022). Immu
notherapy with all three T-cell epitope peptides of Per a 5 (TC-P1, TC-P2, 
and TC-P3) in cockroach-sensitized mice model resulted in increased 
levels of immunoregulatory molecules and downregulation of NF-κB 
signaling in the lung (Sharma et al., 2022). Individual peptides also 
demonstrated unique immune mechanisms in AIT treatment. Treatment 
with TC-P3 resulted in a three-fold reduction of cellular infiltration of 
the lung compared to the placebo control. TC-P2 and TC-P3 caused a 
reduction of specific IgE, an increase in IgG2a levels, and a reduction in 
Th2 cytokine levels as compared to placebo control. TC-P1 and TC-P2 
treatment showed an increase in CD4+FoxP3+ T regulatory cells. 

3.2. DNA vaccines for cockroach AIT 

Immunization using plasmid DNA encoding for an allergen mimics a 
viral infection, where host cells are transfected to produce allergen 
proteins in situ. As the foreign antigen is now intracellular, it stimulates 
the immune activation of T-helper 1 and T-regulatory cells that coun
teract the primarily Th2 response in a classical allergic response 
(Scheiblhofer et al., 2018). Zhou et al. (2012a) investigated the thera
peutic potential of a DNA vaccine encoding for Bla g 1 in a mouse model 
sensitized with Bla g 1 allergen having airway inflammation. 

In the prophylactic experiments, naïve mice were given three doses 
of Bla g 1 DNA vaccine, followed by Bla g 1 sensitization and challenge. 
Mice in this group showed significantly lower specific IgE levels and 
reduced levels of IL-4 and IL-5 cytokines infiltrating eosinophils in the 
BAL fluids. In the therapeutic experiments, Bla g 1 sensitized mice were 
three doses of Bla g 1 DNA vaccine, followed by a challenge with Bla g 1. 
Similar to observations in the prophylactic experiments, Bla g 1 DNA 
vaccination resulted in significantly reduced serum IgE levels against Bla 
g 1, almost undetectable levels of eosinophils in the lungs, and corre
spondingly the levels of IL-4 and IL-5 in BAL were significantly reduced 
compared to control. In addition, therapeutic vaccination was able to 
induce IL-10-secreting Treg cells. Vaccination with Bla g 1 additionally 
reversed an established airway inflammatory state to a non- 
inflammatory state (Zhou et al., 2012a). 

Zhou and colleagues also investigated the application of Bla g 2 DNA 
vaccination for its prophylactic potential (Zhou et al., 2012b). Bla g 2 
DNA vaccination decreased the levels of specific IgE in serum, and 
allergen-induced lung inflammation in mice upon challenge with Bla g 
2, demonstrating the protective effect of prophylactic DNA vaccination 
(Zhou et al., 2012b). 

4. Future trends in cockroach AIT 

4.1. Precision diagnosis 

The current clinical diagnosis for cockroach allergy is based on the 
use of cockroach extracts. The poor reproducibility of allergen extract 
preparation impacts the diagnostic outcomes (Birrueta et al., 2019; 
Valenta et al., 2018). In addition, cockroach diagnosis via skin prick test 
or specific IgE tests are often performed using extracts of a mixture of 
cockroach species, making it complicated for the clinician to identify the 
specific cause of the allergic reaction(s). 

Prior research has pointed to two main characteristics among cock
roach allergen-sensitized individuals. First, the dominant/ major cock
roach allergen has not been determined (Glesner et al., 2019; Pomes 
et al., 2020). In other allergen sources where immunodominant aller
gens have been identified, such as dust mites (Der p 1, Der p 2), birch 
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pollen (Bet v 1), and grass (Phl p 5), these dominant allergens are used to 
standardize the concentrations of allergen extracts. Given that the ma
jority of allergic individuals would react to the immunodominant 
allergen, this strategy has mostly worked for extracts from these sources, 
as reflected by successful AIT trial results (Moingeon et al., 2016; 
Wurtzen et al., 2016; Yang and Zhu, 2017). However, this is not the case 
for cockroach allergens. The lack of an immunodominant cockroach 
allergen signifies a greater need for precision diagnosis to identify the 
sensitizing allergenic component. Precision diagnostics (Fig. 2) can now 
be made possible as the efforts in molecular characterization of cock
roach allergens have uncovered at least 20 unique cockroach allergens 
(Tables 1 and 2). Patients with a convincing clinical history of cockroach 
allergy, and a positive skin prick test can be further diagnosed using 
component-resolved diagnosis to identify the precise offending allergen 
molecule(s). The use of technology such as allergen chips has enabled 
the ease of reliable diagnosis of multiple purified allergens (Lupinek 
et al., 2014). 

