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Abstract 
Based on the risk assessment of genetically modified plants, according to Implementing Regulation 
(EU) No 503/201321 “In cases when known functional aspects of the newly expressed protein or 
structural similarity to known strong adjuvants may indicate possible adjuvant activity, the applicant 
shall assess the possible role of these proteins as adjuvants”. To further investigate the topic, an EFSA 
procurement was launched requesting a comprehensive literature review and critically appraisal on 
adjuvanticity and immunogenicity of proteins. A systematic literature search and critical review was 
performed, identifying 299 relevant publications. From the evaluation of the relevant literature 
emerged that: i) a clear classification of adjuvant and immunogens of proteins cannot be done; ii) 
structural features able to modulate adjuvanticity and immunogenicity are mainly ascribed to 
therapeutic proteins and in the context of  allergenicity and cross-reactivity; iii) factors affecting the 
propensity of a protein to stimulate immune response are aggregation, thermal processing, digestion, 
food matrix, among others; iv) different proteins are described to have immunomodulatory effects; v) 
risk assessment of adjuvant and immunogenic behaviour of proteins requires specific methodologies 
that can be adapted from other fields; vi) adjuvanticity  and immunogenicity of Cry proteins in certain 
experimental conditions seems plausible but due to low dosage, oral route of administration, food and 
feed processing and digestion, it is unlikely to emerge as a safety issue in food and feed; vii) eliciting 
an immune response is a very complex matter as the body responds to immune offence by inducing 
many processes. Based on these considerations, it is expected that the availability of new humanized 
animal models and the possibility to deploy artificial intelligent systems on the vastity of human data 
will become a general direction aiming to help answering specific questions relating to the immune 
systems, including the adjuvanticity and immunogenicity of food/feed proteins. 
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Summary 
Based on the risk assessment of genetically modified plants and according to Implementing 
Regulation (EU) No 503/2013 “In cases when known functional aspects of the newly expressed 
protein or structural similarity to known strong adjuvants may indicate possible adjuvant activity, the 
applicant shall assess the possible role of these proteins as adjuvants”. To further investigate the 
topic, an EFSA procurement was launched requesting a comprehensive literature review and critically 
appraisal on adjuvanticity and immunogenicity of proteins. 

For this evaluation, a systematic literature search and review was performed prioritising the oral route 
of exposure, identifying 299 relevant publications, including those in the grey literature, describing:  

i) classification of adjuvants and immunogens;  

ii) structural and functional characteristics of adjuvants and immunogens and mechanisms 
underlying an adverse effect due to the inherent characteristics of a protein;  

iii) the conditions under which a protein may (de)regulate the immune response on its own 
or towards another bystander protein;  

iv) a list of proteins in food/feed with an adjuvant and/or an immune stimulatory capacity;  

v) available methodologies for risk assessment of protein immunogenicity/adjuvanticity;  

vi) immunogenicity and adjuvanticity of Cry proteins and  

vii) general strategies to increase or decrease the immune response through adjuvant or 
immunogenic behaviour of proteins. 

From the evaluation of the relevant literature emerged that:  

i) a clear classification of adjuvant and immunogens cannot be done;  

ii) structural features able to modulate immunogenicity and adjuvanticity were studies 
mainly in the context of therapeutic proteins and the allergenicity/cross-reactivity context;  

iii) factors that affect the propensity of a protein to stimulate immune response are mainly 
aggregation, thermal processing, digestion, the composition of the food matrix, the 
presence of immunomodulators, aging and microbiota;  

iv) different proteins are described in the literature to have immunomodulatory effects, 
among which lectins appear to have adjuvant behaviour;  

v) there are several in silico, in vitro and in vivo available methodologies for risk assessment 
of adjuvanticity and immunogenicity of proteins but each method has strengths and 
weaknesses;  

vi) the adjuvanticity and immunogenicity of Cry proteins in certain experimental conditions 
seems plausible but due to low dosage, oral route of administration, food processing and 
digestion, it is unlikely to emerge as a safety issue in food and feed;  

vii) eliciting an immune response is a very complex matter as the body responds to immune 
offence by inducing many processes. 

From the critical appraisal of the literature other important considerations emerged like the need to 
devise new animal models. In fact, while these are considered essential research tools genetic 
background and experimental conditions differences could strongly impact on the translation of the 
results in humans. Thus, the application of “humanized mice” is one of the promising approaches to 
fill this translational gap.  Humanized mice can be defined simply as mice carrying human genes or 
tissues such as leukocytes, stem cells, organs, and tumors. However, it is anticipated that the process 
to create humanized models is complex and expensive as it depends on numerous interventions and 
many potential pitfalls still exist and impinge upon their robustness.  
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In addition to humanized animal model, we purport the idea that another viable and unprecedented 
way for a major comprehension of the immune system is to use the potential vastity of human data. 
Indeed, by considering the fast progress that omics and genetic technologies are experiencing as well 
as the impact that will likely have in the future, it is expected that a large amount of human data and 
information could be retrieved, even in a systematic way. This possibility opens a completely new 
perspective that is aimed to generate new knowledge, for instance by using artificial intelligence or 
sophisticated data mining builder. However, collection of human data with new technologies impinge 
on considerations related to privacy and ethics of massive personal data usage that should be 
carefully considered in the regulation framework. 

In conclusion, conceptualization of the immune response triggering is a complex matter that 
scientifically evolved in the last decades. A wider framework for the immune response triggering that 
is intimately linked to the conceptualization of the immunological self is advised. Indeed, 
immunobiography is unique for each individual and is characterised by the combination of the type, 
intensity and temporal sequence of antigens (including food and feed) an individual is exposed 
lifelong. This feature can explain how the same adjuvant and immunogenic molecule, depending on 
the immunobiography of the host, can elicit strong, weak or no immune response at all. Based on 
these considerations, in it expected that the availability of new humanized animal models and the 
possibility to deploy artificial intelligent systems on the vastity of human data will become a general 
direction aiming to help answering specific question relating to the immune system, including the role 
of protein and peptides in their adjuvant and/or immunogenic behaviour towards specific subset of 
population. 
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1. Introduction  

1.1. Background and Terms of Reference as provided by the requestor 
This contract was awarded by EFSA to a consortium with Innovamol Srl in the lead: 

Contractor: Innovamol Srl 

Members of the consortium are: 

 Innovamol Srl, Modena, Italy 

 University of Bologna, Bologna, Italy 

Contract title: Literature review in support of adjuvanticity/immunogenicity assessment of proteins 

Contract number: NP/EFSA/GMO/2017/01 

 

1.2. Interpretation of the Terms of Reference 
 

1.2.1. Background as provided by EFSA 

The objective of this call was to outsource a comprehensive literature review, critically appraising 
adjuvanticity and immunogenicity of proteins that will be used as background information for further 
discussion within the EFSA Panel dealing with genetically modified organisms (GMO). 

The tenderer shall perform a comprehensive literature review to identify and retrieve all available 
information on adjuvanticity and immunogenicity of proteins, including Cry proteins – state-of-the-art 
in science, risk assessment strategies available and future perspectives. The information obtained 
shall be evaluated and critically appraised. 

In the context of the risk assessment of genetically modified plants and according to Implementing 
Regulation (EU) No 503/201321 it is considered that: “In cases when known functional aspects of the 
newly expressed protein or structural similarity to known strong adjuvants may indicate possible 
adjuvant activity, the applicant shall assess the possible role of these proteins as adjuvants”. 

Adjuvants are substances that, when co-administered with an antigen increase the immune response 
to the antigen and therefore might increase the allergic response. Understanding the structure and 
mechanisms resulting in potential adjuvanticity and immunogenicity of (novel) proteins and the 
conditions (e.g. environment, exposure) upon which this potential will be expressed and/or 
(de)regulated is an area of great development and scientific debate. The information provided by this 
literature review will be important for the EFSA GMO Panel to further discuss how to incorporate and 
streamline potential new strategies for the risk assessment of adjuvanticity and immunogenicity of 
(novel) proteins into the EFSA GMO Panel scientific opinions on applications. 

The present Call is based on the Final work programme for grants and operational procurements 2017 
as presented in Annex IX of the EFSA Programming Document 2017 – 2019, available on the EFSA’s 
website (http://www.efsa.europa.eu/sites/default/files/corporate_publications/files/amp1719.pdf). 

 

1.2.2. Background as provided by the tenderer 

1.2.2.1. Definitions and framework for the immune response triggering 

The present document is focused on adjuvanticity and immunogenicity of proteins in food/feed. 
Existing guidance from EFSA GMO panel addressed different components of the risk assessment 
mainly focusing on potential allergenicity of the novel protein(s) as well as of the whole food derived 
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from the GM plants2. Currently, no detailed guidance on how to assess adjuvanticity and 
immunogenicity of proteins in food/feed is available from regulatory agencies worldwide. 

Within this document, we aim to differentiate the concepts of adjuvanticity, immunogenicity, 
antigenicity and allergenicity by focusing on adjuvanticity and immunogenicity of proteins and 
peptides with a specific emphasis on Cry proteins. 

We refer to antigenicity as the ability of an antigen to induce an immunological response when it is 
encountered by the human body. Antigenicity involves two types of immune characteristics, 
immunogenicity and allergenicity. Immunogenicity refers to the ability of an antigen to trigger normal 
and protective immune responses after being encountered by the human body. In particular, we 
describe the immunogenicity of an antigen using the following three aspects:  

¾ the ability to defend the immune system (immunological defense), which is the ability to repel 
an exogenous antigen and to fight against infection;  

¾ the ability to keep the immune system stable (immunological homeostasis), which is the 
ability of the body to recognize and eliminate damaged tissue, inflammation and/or senescent 
cells, and 

¾ the ability to kill and to remove abnormally mutated cells so as to monitor and inhibit the 
growth of malignancies in the body (immunological surveillance).  

Thus, immunogenicity reflects the strength of these three functions. On the other hand, allergenicity 
refers to the ability of an antigen to induce an abnormal immune response, which is an overreaction 
and different from a normal immune response in that it does not result in a protective/prophylaxis 
effect but instead causes physiological function disorder or tissue damage.  

Adjuvants are substances that, when coadministered with an antigen, increase the immune response 
of the antigen and therefore might increase the allergic response. Therefore, while allergenicity is not 
the specific focus of this assignment, it was considered by the team when relevant.  

In order to clarify these definitions throughout the text, a glossary of the adopted definitions is 
reported at the end of the document. 

Conceptualization of the immune response triggering is a complex matter that scientifically evolved in 
the last decades at a fast pace. In order to take into account all relevant considerations for the EFSA 
call, this report lean on a wider framework for the immune response triggering that is intimately linked 
to the conceptualization of the immunological population heterogeneity further described in section 
3.3. 

 

1.3. Additional information 
The objective of this EFSA call is to perform a comprehensive literature review and critically appraisal 
on adjuvanticity and immunogenicity of proteins. In conformity to the need of EFSA, the methodology 
proposed in the tender followed the general principles for systematic reviews as specified by EFSA 
guidance3. This document constitutes the final report (critical review) in English language addressing 
tasks 1, 2 and 3 as described below and in the tender specifications, including an update of the 
literature search. 

Tasks 1 consisted in: 

¾ A comprehensive literature search collecting state-of- the-art in science information on 
adjuvanticity and immunogenicity of proteins (including Cry proteins); 

¾ The search focused on proteins (and peptides), prioritizing the oral route of exposure for food 
and feed, and included: i) Classification of adjuvants and immunogens; ii) the structural and 
functional characteristics (if any) of adjuvants and immunogens, as well as the mechanisms 
underlying an adverse effect due to the inherent characteristics of a protein; iii) the conditions 
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under which a protein may (de)regulate the immune response on its own or towards another 
bystander protein; and iv) a list of proteins in food/feed with an adjuvant and/or an immune 
stimulatory capacity; 

¾ An identification, classification and general description of in silico, in vitro and in vivo available 
methodologies that might be employed for the risk assessment of adjuvanticity and 
immunogenicity of proteins (diverse safety areas to be considered, e.g. food and feed safety, 
pharmaceuticals, medicine, immunotherapy, etc). 

 

Task 2 consisted in: 

¾ Systematic and comprehensive critical evaluation of the information and methodologies 
described in task 1 and the usefulness of those for the food and feed safety assessment of 
proteins. Strengths and limitations discussed; 

¾ Identification of possible structural features and characteristic attributes of proteins 
responsible for those adverse reactions as well as conditions under which a protein might 
(de)regulate the immune response in the context of food and feed safety; 

¾ Taking the above into account, a proposal of possible risk assessment strategies for food and 
feed safety evaluation of protein adjuvanticity and immunogenicity; 

¾ Future perspectives: a foresight study on the potential future developments (e.g. exposures 
scenarios, routes of administration, methodology development, etc) in the area and their 
possible implications for the food and feed safety assessment; 

 

Task 3 consisted in: 

¾ This final report (critical review) in English language addressing tasks 1 and 2, including an 
endnote database with an update of the literature search.  

¾ All EFSA comments raised during the course of the contract by the EFSA Unit or the EFSA 
GMO Panel taken into consideration in this final report.  

¾ The content of the report presented in the following structure: an executive summary, 
introduction, material and method, results, discussion and conclusion. The report submitted in 
electronic format (DOC format). 

 

2. Data and Methodologies  

2.1. Overview of the methodology 
As shown in Figure 1 the working team completed the first three steps belonging to Task 1 that will 
be described in detail in the following paragraphs. The first three steps consisted in: 

x Step 1: Preparing the literature search – reviewing protocol, consisting in developing the 
reviewing protocol, with the collaboration and agreement with EFSA, including the definition 
of review questions and developing the eligibility criteria for studies.  

x Step 2: Searching for research studies, consisting in performing extensive literature search 
starting from multiple data sources that will include the requested databases (i.e. Web of 
Science and Pubmed) 

x Step 3: Selecting the studies and collecting data from the included studies consisting in 
retrieving from identified documents information in order to assess relevance of studies 
against inclusion criteria.  
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For the sake of clarity, we reported in Figure 1 below the flowchart of the comprehensive literature 
search that led to the completion of the three steps mentioned above. We also organized the next 
paragraphs consistently to Figure 1 and the chronological course of the activities. 