The second characteristics of cockroach-allergic individuals are that 
they are often polysensitized to other allergen sources. Among the more 
common sources are dust mites and crustaceans, which are thought to be 
due to the presence of cross-reacting allergens such as tropomyosin and 
arginine kinase. Based on the 20 biochemically unique cockroach al
lergens identified, the presence of similar allergens in other sources may 
point to a larger possibility of cross-reactivity that has yet to be 
researched (Table 3). This opens up a new opportunity for therapeutic 
intervention, that is based on the molecular allergen structure, rather 
than the source of allergen. For example, an individual who is primarily 
sensitized to cockroach-tropomyosin, and cross-reacts to tropomyosin 
allergens from dust mites and shrimp could be given tropomyosin- 
specific immunotherapy. This strategy will likely increase the efficacy 
of immunotherapy, due to the treatment with standardized doses of 
purified tropomyosin in the AIT regiment. 

4.2. Wild-type and modified allergens for AIT 

4.2.1. Recombinant allergens 
As described in the earlier sections of this review, two cockroach 

allergens, Per a 9 and Per a 10 have been assessed as immunotherapy 
molecules in mice models of cockroach allergy (Prangtaworn et al., 
2018, 2021; Srivastava et al., 2010). Although 18 other allergen groups 
have been identified, they have yet to be tested as AIT molecules. In 
comparison to the development of AIT in other allergen sources, 
research interest in cockroach allergens is relatively recent. Hence, data 
from immunotherapy experiments and trials involving other allergens, 

particularly respiratory allergens may serve as a good reference point for 
the future development of cockroach AIT approaches. 

4.2.2. Hypoallergens 
While recombinant allergens can be prepared with high purity, and 

with defined biological activity, it still has the limitation of inducing an 
IgE-mediated adverse event in AIT, due to the presence of intact IgE 
epitopes. To overcome this, recombinant allergens may be genetically 
engineered, chemically modified or heat-treated to reduce or abolish 
their IgE binding capacity. Hypoallergic molecules generated using the 
genetic engineering approaches have demonstrated positive results in 
pre-clinical and early-phase clinical trials in a wide range of allergens 
when used as AIT molecules (Klimek et al., 2015; Tscheppe et al., 2020; 
Zuidmeer-Jongejan et al., 2015). 

Glycation, a process where sugars are covalently attached to an 
allergen, may destroy or mask IgE epitopes of allergenic proteins, 
resulting in an allergen with reduced IgE binding capacity. Recently, 
Zhang and colleagues investigated the applicability of glycated purified 
shrimp tropomyosin (Pen a 1) as a potential immunotherapy molecule 
using a tropomyosin-sensitized mouse model (Zhang et al., 2021). They 
identified that glycated Pen a 1 had reduced allergenicity as demon
strated by reduced specific IgE and increased specific IgG2a levels, lower 
mast cell activation, downregulation of Th2 cytokines, upregulation of 
Treg and Th1 cytokines post immunotherapy (Zhang et al., 2021). Given 
the high sequence similarity and potential cross-reactivity between 
tropomyosins of different origins (Table 3), glycation of cockroach 
tropomyosin could be considered as a route for hypoallergen 
development. 

Regardless of the method of allergen modification, care must be 
taken to ensure that modifications to the wild-type allergen result in 
reducing or abolishing the IgE-binding capacity, while still maintaining 
the IgG epitopes and the T-cell epitopes that are vital for the immune 
modulation of allergic responses (Akinfenwa et al., 2021). 

4.2.3. T and B cell epitope peptides 
Besides systematic targeting and removal of IgE epitopes from 

allergen molecules, other forms of hypoallergenic molecules are T- and 
B- cell epitope peptides. T cell epitope peptides encompass linear 
epitope regions that are able to activate T cell proliferation while lacking 
any IgE epitope sequences. Immunization with T cell epitope peptides 
would induce a T cell tolerance response that can be further character
ized as suppression of allergen-specific T cell proliferation and the 
subsequent cytokine responses, and generation of allergen-specific T 
regulatory cells (Akdis and Akdis, 2007). Suppression in T cell responses 

Fig. 2. Future trends in cockroach allergen-specific immunotherapy.  
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leads to the reduction of specific IgE production and inflammatory re
sponses (Larche, 2011). As previously mentioned, one study has been 
published on the efficacy of T-cell epitope peptides of the group 5 
cockroach allergen as an AIT molecule with promising outcomes 
(Sharma et al., 2022). 

The use of B-cell epitope peptides for AIT focuses on IgG epitopes 
that can induce the production of allergen-specific blocking IgGs. As 
antibody production is dependent on T-cell help, B-cell peptides must be 
supplemented with a non-allergenic T-cell peptide. B-cell epitopes of 
several cockroach allergens have been identified (Lee et al., 2015; 
Sookrung et al., 2014; Sookrung et al., 2018), however, its utility in AIT 
remains to be explored. One B-cell epitope peptide-based study that has 
advanced to early clinical trial stages is that of grass pollen allergen. 
Construct BM32 consists of non-allergenic B-cell epitope peptides of four 
grass pollen allergens (Phl p 1, Phl p 2, Phl p 5, and Phl p 6) which is 
fused to an immunogenic carrier protein that provides the T-cell help 
(Focke-Tejkl et al., 2015). This peptide was able to stimulate the pro
duction of allergen-specific blocking IgG antibodies, while not stimu
lating any allergen-specific IgE responses (Zieglmayer et al., 2016). 