 

 

Figure 1:  Overall results of the comprehensive literature review  

 

2.2. Literature search 
In this first section, the working team carried out the comprehensive literature search by collecting 
state-of- the-art in science information on adjuvanticity and immunogenicity of proteins. The strategy 
and methodology followed to perform literature searches was discussed with EFSA and took into 
account the inherent difficulties in collecting reliable set of data in certain conditions. Thus, the 
strategy and methodology were streamlined to keep into account: 

x The collection of a reasonable number of documents, including those in the grey literature 

x The refocus of queries by using combination of terms that could provide more relevant 
documents  

x The importance of specific topics (e.g. Cry proteins) that were treated separately 

x The need to avoid methodologies dependent from volatile definition of terms (e.g. generic 
Mesh terms in PubMed) 

In order to keep into account the above-mentioned considerations, we devised three different 
searches with the objective to cover all the aspects of the call. In particular we defined three 
searches: 

¾ A systematic PubMed literature search 
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¾ A systematic Web of Science Core Collection literature search 

¾ A literature search specific for “grey documents” from regulatory agencies and other 
authorities. where different safety areas were considered, e.g. food/feed safety, 
pharmaceuticals, medicine, immunotherapy, etc.  

The paragraphs below describe the details of these three different searches. 

2.2.1. Systematic PubMed and Web of Science literature search 

The systematic literature search was performed for the two requested databases (PubMed and Web of 
Science) by using the syntax query reported in Table 1 below. The construction of this query syntax 
was dictated by the necessity to include all the aspect of the call but also to avoid unnecessary and 
unfocused documents that appeared in more general definitions. After different test queries 
performed with PubMed, and in consultation with EFSA, we obtained the syntax depicted in Table 1 
that returned 10215 hits and insured the best compromise between the various aspects of the call and 
the number of documents obtained. Consistently, the Web of Science search was devised to be 
specular to PubMed query. The result obtained with the Core collection by using the field "topic” was 
15492 hits. 

Table 1:  List of queries performed with Pubmed and Web of Science 

 Search 
number Syntax(a) 

PubMed 
Date performed: 
14/02/2018 

  

Immunogenicity 
concepts in 
title/abstract 

#1 

(immunogen*[tiab] OR adjuvant*[tiab] OR immunopotent*[tiab] OR 
immunoactiv*[tiab] OR immunostimulant*[tiab] OR immunoadjuvant*[tiab] 
OR immuno potent*[tiab] OR immune potent*[tiab] OR immune 
activa*[tiab] OR immuno activa*[tiab] OR immune active*[tiab] OR 
immuno active*[tiab] OR immune stimulant*[tiab] OR immuno 
stimulant*[tiab] OR antigen*[tiab] OR epitope*[tiab] OR "B cell"[tiab] OR 
"B cells"[tiab] OR "T cell"[tiab] OR "T cells"[tiab] OR "B Lymphocyte"[tiab] 
OR "B Lymphocytes"[tiab] OR "T lymphocytes"[tiab] OR "T 
lymphocyte"[tiab] OR "immune response"[tiab] OR "immune 
responses"[tiab] OR epitope*[tiab]) 

Immunogenicity 
concepts in MeSH 
terms ([mesh]) 

#2 

("Adjuvants, Immunologic"[Mesh] OR "Antigens"[Mesh:NoExp] OR 
"Epitopes"[Mesh:noexp] OR "Epitopes, B-Lymphocyte"[Mesh] OR 
"Epitopes, T-Lymphocyte"[Mesh] OR "Immunodominant Epitopes"[Mesh] 
OR "Immunoglobulin Idiotypes"[Mesh] OR "B-Lymphocytes"[Mesh:noexp] 
OR "T-Lymphocytes"[Mesh:noexp]) 

Immunogenicity and 
protein concepts 
combined in specific 
phrases 

#3 

("protein immunogenicity"[tiab] OR "protein immunogen"[tiab] OR "protein 
immunogens"[tiab] OR "protein adjuvant"[tiab] OR "protein 
adjuvants"[tiab] OR "peptide immunogenicity"[tiab] OR "peptide 
immunogen"[tiab] OR "peptide immunogens"[tiab] OR "peptide 
adjuvant"[tiab] OR "peptide adjuvants"[tiab] OR "toxin 
immunogenicity"[tiab] OR "toxin immunogen"[tiab] OR "toxin 
adjuvant"[tiab] OR "toxin adjuvants"[tiab] OR "immunogenic protein"[tiab] 
OR "immunogenic proteins"[tiab] OR "immunogenic peptide"[tiab] OR 
"immunogenic peptides"[tiab] OR "immunogen protein"[tiab] OR "adjuvant 
protein"[tiab] OR "adjuvant proteins"[tiab] OR "immunoactive 
peptide"[tiab] OR "immunoactive peptides"[tiab] OR "immunoactive 
protein"[tiab] OR "immunoactive proteins"[tiab]) 

Protein and food 
concepts #4 

((protein[tiab] OR proteins[tiab] OR peptide[tiab] OR peptides[tiab] OR 
toxin[tiab] OR toxins[tiab]) AND ((food[tiab] NOT "food and drug 
administration"[tiab]) OR food[mesh] OR feed[tiab] OR "animal 
feed"[mesh])) 
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Specific search for Cry 
Proteins #5 

((("Adjuvants, Immunologic"[Mesh] OR adjuvan*[tiab] OR 
immunoadjuv*[tiab] OR immunostimul*[tiab] OR immuno stimul*[tiab] OR 
immunoactiv*[tiab] OR immuno activ*[tiab] OR immunopotent*[tiab] OR 
immuno potent*[tiab]OR immune reponse*[tiab] OR 
"Antigens"[Mesh:NoExp] OR immunogen*[tiab] OR immune gen*[tiab] OR 
antigen*[tiab] OR "Allergens"[Mesh] OR allergen*[tiab] OR 
"Epitopes"[Mesh:noexp] OR epitope*[tiab] OR "Epitopes, B-
Lymphocyte"[Mesh] OR "Epitopes, T-Lymphocyte"[Mesh] OR 
"Immunodominant Epitopes"[Mesh] OR "Immunoglobulin Idiotypes"[Mesh] 
OR "B-Lymphocytes"[Mesh] OR "T-Lymphocytes"[Mesh] OR "B cells"[tiab] 
OR "T cells"[tiab] OR "B cell"[tiab] OR "T cell"[tiab] OR Immunoglobulin 
Idiotype*[tiab])) AND (cry[tiab] OR cry1*[tiab] OR cry2*[tiab] OR 
cry3*[tiab] OR (cryI*[tiab] AND (protein[tiab] OR proteins[tiab] OR 
toxin*[tiab])) OR BT toxin*[tiab] OR "Bacillus Thuringiensis"[tiab] OR 
"Bacillus thuringiensis"[Mesh] OR "B Thuringiensis"[tiab])) 

((#1 OR #2) AND #4) 
OR #3 OR #5 #6 

(((immunogen*[tiab] OR adjuvant*[tiab] OR immunopotent*[tiab] OR 
immunoactiv*[tiab] OR immunostimulant*[tiab] OR immunoadjuvant*[tiab] 
OR immuno potent*[tiab] OR immune potent*[tiab] OR immune 
activa*[tiab] OR immuno activa*[tiab] OR immune active*[tiab] OR 
immuno active*[tiab] OR immune stimulant*[tiab] OR immuno 
stimulant*[tiab] OR antigen*[tiab] OR epitope*[tiab] OR "B cell"[tiab] OR 
"B cells"[tiab] OR "T cell"[tiab] OR "T cells"[tiab] OR "B Lymphocyte"[tiab] 
OR "B Lymphocytes"[tiab] OR "T lymphocytes"[tiab] OR "T 
lymphocyte"[tiab] OR "immune response"[tiab] OR "immune 
responses"[tiab] OR epitope*[tiab]) OR ("Adjuvants, Immunologic"[Mesh] 
OR "Antigens"[Mesh:NoExp] OR "Epitopes"[Mesh:noexp] OR "Epitopes, B-
Lymphocyte"[Mesh] OR "Epitopes, T-Lymphocyte"[Mesh] OR 
"Immunodominant Epitopes"[Mesh] OR "Immunoglobulin Idiotypes"[Mesh] 
OR "B-Lymphocytes"[Mesh:noexp] OR "T-Lymphocytes"[Mesh:noexp])) 
AND ((protein[tiab] OR proteins[tiab] OR peptide[tiab] OR peptides[tiab] 
OR toxin[tiab] OR toxins[tiab]) AND ((food[tiab] NOT "food and drug 
administration"[tiab]) OR food[mesh] OR feed[tiab] OR "animal 
feed"[mesh]))) OR ("protein immunogenicity"[tiab] OR "protein 
immunogen"[tiab] OR "protein immunogens"[tiab] OR "protein 
adjuvant"[tiab] OR "protein adjuvants"[tiab] OR "peptide 
immunogenicity"[tiab] OR "peptide immunogen"[tiab] OR "peptide 
immunogens"[tiab] OR "peptide adjuvant"[tiab] OR "peptide 
adjuvants"[tiab] OR "toxin immunogenicity"[tiab] OR "toxin 
immunogen"[tiab] OR "toxin adjuvant"[tiab] OR "toxin adjuvants"[tiab] OR 
"immunogenic protein"[tiab] OR "immunogenic proteins"[tiab] OR 
"immunogenic peptide"[tiab] OR "immunogenic peptides"[tiab] OR 
"immunogen protein"[tiab] OR "adjuvant protein"[tiab] OR "adjuvant 
proteins"[tiab] OR "immunoactive peptide"[tiab] OR "immunoactive 
peptides"[tiab] OR "immunoactive protein"[tiab] OR "immunoactive 
proteins"[tiab]) OR ((("Adjuvants, Immunologic"[Mesh] OR adjuvan*[tiab] 
OR immunoadjuv*[tiab] OR immunostimul*[tiab] OR immuno stimul*[tiab] 
OR immunoactiv*[tiab] OR immuno activ*[tiab] OR immunopotent*[tiab] 
OR immuno potent*[tiab]OR immune reponse*[tiab] OR 
"Antigens"[Mesh:NoExp] OR immunogen*[tiab] OR immune gen*[tiab] OR 
antigen*[tiab] OR "Allergens"[Mesh] OR allergen*[tiab] OR 
"Epitopes"[Mesh:noexp] OR epitope*[tiab] OR "Epitopes, B-
Lymphocyte"[Mesh] OR "Epitopes, T-Lymphocyte"[Mesh] OR 
"Immunodominant Epitopes"[Mesh] OR "Immunoglobulin Idiotypes"[Mesh] 
OR "B-Lymphocytes"[Mesh] OR "T-Lymphocytes"[Mesh] OR "B cells"[tiab] 
OR "T cells"[tiab] OR "B cell"[tiab] OR "T cell"[tiab] OR Immunoglobulin 
Idiotype*[tiab])) AND (cry[tiab] OR cry1*[tiab] OR cry2*[tiab] OR 
cry3*[tiab] OR (cryI*[tiab] AND (protein[tiab] OR proteins[tiab] OR 
toxin*[tiab])) OR BT toxin*[tiab] OR "Bacillus Thuringiensis"[tiab] OR 
"Bacillus thuringiensis"[Mesh] OR "B Thuringiensis"[tiab])) 

Web of Science   
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Database: Core 
collection; Field:  
"topic" 
Date performed: 
14/02/2018 

Immunogenicity 
concepts in 
title/abstract 

#1 

(immunogen* OR adjuvant* OR immunopotent* OR immunoactiv* OR 
immunostimulant* OR immunoadjuvant* OR "immuno potent*" OR 
"immune potent*" OR "immune activa*" OR "immuno activa*" OR "immune 
active*" OR "immuno active*" OR "immune stimulant*" OR "immuno 
stimulant*" OR antigen* OR epitope* OR "B cell" OR "B cells" OR "T cell" 
OR "T cells" OR "B Lymphocyte" OR "B Lymphocytes" OR "T lymphocytes" 
OR "T lymphocyte" OR "immune response" OR "immune responses" OR 
epitope*) 

Immunogenicity and 
protein concepts 
combined in specific 
phrases 

#2 

("protein immunogenicity" OR "protein immunogen" OR "protein 
immunogens" OR "protein adjuvant" OR "protein adjuvants" OR "peptide 
immunogenicity" OR "peptide immunogen" OR "peptide immunogens" OR 
"peptide adjuvant" OR "peptide adjuvants" OR "toxin immunogenicity" OR 
"toxin immunogen" OR "toxin adjuvant" OR "toxin adjuvants" OR 
"immunogenic protein" OR "immunogenic proteins" OR "immunogenic 
peptide" OR "immunogenic peptides" OR "immunogen protein" OR 
"adjuvant protein" OR "adjuvant proteins" OR "immunoactive peptide" OR 
"immunoactive peptides" OR "immunoactive protein" OR "immunoactive 
proteins") 

Protein and food 
concepts #3 ((protein OR proteins OR peptide OR peptides OR toxin OR toxins) AND 

((food NOT "food and drug administration") OR feed)) 

Specific search for Cry 
Proteins #4 

((adjuvan* OR immunoadjuv* OR immunostimul* OR "immuno stimul*" OR 
immunoactiv* OR "immuno activ*" OR immunopotent* OR "immuno 
potent*" OR "immune response*" OR immunogen* OR "immune gen*" OR 
antigen* OR allergen* OR epitope* OR "B cells" OR "T cells" OR "B cell" OR 
"T cell" OR "Immunoglobulin Idiotype*") AND ((cry OR cry1* OR cry2* OR 
cry3* OR (cryI* AND (protein OR proteins OR toxin*)) OR "BT toxin*" OR 
"Bacillus Thuringiensis" OR "B Thuringiensis"))) 