Both T- and B-cell epitope peptides are potential strategies to be 
explored for the development of cockroach AIT. The advantage of syn
thetic peptides is the reproducibility of their production, low production 
cost, and stability in the lyophilized form that does not require cold 
storage (Moldaver and Larche, 2011). 

4.3. Immunomodulators and adjuvants 

4.3.1. Alum and other depot-based adjuvants 
Aluminium salts have been used for allergen immunotherapy for 

almost 100 years and are the dominant adjuvant used today. It has a dual 
role in vaccination. First, it acts as a depot (reservoir) of the antigen, 
allowing for slow release of the antigen from the site of the injection, 
hence prolonging the stimulation of the immune system (Heine et al., 
2022). The gradual release of allergens reduces the risk of anaphylaxis 
response, hence increasing the safety profile of AIT (Jensen-Jarolim, 
2015). Second, aluminium salts promote a Th2 response (Marrack et al., 
2009; Reed et al., 2013), which is similar to that of an allergic response. 

In AIT, the immune response should be modulated away from Th2 to
wards a tolerogenic response that favors the regulatory T cell or Th1 
pathways (Lundberg et al., 2016). Therefore, the use of aluminium salts 
limits the efficacy of AIT. This has encouraged the research of different 
adjuvant molecules that have the depot effect, while able to stimulate 
Th1 responses and are biodegradable. 

Newer adjuvant molecules which are biodegradable and with Th1 
stimulating capacities such as microcrystalline tyrosine (MCT), mono
phosphoryl lipid A (MPL) and hydrogel polymers are now being tested in 
both pre-clinical and clinical studies (Table 4). The use of adjuvant 
molecules reduces the duration of AIT and promotes its long-term effi
cacy beyond the treatment period (Table 4). 

4.3.2. Toll-like receptor agonists 
Toll-like receptors (TLRs) are membrane-bound sensor proteins that 

plays a crucial role in innate immune responses by recognizing foreign 
molecules from microbes and bacteria. Toll-like receptors are expressed 
on both non-immune and immune cells, and their activation can impact 
the adaptive immune response through their expression on dendritic 
cells. Toll-like receptor activation promotes a Th1 environment, which 
has the potential to facilitate a more rapid onset of the tolerogenic 
response in AIT (Gerhold et al., 2008; Wang and McCusker, 2006). 

Toll-like receptor agonists are substances capable of specifically 
activating TLRs by mimicking pathogenic molecular patterns, thereby 
triggering an immune response. Numerous TLR agonists have been 
tested for their immunomodulatory and adjuvant properties in the 
context of AIT (Table 5). Generally, these agonists are well-tolerated and 
promote a Th1 and/or Treg response. Recent research in the area of TLR 
agonist adjuvants has been focused on improving the safety profile and 
stability of these molecules. Modified adjuvant molecules with reduced 
toxicity such as MPL and polyadenylic:polyuridylic acid (poly A:U) 
compared to their predecessors (lipopolysaccharide, LPS, polyinosinic: 
polycytidylic acid (poly I:C) respectively) and are being evaluated for 
adjuvants with better safety profiles (Kirtland et al., 2020). CpG ODNs at 
high concentrations demonstrate both adjuvant and toxic properties. 
The co-delivery of CpG-ODNs with a depot matrix such as hydrogels, 
liposomes or nanoparticles, offers the advantage of controlled release 

Table 3 
Biochemical grouping of cockroach allergens, and the potential cross-reactive allergens from other sources.  

Allergen Group Reference 
Cockroach 
Allergen (s) 

Other sources (Potentially cross-reactive) 

Insect Dust 
mite 

Crustacean Mollusc Fish Nematode Mammals Fungus Others 

Nitrile specifier Per a 1, Bla g 1          
Aspartic protease Per a 2, Bla g 2          
Hemocyanin Per a 3, Bla g 3   x       
Lipocalin Per a 4, Bla g 4       x   
Glutathione S-transferase Per a 5, Bla g 5  x    x  x  
Troponin C Per a 6, Bla g 6  x x       
Tropomyosin Per a 7, Bla g 7 x x x x x x    
Myosin Light Chain Per a 8, Bla g 8  x x    x  Chicken 
Arginine kinase Per a 9, Bla g 9 x x x x x     
Serine protease Per a 10 x       x Muskmelon 
Alpha amylase Per a 11, Bla g 11  x       Barley 
Chitinase Per a 12, Bla g 12         Chestnut, coffee, mango, banana, 

avocado, pomegranade, chinese 
date, maize, latex 

Glyceraldehyde-3- 
phosphate 
dehydrogenase 

Per a 13     x    Wheat 

Enolase Per a 14     x   x Grass, Chicken, Latex, Ragweed, 
Wormwood 

Cytochrome C Per a 15        x  
Cofilin Per a 16  x        
Alpha-tubulin Per a 17  x        
Peptidyl-prolyl-cis-trans 

isomerase; Cyclophilin 
Per a 18  x      x Peanut, Birch, Olive, Tomato, Rosy 

periwinkle 
Porin 3 Per a 19 x         
Peroxiredoxin-6 (Prx6) Per a 20           
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Table 4 
Clinical and pre-clinical trial outcomes in AIT approaches of selected studies 
employing adjuvants.  

Adjuvant type Composition Outcomes in AIT Ref 

Aluminium salts Alum-conjugated 
grass pollen 
(Phleum pratense) 
extract 

AIT treatment with 
alum-conjugated 
grass pollen extract 
improved the quality 
of life of AR patients 
during the pollen 
season. 

(Powell et al., 
2007) 

Microcrystalline 
tyrosine (MCT) 

Crystalline form of 
L-Tyrosine-Fel d 1 

MCT induced lower 
IL-4 secretion 
compared to Alum, 
with fewer 
anaphylactic 
reactions among the 
immunized mice. 
Specific IgG 
production was 
comparable between 
MCT and alum. 

(Leuthard 
et al., 2018) 

MCT-Der p 
allergoid 

Dermatophagoides- 
sensitized asthmatic 
patients treated with 
Acarovac Plus ® 
showed a reduction 
in medication need 
and symptomatic 
days. Significant 
improvements in 
asthma-related QoL 
were recorded 6- and 
12 months post- 
treatment. 

(Padro et al., 
2022) 

MCT-MPL MCT with 3-deacyl- 
monophosphoryl 
lipid A-coupled 
with allergoids of 
pollen extracts 

AIT with Pollinex 
Quatro specific to 
olive and olive/grass 
pollens lowered the 
use of asthma 
medication, and 
reduced hospital 
visits, suggesting the 
efficacy of this 
treatment. 

(Florido-Lopez 
et al., 2020)  

MCT-MPL-Phleum 
pratense allergoid 

Improvement of 
clinical symptoms 
(running nose, 
sneezing, 
conjunctivitis and 
the weekly overall 
score) was observed 
in the MPL-AIT group 
compared to the 
control group, 
among patients who 
have stopped the 
immunotherapy 3–6 
years prior, 
demonstrating the 
long-term effects of 
the therapy. 

(Zielen et al., 
2018) 

Hydrogel PLGA-PEG-PLGA- 
OVA 

Outcomes of AIT 
delivered with or 
without hydrogel in 
an OVA-sensitized 
mouse model showed 
no significant 
differences in the 
reduction of Th2 
cytokines and the 
reduction of sIgE. 
The hydrogel-AIT 
group showed higher 
levels of sIgG1 
compared to AIT 
alone, possibly due to 
the depot effect. 

(Heine et al., 
2022)  

Table 5 
Clinical and pre-clinical trial outcomes in AIT approaches of selected studies 
employing Toll-like receptor agonists.  

Location Toll Like 
Receptor 
(TLR) 

TLR Agonist Main Findings 

Extracellular TLR2/1 Pam3CSK4 Peripheral blood 
mononuclear cells from 
allergic patients who 
received 1 year of Der p 
AIT showed increased 
CD137 expression on 
CD8 +CD25 + T cells 
compared to pre- 
immunotherapy. 
CD137 is a co-inhibitor 
for Th2 differentiation. 
In vitro stimulation 
with Pam3CDK4 
further enhanced the 
CD137 expression, 
which subsequently 
increased the 
production of IL-10, 
and decreased the 
production of IL-4 (Tsai 
et al., 2019). 

TLR2/6 Macrophage-activating 
lipopeptide 2 kDa (MAPL- 
2) 

Human monocyte- 
derived DC from 
allergic patients pulsed 
with allergen and co- 
cultured with 
autologous 
lymphocytes resulted 
in increased IL-4 and 
decreased IFN-γ 
secretion in vitro. 
Stimulation of the 
allergen-pulsed DCs 
with MAPL-2 and IFN-γ 
resulted in > 50-fold 
increase in IFN-γ 
production compared 
to co-cultures with 
allergen alone, and a 
concurrent increase in 
the proliferation and 
the number of IFN-γ 
producing 
lymphocytes, 
indicating a skew 
towards a Th1 response 
post-treatment (Weigt 
et al., 2004). 

Bisacyloxypropylcysteine 
polyethylene glycol 
conjugate (BPPcysMPEG, 
MALP-2 derivative) 

Immunotherapy 
treatment of mice 
sensitized with the 
Timothy grass pollen 
extract co- 
administered with 
MAPL-2 derivative 
resulted in reduced 
infiltration of 
eosinophils and 
attenuation of IL-4 and 
IL-5 levels in the BALF. 
The AIT with MAPL-2 
derivative was able to 
rebalance the initial 
allergic Th2 skewed 
response (Fuchs et al., 
2010). 