((#1 AND #3) OR #2 
OR #4) #5 

(((immunogen* OR adjuvant* OR immunopotent* OR immunoactiv* OR 
immunostimulant* OR immunoadjuvant* OR "immuno potent*" OR 
"immune potent*" OR "immune activa*" OR "immuno activa*" OR "immune 
active*" OR "immuno active*" OR "immune stimulant*" OR "immuno 
stimulant*" OR antigen* OR epitope* OR "B cell" OR "B cells" OR "T cell" 
OR "T cells" OR "B Lymphocyte" OR "B Lymphocytes" OR "T lymphocytes" 
OR "T lymphocyte" OR "immune response" OR "immune responses" OR 
epitope*) AND ((protein OR proteins OR peptide OR peptides OR toxin OR 
toxins) AND ((food NOT "food and drug administration") OR feed))) OR 
("protein immunogenicity" OR "protein immunogen" OR "protein 
immunogens" OR "protein adjuvant" OR "protein adjuvants" OR "peptide 
immunogenicity" OR "peptide immunogen" OR "peptide immunogens" OR 
"peptide adjuvant" OR "peptide adjuvants" OR "toxin immunogenicity" OR 
"toxin immunogen" OR "toxin adjuvant" OR "toxin adjuvants" OR 
"immunogenic protein" OR "immunogenic proteins" OR "immunogenic 
peptide" OR "immunogenic peptides" OR "immunogen protein" OR 
"adjuvant protein" OR "adjuvant proteins" OR "immunoactive peptide" OR 
"immunoactive peptides" OR "immunoactive protein" OR "immunoactive 
proteins") OR ((adjuvan* OR immunoadjuv* OR immunostimul* OR 
"immuno stimul*" OR immunoactiv* OR "immuno activ*" OR 
immunopotent* OR "immuno potent*" OR "immune response*" OR 
immunogen* OR "immune gen*" OR antigen* OR allergen* OR epitope* 
OR "B cells" OR "T cells" OR "B cell" OR "T cell" OR "Immunoglobulin 
Idiotype*") AND ((cry OR cry1* OR cry2* OR cry3* OR (cryI* AND (protein 
OR proteins OR toxin*)) OR "BT toxin*" OR "Bacillus Thuringiensis" OR "B 
Thuringiensis")))) 

a) as performed in the database search tool 
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2.3. Grey literature search 
The literature search of online database was supplemented with a manual search for grey literature, 
to ensure no additional potential references were missed. This search was performed by accessing 
websites of agencies and authorities in EU and outside EU and by searching guidances, regulations 
and scientific opinions, including: 

¾ Food and Drug Administration (FDA) (https://www.fda.gov)  

¾ European Food Safety Authority (EFSA) (http://www.efsa.europa.eu)  

¾ Canadian Food Inspection Agency (CFIA) (http://www.inspection.gc.ca) 

¾ Australia Food Authority (NSW) (http://www.foodauthority.nsw.gov.au)  

¾ Food Safety Commission of Japan (FSCJ) (http://www.fsc.go.jp/english/)  

¾ The Norwegian Scientific Committee for Food and Environment (VKM) (https://vkm.no) 

Because of the intrinsic differences in the organization of information in each website, a different 
search strategy was implemented for each source. In general, relevant documents were searched 
using the internal search engine of the website, and different combinations of the keywords: protein*, 
peptide*, adjuvant*, immunogen*. Retrieved documents were directly assessed for relevance on the 
topic of this call, and eventually included in the final list of relevant papers. Particular attention was 
dedicated to documents reporting suggested methods for risk assessment of protein adjuvanticity and 
immunogenicity. 

 

2.4. Post-processing 
References of documents collected from PubMed, Web of Science and the grey literature were 
imported in a new database by using the Mendeley software (V 1.17.11 / 2017 
https://www.mendeley.com). The repository of data was post-processed with the software 
functionalities in order to  

i) merge data from the different searches,  

ii) remove duplicates 

iii) perform integrity check of each entry and,  

iv) correct reference citations.  

The result of this post-processing constitutes a non-redundant and complete list of entries (19764 
hits) that has been exported in EndNote format and is directly linked to documents found in the 
literature mentioning adjuvant and/or immunogenic proteins. 

 

2.5. Document filtering 

2.5.1. Review filtering 

Because documents retrieved from PubMed and Web of Science largely exceeded the capability to 
perform subsequent tasks, a specific set of documents was obtained from these searches by 
combining non-redundant results and then by filtering reviews. Reviews were identified using though 
the "review” filter when performing the searches in the PubMed and WoS. The outcome of this 
filtering gave 2309 documents that were processed further. This filtering procedure allowed to reduce 
the number of papers to analyze while maintaining the capability to cover all aspects of the call, as 
defined in the inclusion criteria (see below).  
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2.5.2. Cry protein filtering 

Because plant expression of Bacillus thuringiensis (Bt) crystal (Cry) insecticidal proteins have been the 
primary way to impart insect resistance in genetically modified crops, Cry proteins have an inherent 
importance in this assignment as described in the background of the tender specifications. Although 
deemed safe by regulatory agencies globally, previous studies on Cry proteins have been the basis for 
discussions around the potential immuno-adjuvant effects of Cry proteins. For this reason, the specific 
query reported in Table 1 was devised to keep into account all relevant documents on Cry proteins. It 
is noted that, papers reporting description of Cry proteins not related to Bacillus thuringiensis were 
not considered further. This search was included in both PubMed and Web of Science searches by 
keeping into account not only review but also articles. 

The search on Cry proteins yielded a total of 1043 hits. 

 

2.6. Literature relevance assessment 

2.6.1. Inclusion criteria 

Inclusion criteria were thoroughly consulted with EFSA during the assignment and are depicted in 
Table 2. 

Criteria from I to V were included in the tender specifications and were considered as defined by 
EFSA. 

Criteria VI was specifically created in order to consider the inherent importance of Cry proteins for the 
aim of the tender, consistently to the specific search as described in Section 2.5.2  

Criteria VII was proposed by the tenderer and agreed with EFSA in order to keep into account 
documents that are relevant for the aim of the call by are not specifically included in the previous 
inclusion criteria. 

Table 2:  Description of inclusion criteria and numbering used in the present document 

 Description of inclusion criteria 
I Classification of adjuvants and immunogens 

II Structural and functional characteristics of adjuvants and immunogens and mechanisms 
underlying an adverse effect due to the inherent characteristics of a protein 

III The conditions under which a protein may (de)regulate the immune response on its own or 
towards another bystander protein 

IV A list of proteins in food/feed with an adjuvant and an immune stimulatory capacity 
V Available methodologies for risk assessment of protein adjuvanticity and immunogenicity 
VI Adjuvanticity and immunogenicity and of Cry proteins 

VII General strategies to increase or decrease the immune response through adjuvant and 
immunogenic behaviour of proteins 

 

 

2.6.2. Performance of the assessment 

The selection of documents after filtering (Section 2.5) was analyzed for their relevance against 
inclusion criteria. The assessment was performed consistently to EFSA guidance3 with some 
exceptions described below. The relevance of documents has been evaluated by checking if the 
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analysed text contained relevant information on inclusion criteria (Table 2) and described a real 
scientific relationship between a protein/peptide and its adjuvant and immunogenic effects. 

Because of the large number of selected documents, the review assessment was performed by at 
least one team member. Thus, for each selected document, the expert performed the following 
actions: 

• Assessed the relevance by checking if relevant keywords (title and abstract) described a real 
scientific relationship between a protein/peptide and its adjuvant and immunogenic effect 
and/or suggested the presence of relevant information on the points included in the inclusion 
criteria. 

• In some cases, the expert decided to parse the full-text when deemed necessary to assess 
the relevance of the document or to ask a second opinion to another member of the 
reviewing team. 

• Annotate the document confirming the relevance of the article. 

 

2.6.3. Eligibility criteria 

As a general rule, papers not falling into one or more of the inclusion criteria were flagged as not 
relevant; some other specific exclusion criteria were also applied in order to exclude documents 
retrieved by search queries but not relevant to the present study, such as: 

• Papers related to allergenicity only (e.g. description of allergens and allergic reactions, cross-
reactivity) unless they underpinned useful information for the risk assessment of adjuvanticity 
and immunogenicity of proteins and peptides in food/feed, as described in section 1.2.2.1. 