TLR4 Monophosphoryl-lipid A 
(MPL) 

Pollinex® preparations 
involved adjuvanting 
olive/olive + grass 
extracts with MPL and 
adsorbing them to L- 

(continued on next page) 
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Table 5 (continued ) 

Location Toll Like 
Receptor 
(TLR) 

TLR Agonist Main Findings 

tyrosine. Patients with 
allergic asthma treated 
with Pollinex® olive or 
Pollinex olive/grass 
had lower medication 
use, and lesser visits to 
healthcare centers 
compared to the non- 
AIT treatment group ( 
Florido-Lopez et al., 
2020). 
In a placebo-controlled 
phase IIb study, MPL 
adjuvanted ragweed 
allergoid adsorbed to L- 
Tyrosine was used in 
AIT that was given over 
4 injections before the 
ragweed season. The 
AIT group showed 
reduced allergy 
symptoms in patients 
with seasonal allergic 
rhinitis compared to 
the placebo group and 
was well tolerated ( 
Patel et al., 2014). 

Glucopyranosyl lipid A 
(GLA) 

Cry j 1 sensitized mice 
were treated with Cry j 
1 with or without GLA 
adjuvant via SCIT, 
followed by intranasal 
challenge with JC 
pollen extract. Cry j 1- 
GRA treated mice 
demonstrated 
suppression of sneezing 
following intranasal 
challenge and reduced 
eosinophil infiltration 
in the nasal lavage fluid 
and nasal epithelium. 
In vitro co-culture of 
CD11c+ DC with CD4+

T cells from spleens of 
Cry j 1-GRA treated 
mice resulted in lower 
IL-5 secretion, and 
increased IFN-γ and IL- 
10 production 
compared to non- 
adjuvanted AIT ( 
Matsumoto et al., 
2020). 

TLR5 Flagellin Flagellin B from the 
gram-negative Vibrio 
vulnificus, when 
expressed as a fusion 
protein with the major 
dust mite allergen Der 
p 2 was able to reduce 
airway 
hyperresponsiveness, 
eosinophilic 
infiltration and 
allergen-specific IgE 
production in a HDM- 
induced mouse asthma 
model more effectively 
than the group treated 
with a mixture of 
flagellin and Der p 2 ( 
Tan et al., 2019).  

Table 5 (continued ) 

Location Toll Like 
Receptor 
(TLR) 

TLR Agonist Main Findings 

A truncated version of 
flagellin from 
Salmonella 
Typhimurium was 
expressed as a 
recombinant protein 
with the major birch 
pollen allergen, Bet v 1. 
When injected in mice, 
this recombinant 
protein produced 
specific blocking 
antibodies that were 
able to block patients’ 
serum IgE binding to 
Bet v 1, and 
demonstrated a 
stronger T-cell 
stimulation compared 
to Bet v 1 alone ( 
Kitzmuller et al., 
2018). 

Intracellular TLR 3 Polyinosinic:polycytidylic 
acid (poly I:C) 

Poly I:C given during 
OVA-sensitization in 
mice suppressed the 
titres of IL-5, lung 
eosinophil infiltration 
and airway 
hyperresponsiveness 
upon OVA challenge. 
Poly I:C was also 
effective in suppressing 
established asthma in 
the OVA-sensitized 
mice model. In 
addition, poly I:C 
injection significantly 
increased the 
production of IL-10, 
IFN-γ and IL-12p70 
indicating a Th1 and 
Treg response (Sel 
et al., 2007). 

TLR3/7 Polyadenylic:polyuridylic 
acid (poly A:U), 

The immune effects of 
poly A:U were 
determined in vitro in a 
bone marrow dendritic 
cell (BM-DC) culture 
stimulated with Fms- 
like tyrosine kinase 3 
ligand (Flt3L). BM-DC 
stimulated with poly A: 
U produced both IFN-α 
and IL-12p40. IFN-α 
stimulation was 
specific to poly A:U 
stimulation as it was 
not observed when 
poly I:C was used. 
Furthermore, IFN-α 
production was linked 
to the TLR3/TLR7 
signaling pathway 
depending on the 
subset of DC (Sugiyama 
et al., 2008). 

TLR7 8-oxoadenine 8-oxoadenine coupled 
to a T cell peptide of 
Pru p 3 promoted the 
maturation of 
monocyte-derived DCs 
obtained from PBMCs 
of Lipid Transfer 
Protein allergic or 

(continued on next page) 
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and reduced toxicity (Alberca-Custodio et al., 2020; Li and Mooney, 
2016; Wang et al., 2018). Importantly, most experimental models, 
including mouse models and early human clinical trials, have utilized 
shorter treatment schedules for AIT, with comparable outcomes to 
traditional AIT. In some instances, the administration of TLR agonist 
alone, independent of allergen, has demonstrated clinical improvements 
of allergic conditions (Beeh et al., 2013; Klimek et al., 2011). Clinical 
trials have primarily focused on a limited range of TLR agonists, pri
marily those targeting TLR 4 and 9 (Kirtland et al., 2020). However, the 
confirmation of the beneficial use of various TLR agonist molecules as 
adjuvants in AIT awaits validation in larger-scale clinical trials. 

4.3.3. Virus-like particles 
Virus-like particles (VLPs) refer to self-assembling particles of a 

virus, encompassing capsid, core, and envelope proteins. Virus-like 

Table 5 (continued ) 

Location Toll Like 
Receptor 
(TLR) 

TLR Agonist Main Findings 

tolerant individuals. 
The Mo-DC maturation 
was accompanied by 
the production of IFN-γ 
and IL-10 (Losada 
Mendez et al., 2021). 

TLR7/ 
TLR8 

Imiquimode, Resiquimod 
(R848) 

Transgenic mice 
carrying OVA-specific 
T cells receiving OVA- 
plasmid DNA 
vaccination by gene 
gun were subsequently 
subcutaneously 
injected with 
imiquimode or R848. 
Both imiquimode and 
R848 were able to 
establish a Th1-biased 
response as observed 
by the increase in the 
number of IFN-γ 
producing T cells 
compared to IL-4 
producing CD4+ T 
cells. The activity of 
R848 was 10-fold 
lower compared to 
imiquimode (Thomsen 
et al., 2004). 

Resiquimod (R848) An experimental 
airway allergic disease 
mouse model was 
treated with nasal 
instillation of 
nanoparticles (Rexo) 
containing R848, 
antigen and MHC-II, or 
control exosomes. 
Rexo- treated mice 
induced Ag-specific 
Tregs that inhibit Ag- 
specific Th2 cells, 
accompanied by the 
attenuation of airway 
allergic disease 
symptoms, suggesting 
the potential use of 
R848 in the treatment 
of airway allergies (Ma 
et al., 2021). 

TLR8 VTX-1463 VTX-1463 pre- 
treatment in Ragweed 
(RW)-sensitized dogs 
prior to RW challenge 
significantly preserved 
the nasal cavity volume 
during the acute 
response, accompanied 
by the reduction in the 
levels of mast cell 
mediators such as 
histamine, PGE2, 
PGD2, and cysteinyl 
LTs when compared to 
the placebo treatment ( 
Royer et al., 2016). 

TLR9 CYT003-QbG10 (CpG 
packaged in VLP) 

HDM allergic patients 
treated with a high 
dose of CYT003-QbG10 
(allergen- 
independent 
treatment) had lower 
rhinoconjunctivitis 
scores and reported a  

Table 5 (continued ) 

Location Toll Like 
Receptor 
(TLR) 

TLR Agonist Main Findings 

better QoL compared 
to the placebo-treated 
group. The allergen 
provocation test 
additionally 
demonstrated a 10-fold 
increase in allergen 
tolerance in the high- 
dose treatment group 
compared to placebo ( 
Klimek et al., 2011). 
HDM allergic patients 
were given AIT of HDM 
extract admixed with 
CYT003-QbG10 via 
SCIT for 10 weeks in a 
Phase I/IIa clinical 
study. The AIT was 
well tolerated, and 
patients reported 
almost no allergic 
symptoms by the end of 
the therapy. The 
symptom-free period 
lasted 38 weeks beyond 
the AIT treatment. In 
addition, allergen skin 
reactivity was reduced, 
but patients had higher 
titres of allergen- 
specific IgG (Senti 
et al., 2009). 

QbG10 All asthmatic patients 
injected with QbG10 
(allergen- 
independent) 
(n = 33) reported 
improvements in 
symptom and 
medication scores 
compared to the 
placebo-treated group 
(n = 30). By the end of 
the study, two-thirds of 
QbG10-treated patients 
reported well- 
controlled asthma. 
FEV1 values in the 
QbG10 group remained 
unchanged at the end 
of the study, but that of 
the placebo group 
significantly 
deteriorated (Beeh 
et al., 2013).  
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particles are not infectious as they do not contain the viral genetic ma
terial, but are highly immunogenic and provide adjuvant properties 
when used in AIT preparations. Few VLP-based vaccines have been 
approved by the regulatory authorities such as against the human 
papillomavirus (Cheng et al., 2020) and hepatitis E virus (Cao et al., 
2018). So far, no studies have been done on VLP-based cockroach AIT. 
Studies of other AIT preparations against inhalant and food allergens 
using VLPs have demonstrated that these molecules are well tolerated 
and able to protect against anaphylaxis reactions upon allergen 
re-stimulation (Schmitz et al., 2009; Storni et al., 2020; Zeltins et al., 
2017). 

4.3.4. Biologics 
In a polysensitized patient with high total and specific IgE, AIT alone 

may be insufficient in improving clinical symptoms, due to the presence 
of free IgE. Monoclonal anti-IgE antibodies (such as Omalizumab) co- 
administered with AIT has been shown to decrease the levels of free 
IgE in the serum, which reduces the incidences of IgE-mediated adverse 
events (Kopp et al., 2013, 2009; Massanari et al., 2010). In particular, 
pre-treatment of patients with severe asthma with Omalizumab, allowed 
for these patients to be treated safely with AIT (Valdesoiro-Navarrete 
et al., 2022). A combination of Omalizumab and AIT was shown to be 
significantly affective in improving clinical outcomes and reduce 
medication use among house dust mite-driven asthmatics (Bozek et al., 
2023). 