• Papers involving description of biopharmaceuticals only (e.g. monoclonal antibodies and 
vaccines) administered via parental routes which are not the focus of this call while, in the 
context of food/feed and as specified in the tender specs, the oral and respiratory routes of 
administration were considered relevant also for biopharmaceuticals. 
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3. Assessment/Results 

3.1. Systematic and comprehensive critical evaluation of the 
information and methodologies and the usefulness of those for 
the food/feed safety assessment of proteins 

3.1.1. Classification of adjuvants and immunogens 

Different classes or families of immunogenic proteins appear from the literature but do not address a 
clear classification of adjuvant and immunogens 4–30. In particular, no studies reporting comprehensive 
classification of protein adjuvants and immunogens could be found. As required by EFSA tender 
specifications, the focus was on adjuvants and immunogens and documents focusing only on 
classification of allergens were not considered. Some classification of adjuvants and immunogens can 
be found in the literature but they are not specifically related to proteins. Therefore, it appears that 
classification of adjuvants and immunogens in food/feed proteins is a gap of information that need to 
be addressed by the scientific community.  

Information related to classification of adjuvants and immunogens can be retrieved through databases 
and analysis resources of immunological interests since they allow to classify, organize and analyze 
large amount of data extracted from disparate sources. Databases focusing on immunological data, 
have become a common tool during the last years, widely and increasingly utilized by the biological 
and immunological research communities. Scientist utilizes them to aid the design and interpretation 
of experiments probing the nature of host pathogen interactions, autoimmune diseases, cancer, 
transplantation, and allergies. Most databases hosting primary data and experimental details relating 
to immune epitopes, and analysis resources that allow to analyze such data and/or predict epitopes or 
epitope characteristics in unknown antigenic systems.  

A general overview of different resources and databases currently available was reviewed by Salimi et 
al29 and Table 3 report resources that, to date, are available online. Among these, the Immune 
Epitope Database and Analysis Resource (IEDB)12 seems to be by far the most complete and used 
resource. It contains information on immune epitopes curated from the published literature and 
submitted by National Institutes of Health funded epitope discovery efforts, and stores detailed 
experimental data regarding more than 120 000 epitopes, including 3D structural data. It also 
comprises prediction tools for identifying novel antibody and T cell epitopes from genome and protein 
sequences.  

Table 3:  Database and analysis resources of immunological interest  

 Scope Year URL(a) 
Immune Epitope Database 
and Analysis Resource 
(IEDB) 

Epitope 2005 http://www.iedb.org  

SYFPEITHI Epitope 1999 http://www.syfpeithi.de  
HIV Molecular Immunology 
Database (Los Alamos) Epitope 1995 https://www.hiv.lanl.gov  

NetMHC Epitope 2003 http://www.cbs.dtu.dk/services/NetMHC/  
Epitome Epitope 2006 https://www.rostlab.org/services/epitome  
Superficial Epitope 2005 http://bioinformatics.charite.de/superficial/  
MAPPP Epitope 2003 http://www.mpiib-berlin.mpg.de/MAPPP/  
Superhapten Haptens 2007 http://bioinformatics.charite.de/superhapten/  

NetChop Human 
proteasomes 2002 http://www.cbs.dtu.dk/services/NetChop/  

PAProc Human 
proteasomes 2001 http://www.paproc.de  

IPD Immunological 2006 https://www.ebi.ac.uk/ipd/  
IMGT Immunological 1989 http://www.imgt.org  
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VBASE2 Immunological 2005 http://www.vbase2.org  
InnateDB Immunological 2008 http://innatedb.ca  

ImmPort Immunological 2005 http://www.immport.org/immport-
open/public/home/home  

Protein Data Bank Macromolecular 
structures 1998 https://www.wwpdb.org  

MUGEN Vertebrate 
genomes 2003 http://www.mugen-noe.org  

a) Database/resource have been checked for their availability online at the date of this document  

 

3.1.2. Structural and functional characteristics of adjuvants and 
immunogens 

The analysis of the literature6,9,14,15,18,22,24,27,28,31–64 revealed that structural features able to modulate 
adjuvanticity and immunogenicity were studies mainly in two contexts:  

¾ the relationship between protein structure and adjuvanticity/immunogenicity in therapeutic 
proteins 

¾ the impact of protein structure on allergenicity/cross-reactivity  

Therapeutic proteins are commonly administrated by a route different from oral, mainly intravenous or 
intramuscular while allergenicity/cross-reactivity is not the main topic of the present call. However, for 
both aspects, some studies in this context could be useful to derive general considerations on how the 
adjuvanticity and immunogenicity of a protein could be affected by its structural features.  

The literature on the relations between the immunogenicity of the therapeutic proteins and their 
structural properties was reviewed by Hermeling et al48. Proteins are complex molecules where a small 
change at a particular site of the sequence may result in a major change in their overall properties. In 
general, it is difficult to relate a particular change in protein structure to a change in immunogenicity. 
Differences in primary sequence often explain the different immunogenicity of protein from different 
species; a simple example is insulin, where little variations (1aa) in primary sequence among human, 
porcine and bovine protein will probably induce a small conformational change that leads to different 
immune response. The impact of a single mutation on the immunogenicity is obviously dependent on 
the position and the type of amino acid involved. However, drawing general principles regarding the 
influences of the primary structure on adjuvanticity/immunogenicity appears not to provide robust 
models or conclusions. Other protein modifications, such as glycosylation or physical and chemical 
degradation could have an impact on immunogenicity, but also in this case, no general rule can be 
devised. To date, aggregation of proteins however has been generally shown to increase the 
immunogenicity of various therapeutic proteins48 and is discussed below. 

Two categories of IgE-binding epitopes, linear and conformational, are generally considered to occur 
in food allergens. Conformational epitopes occur when either the secondary or the tertiary structure of 
the allergen is required before IgE will bind. In contrast, linear epitopes only require the primary 
amino acid sequence of the allergen for IgE to bind. While this is not a general rule, conformational 
IgE-binding epitopes are known to be important for the etiology of aeroallergen-mediated allergic 
reactions while linear epitopes are known to be relevant for food allergens mainly because the 
immune system encounters them only after they have been partially denatured and digested by the 
human gastrointestinal (GI) tract. Some major linear IgE-binding epitopes and its critical core amino 
acid residues have been identified and mapped in major food allergens, such milk, soy, walnut, 
shrimps, chicken eggs and peanuts and structural database of allergenic proteins have been 
established. However, no obvious sequence motif shared by all peptides could be identified. 
Therefore, while bioinformatics tests relying on only sequence are able to filter non-allergenic 
proteins, the overall sequence identity is not the only determinant for allergenicity and additional 
quantitative descriptors are deemed to be necessary for reliable computational predictions47. Of note, 
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FAO/WHO/CodexAlimentarius reports that cross-reactivity between a query protein and a known 
allergen has to be considered when there is (a) more than 35% identity in the amino acid sequence of 
the query protein using a window of 80 amino acids and a suitable gap penalty, or (b) identity 
contiguous amino acids of the query protein in a known allergen2,65. 