Interleukin (IL)− 9 is produced by several immune cells, including 
Th2 cells, and promotes IgE production, mast cell proliferation, and 
epithelial chemokine and mucus production (Brough et al., 2014; Sehra 
et al., 2015). The effect of anti-IL-9 treatment in conjunction with AIT 
has been mixed. In a double-blind, multicenter, parallel-group study, 
patients with confirmed moderate-to-severe asthma were randomized to 
receive a placebo or anti-IL-9, in addition to their usual asthma medi
cations. The addition of anti-IL-9 did not improve the clinical symptoms, 
asthma exacerbation, or FEV1 values in this study (Oh et al., 2013). 
However, the effect of anti-IL-9 treatment in conjunction with AIT in a 
mouse model of allergic rhinitis demonstrated a reduction in allergic 
symptoms, decreased specific IgE levels, and eosinophil infiltration. The 
treatment also increased IL-10 mRNA expression as well as the induction 
of CD4+CD25+Foxp3+ T cells, suggesting an increase in tolerance in
duction (Shin et al., 2017). 

Thymic stromal lymphopoietin (TSLP) is a cytokine that plays a key 
role in maintaining immune homeostasis and regulates the inflamma
tory responses at the mucosal barriers. A monoclonal antibody that 
specifically recognizes TSLP, Tezepelumab, is currently being tested in a 
clinical trial to evaluate if the combination of anti-TSLP with AIT is able 
to induce tolerance responses in individuals with cat allergy (clin
icaltrials.gov, NCT02237196). Based on preliminary results, patients 
treated with anti-TSLP with cat AIT showed the lowest total nasal 
symptom scores, suggesting the potential use of this antibody in the 
treatment of asthma. 

Severe asthmatic patients with the eosinophilic subtype may benefit 
from pre-treatment with anti-IL5 therapies to control their asthma. A 
case study involving a 67-year-old male patient with this specific sub
type of asthma demonstrated successful outcomes in AIT after his severe 
asthmatic symptoms improved with the use of Mepolizumab, an anti-IL5 
antibody. This treatment approach proved effective after the patient did 
not respond to Omalizumab (Gulsen et al., 2021). 

While the addition of biologics to AIT has shown promising results, 
larger clinical trials are required to determine the optimal treatment 
dose and duration of therapy based on the allergic phenotype and the 
sensitization profiles of the patients. 

4.4. Delivery systems 

In many cases, nanostructures that are used as a ‘vehicle’ to deliver 
AIT to the target cells play additional roles of having depot effects and 

able to stimulate the immune system due to adjuvant properties. 
Nanostructures can also be used to target the therapeutic agent directly 
to immune cells. In the case of AIT, it is conceivable for the AIT prep
aration to be targeted to dendritic cells (DCs), as they play a central role 
in allergen processing and presentation to T cells. This can be achieved 
by targeting the DNA vaccines to DCs via mannose receptors, which 
have been experimented with in melanoma immunotherapy (Moku 
et al., 2021). 

Another novel strategy is using genetically engineered dendritic cells 
as immunotherapy (Kim et al., 2021). The antigen-processing molecules 
VPS37A and VPS37B on DCs have been identified as potential thera
peutic targets to treat allergic rhinitis. A genetically engineered myeloid 
DC with disrupted VPS37A/B using the CRISPR/Cas9 system showed 
significant reductions in Th2 cytokine production and reduced allergic 
responses in an allergic rhinitis mice model (Kim et al., 2021). The 
application of other nanostructures in allergen immunotherapy has been 
recently reviewed (Mayorga et al., 2021). Harnessing the right nano
structure based on their physical and chemical properties will allow for 
better targeting of AIT molecules to improve uptake, and reduce unde
sired adverse effects. 

Liposomes possess a unique capability to encapsulate allergens for 
immunotherapy delivery, acting as a protective layer against allergen 
degradation, and facilitating precise targeting of the allergen to antigen- 
presenting cells. Liposomes are usually made up of naturally occurring 
lipids and hence are non-toxic and biodegradable. Liposomes have been 
efficacious in the delivery of AIT subcutaneously (Basomba et al., 2002), 
sublingually (Aliu et al., 2017) and intranasally (Chaisri et al., 2017; 
Meechan et al., 2013) demonstrating adjuvant properties that improve 
the tolerance mechanism. 

Gold nanoparticles have been used as drug carriers, with a good 
safety profile. More recently, they have been employed as a delivery 
system in AIT. A research group from Iran demonstrated, using mouse 
models, the effectiveness of aptamer-modified gold nanoparticles con
taining allergen in improving Th1 and Treg immuno-modulatory re
sponses (Koushki et al., 2020; Sadeghi et al., 2020). Larger trials are 
needed to assess the translatability of these positive results in real-life 
scenarios. 