Other aspects of protein structure likely to be relevant for adjuvanticity and immunogenicity are 
solubility, stability, size, and the compactness of the overall fold. These aspects reflect dependency of 
allergenicity on transport over mucosal barriers and susceptibility to proteases. Even if most allergens 
can be grouped into a small number of structural classes, a specific fold characterizing allergenic 
protein was not identified, and few, if any, structural features are currently known to be common for 
allergens, which rather shows wide variety of secondary structure and folding. Therefore, other 
features than structure are likely to be more relevant for allergenicity. However, observing available 
3D structure of allergenic proteins, it is becoming clear that they could be grouped into a limited 
number of functional or folding families, according to the classification of families and domains 
reported in the Pfam database. A work from Dall’antonia et al.66 summarized the existing structural 
information on allergens and their classification in protein fold families, identifying 19 different families 
among more than hundred non-redundant allergen structures. The study highlights also the different 
amino acid composition of epitopes and diversity of the resulting physicochemical properties, such as 
flexibility, solvent accessibility, lipophilicity and electrostatic potential, so that no common rules for 
allergen-antibody binding sites could be derived. 

Cross-reactivity is largely determined by structural aspects: two proteins are cross-reactive only 
(almost) if they share structural features67. All IgE cross-reactions described so far have been found to 
reflect shared features on the level of both primary and tertiary structure of the cross-reactive 
proteins. Whereas all cross-reactive proteins have a similar fold, the opposite is not true: proteins with 
a similar fold are not necessarily cross-reactive. This is partially due to the immunological tolerance 
induced by autologous proteins with a similar fold. In the absence of similarity in folding with 
allergens, protein cross-reactivity is virtually excluded67,68. If similarity in folding is observed, cross-
reactivity needs to be investigated. A study from R. Aalberse67 analyzed a series of allergenic proteins 
of which the protein folds are either known or can be predicted on the basis of homology, and 
identified four structural families: (1) antiparallel β-strands (2) antiparallel β-sheets intimately 
associated with one or more α-helices (3) (α+β) structures, in which the α- and β-structural elements 
are not intimately associated and (4) α-helical. The conclusion is that allergens have no characteristic 
structural features other than that they need to be able to reach (and stimulate) immune cells and 
mast cells. Thus, the varied structures of allergens suggest that allergens may not have a specific 
common domain, but that any antigen can be allergenic if they have an ability to bind IgE and 
stimulate allergenic responses68. The information on the atomic details of allergen structures indicates 
that allergens are heterogeneous, also from a structural point of view. Even if some folds are less 
prevalent among the currently known allergens, none of the protein folds seem to be incompatible 
with allergenicity. Another review describing structural features of allergen epitopes has been 
published43; according to this study, IgE-binding epitopes would tend to be flat, whereas the known 
non-allergenic epitopes are more likely to be protruding/convex. However, there is not yet enough 
evidence that a flat surface is a common feature of IgE antibody-binding epitopes.  

 

3.1.3. Conditions under which a protein may (de)regulate the immune 
response on its own or towards another bystander protein 

In this category, the word “condition” is referred to a person's or animal's state of health or physical 
fitness and the factors or prevailing situation influencing the performance or outcome of a process. 
We included, for instance, conditions of host as well as conditions of administration of an immunogen 
such as industrial processing, heating and food matrix. The analysis of the literature revealed that 
various factors can affect the propensity of a protein to stimulate an immune response 32,69–97.  
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In addition, an interesting point of view to better elucidate conditions under which a protein may 
deregulate the immune response concerns the design and engineering of deimmunized 
biotherapeutics98. Even in this field, the assessment of biotherapeutic immunogenicity is recognized to 
be a complex and multifaceted problem. Biotherapeutic protein engineering is achieved with a variety 
of different approaches that have been pursued to mitigate immunogenicity, including shielding 
proteins with chemical or biological blocking moieties (e.g., PEGylation, XTENylation, PASylation or 
reductive methylation), explicitly training the immune system to tolerate proteins, or implicitly 
rendering proteins tolerable by humanization, with emerging new engineering techniques for 
antibodies as well as non-immunoglobulin proteins. Since there are a growing number of deimmunized 
biologics, either moving towards or currently in human trials, it is expected that deimmunization 
technologies will have a profound impact on the biotherapeutics space and key opportunities will 
include both better versions of approved drugs with known immunogenicity issues and innovative new 
drugs whose therapeutic potential has yet to be tapped due to immunogenicity concerns. In the 
context of this call, it appears that key questions concerning protein biotherapeutics might be in the 
future insightful for assessing protein adjuvanticity and immunogenicity in food/feed, including what 
fraction of immunogenic epitopes must be deleted to deimmunize a protein, what fraction of patients 
exhibiting an immune response, whether a deimmunized biologic elicits a response in a significant 
fraction of patients, and what is the strength of the immune response of a deimmunized protein.  

Because different known contributing factors that can all influence the adjuvanticity and 
immunogenicity of a protein, it becomes difficult to dissect the deregulation of the immune response 
when more than one factor occurs simultaneously. Examples of these factors include, administration-
related factors such as the dosing regimen, duration, frequency, route of administration, patient-
related factors like genetic variants, aging or health state (inflammation, concurrent medications, etc), 
or protein-related factors such as pre-processing, protein association/aggregation, glycosylation, 
digestion and impurities. 

The literature retrieved is largely dominated by papers explaining the effects of different kind of 
processing (heating, digestion, etc.) on the allergenicity of food proteins. Other relevant conditions for 
adjuvanticity and immunogenicity, such as protein aggregation, are discussed in the context of 
therapeutic proteins or vaccines. While therapeutic proteins or vaccines are generally not administered 
via the oral route, and thus are not the main topic of this call, general considerations could be drawn 
on how adjuvanticity and immunogenicity of a protein could be affected by the above-mentioned 
external factors, in particular where allergenic behavior can be enhanced by adjuvants. 

Jiskoot et al. reviewed some critical effect that may contribute to protein immunogenicity in the 
context of therapeutic proteins94. Obviously, the route and site of administration will affect the 
biodistribution of a protein, its residence time, and the likelihood to encounter antigen-presenting 
cells, and therefore its immunogenicity. However, variations in dosing schedule or in vivo unexpected 
effects could contribute to different results in measured immunogenicity.  

3.1.3.1. Aggregation and precipitation 

Aggregation is a broad term, encompassing the interactions which result in the self-association of 
protein molecules into assemblies other than the native quaternary structure. Protein aggregates 
include a diverse range of protein assemblies that can differ in their biochemical and biophysical 
characteristics. They can range considerably in size, from dimers up to subvisible and visible particles, 
they can involve covalent or non-covalent linkages, be ordered or disordered in structure, soluble or 
insoluble, and their formation can be reversible or irreversible. Aggregation and precipitation have 
been speculated to increase the risk of immunogenicity response74. However, clinical evidence in 
humans is missing and animal and in vitro data are in conflict given that experiments usually include a 
variety of degradants and not only protein aggregates. Transgenic mice data with purified protein 
particles or highly oxidized particles suggested that proteinaceous particles themselves do not lead to 
increased immunogenicity in mice, whereas heavily oxidized particles do99. 
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3.1.3.2. Thermal Processing 