Poly (lactic-co-glycolic acid) or PGLA has been researched as a car
rier for allergen immunotherapy for over 15 years. The structure of 
PGLA used may be customized by modification of surface charge, hy
drophobicity, shape, and charge that makes it an attractive carrier to suit 
different allergens. PGLA-coupled allergen immunotherapy prepara
tions have shown positive results even with reduced AIT preparation 
doses (Salari et al., 2015) and different immunization routes (Keshavarz 
Shahbaz et al., 2020). 

Apart from delivery systems, routes of delivery could also impact the 
immune outcomes of immunotherapy. Allergen immunotherapy can be 
administered via several routes, but at present, subcutaneous (SCIT) and 
sublingual (SLIT) is the most common. Subcutaneous immunotherapy 
involves the administration of weekly incremental doses of the AIT 
preparation via injections for 3–6 months until a maintenance dose is 
achieved, and, monthly injections with a high dose of the AIT prepara
tion for 3–5 years. All SCIT doses must be administered in a clinic. 
Sublingual immunotherapy involves the administration of high-dose 
AIT preparation under the tongue either in the form of a dissolving 
tablet or as a solution for a period of 3 years. Apart from the first SLIT 
administration in the clinic, the remaining doses can be taken in the 
patient’s home. In a recent meta-analysis, no significant differences 
were identified between SCIT and SLIT in terms of treatment efficacy, 
improvement of clinical symptoms, and reduction in medication use. 
However, SCIT tended to have more systemic adverse reactions and 
anaphylaxis compared to SLIT administrations (Field and Blaiss, 2020). 
Newer routes of AIT delivery are being tested to address the current 
limitations in AIT – namely reducing any adverse effects, and shortening 
the time of the therapy. 

Intralymphatic immunotherapy (ILIT) exhibits promising efficacy, 
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utilizing lower allergen concentrations and shorter treatment durations 
compared to SCIT. Currently, the ILIT approach has been investigated 
for grass and tree pollens as well as cat dander. The primary challenges 
associated with this method include the necessity for ultrasound 
equipment to guide the intralymphatic injections and patient hesitation 
towards injection at that particular site (Senti et al., 2019). EPIT, which 
delivers AIT via skin patches, offers a non-invasive treatment option. It 
has been tested for both respiratory and food allergens, showing 
promising outcomes (Bird et al., 2018). However, despite its positive 
immunotherapy outcomes, patient compliance and accurate dosing 
remain challenges that require further attention (Aricigil et al., 2016). 

5. The future outlook for cockroach AIT 

Cockroaches are an important allergen source that can be found 
ubiquitously. Environmental exposure to cockroach allergens has been 
identified as an important risk factor in cockroach allergen sensitization 
and the subsequent development of respiratory allergic diseases. Due to 
the challenging nature of eliminating cockroach allergens from indoor 
environments, immunotherapy emerges as an appealing long-term 
treatment solution. 

However, in its present form, AIT has some limitations that need to 
be addressed. First, the use of extracts that are prone to content and 
quality variability should be replaced by defined allergens that now can 
be produced easily in the laboratory. This will provide reproducible and 
standardized therapeutic molecules that are free from toxins and other 
contaminating material. Second, the use of whole allergens as found in 
the extracts also frequently results in undesired allergic reactions. 
Allergen modification by removing the IgE epitopes but retaining other 
immune structures of the allergen, either by genetically engineering the 
allergen or synthetic T- or B- cell epitopes could provide similar 
immunomodulatory outcomes without the undesired adverse effects. An 
additional consideration, especially for allergen sources lacking a 
dominant allergen, such as cockroach allergens, is to focus on immu
notherapy based on allergen groups (eg tropomyosin, arginine kinase, 
etc), rather than the specific allergen source. This approach is supported 
by numerous reports highlighting cross-reactivity among allergen 
groups. 

Third, the duration of the ‘standard’ three-year immunotherapy has 
been a subject of debate due to its associated time and cost burden. 
However, research focusing on newer adjuvants, delivery methods, and 
routes has shown promising results in reducing the duration of immu
notherapy and minimizing the occurrence of adverse events associated 
with AIT. Additionally, exploring other aspects of immunotherapy such 
as the incorporation of micronutrients like vitamin D (Heine et al., 2021) 
or probiotics (Nabil et al., 2020) as supplementary treatments, holds the 
potential to enhance efficacy and further decrease treatment duration. 

The success of an immunotherapy protocol is also largely dependent 
on accurate patient selection. The integration of precision allergen 
testing through component-resolved diagnosis would be essential in 
matching the right patients with the appropriate allergens for immu
notherapy. Ensuring accurate patient diagnosis and treatment would 
facilitate more targeted interventions, leading to enhanced clinical 
outcomes and improved quality of life for individuals with allergies. 
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