Foods and feed are subjected to thermal processing mainly to preserve them by inactivating microbes 
(high temperature treatment), to improve their sensory qualities (e.g., flavor, texture, taste, and 
smell) or to obtain another food product or ingredient from a food source (e.g., protein isolates, 
cheese, oils). From a biochemical perspective, thermal processing promotes chemical and physical 
changes of food proteins, and affects protein conformation, and therefore allergenicity and 
immunogenicity, by promoting interactions of food proteins with other components present in the 
food matrix. Changes in secondary structure start to occur at temperature above 55°C, and tertiary 
structure are loss above 70°C. Protein denaturation may result in protein aggregation and cross-
linking between amino acids. Moreover, if sugars are present during the heat treatment, the free 
amino groups of side chains of amino acids can be blocked due to the Maillard reaction. These 
conformational changes may also affect digestion and absorption of protein and the recognition by the 
immune system. The effects of this reaction on immunogenicity and allergenicity of food proteins 
were reviewed extensively by Teodorowicz et al80 and Gupta et al69; in general, many studies have 
revealed a clear effect on digestibility, bioavailability, immunogenicity and consequently allergenicity 
of food proteins. Biochemical and conformational changes of proteins caused by Maillard reaction may 
result in masking of existing antibody binding epitopes, but also in creating new structures that are 
more immunogenic and are thus able to promote the initiation of IgE-mediated allergies. The effects 
of several food processing on allergenicity was also extensively reviewed70,76–78,83,88,92,97, highlighting 
that, depending on intensity of treatment and molecular characteristics of a food protein, allergenicity 
can be increased, decreased or remain unaltered by the processing method. Microbial fermentation 
and enzymatic or acid hydrolysis seems to have the potential to reduce allergenic integrity and 
allergenicity to such an extent that reactions will not be elicited but, in general, food processing may 
influence but not abolish completely the allergenic potential of proteins.  In conclusion, thermal 
processing provides many beneficial effects, but also brings major changes in allergenicity that are 
highly complex and not easily predictable as there are different chemical pathways leading to distinct 
patterns of modifications100. For the risk assessment point of view, it is therefore clear that a deeper 
understanding of thermally induced chemical changes would be essential, for instance, to achieve 
more effective quality control protocols.  

3.1.3.3. Digestion 

Protein digestion has been mainly studied for allergens which data are of inspiration for assessing risk 
assessment of adjuvant and immunogenic proteins in food and feed. The allergenicity risk assessment 
usually includes an evaluation of protein stability to digestion, under the premise that intestinal 
exposure would be directly linked with this property. Nevertheless, stability to digestion is not a 
necessity for a dietary protein to act as an allergen. The data presented on susceptibility of food 
allergens to gastric (pepsin) as well as gastro-duodenal digestion (pepsin, followed by trypsin and 
chymotrypsin) clearly illustrates that even major allergens may be extremely labile as intact proteins, 
being digested to small peptide fragments within few minutes101,102. No clear correlation exists 
between the profile of digestion products and associated risk of allergenicity, therefore caution should 
be taken when extrapolating allergenicity of proteins from digestibility studies alone, which should be 
complemented by an evaluation of the allergenicity of the generated peptide fragments102,103. It has 
been hypothesized that the poor correlation between purified protein digestion and the allergenic 
status of proteins might be due to the exclusion of plant matrix components or alterations in protein 
structure during the purification process, but a study from Schafer et al. showed that digestion results 
with genetically engineered proteins in seed/grain extracts, and with purified proteins from microbes, 
were comparable91. 

3.1.3.4. Food matrix  

Foods are complex multicomponent mixtures that can contain, in addition to proteins, 
polysaccharides, in many cases interacting as mixed biopolymers. The food matrix has been 
suggested to affect the allergenic properties of orally administered proteins by providing adjuvant 
stimuli to the specialized gut mucosal immune system or by protecting them from digestion. For 
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example, the IgE-binding of egg allergens is considerably increased in the presence of pectin, gum 
arabic and xylan, functional biopolymers commonly used in the food industry, and their susceptibility 
to digestion is diminished as compared with the isolated proteins, since it is known that the presence 
of soluble polysaccharides commonly used in the preparation of a wide range of foods, as stabilizers, 
thickeners and emulsifiers, reduces protein digestibility71. In the same way, purified peanut allergens 
possess little intrinsic immune-stimulating capacity in contrast to a whole peanut extract, and the 
presence of a food matrix enhanced the immune response to the individual allergens. Peanut consists 
of proteins, carbohydrates and fatty acids, and all these different components, and their interactions, 
may be responsible for an intrinsic adjuvant effect86. These studies underline the importance of the 
food matrix in the digestibility of food allergens and in their potential to trigger an immune response. 

3.1.3.5. Immunomodulators 

As for other sections, immunomodulators have been mainly studied for allergens but risk assessment 
considerations of adjuvant and immunogenic proteins in food and feed can be done. Associated 
molecules, such as other proteins, carbohydrates and lipids, may influence the host response to the 
allergenic proteins as they are in contact with the allergen or co-liberated from the allergen carrier. 
There are many examples of such immune-regulators contributing to the enhancement of allergic 
responses or exerting a preventative role, thus dampening allergic reactions. Relevant examples of 
intrinsic allergen-associated immunomodulators are lipocalins, lectins, caseins, iron chelators, plant 
lipid transfer protein or glycoproteins; extrinsic immunomodulators are toll-like receptor ligands, 
lipopolysaccharides, beta-glucan and chitin32. Interestingly, proteins and peptides have been shown to 
enhance the interaction of an immunomodulator with the IS via increased immunostimulation and this 
behavior, in the context of drug delivery, is used to enhance oral delivery and achieve depot effects104. 
Immunomodulators as adjuvants are mainly studied in the context of vaccines since the effectiveness 
of many of them currently in use is due in part to adjuvants, i.e. molecules that have little 
immunogenicity by themselves but which help enhance and appropriately skew the immune response 
to an antigen105. Valuable example of proteins with immunomodulating with adjuvant capability are 
cytokines as endogenous immunomodulators and host defense peptides (HDPs) as exogenous 
immunomodulators105. Other examples of protein/peptide molecules with immunomodulatory 
capability are reported in Section 3.1.7.  

3.1.3.6. Aging  

Aging results in a phenomenon known as immunosenescence. While immunosenescence has protean 
effects on the health of the organism, it can particularly impair the host’s ability to defend itself 
against microbial invasion by pathogens such as bacteria and viruses. This results from defects in 
innate and adaptive humoral and cellular immunity. Specific factors that have been shown to be 
associated with this response are chronological age, body mass index (BMI), CD28 expression on CD8 
T-cells, telomerase reverse transcriptase (TERT) and T-cell receptor excisions circles (TREC)72. The 
changes of the innate and adaptive immune system during aging was reviewed by Hasler et al87. 
Several changes related to aging have a bearing on defence against infection diseases and 
autoimmunity, such as defective clearance, inflammation, age-related post-translational modification 
of proteins, infections and neoplasia. 

3.1.3.7. Microbiota  

The intestinal microbiota is likely to have multiple complex roles in initiating, regulating, and 
promoting allergic sensitization. In the healthy state, the microbiome stimulates the intestinal mucosa 
to produce a protective mucous layer that reduces the ability of food allergens to cross the epithelial 
barrier and gain access to the systemic circulation. Defects in innate or adaptive bacteria-induced 
barrier protective responses might exacerbate genetic pre-dispositions that render the host 
susceptible to allergen contact and entry and elicit direct or indirect stress in the epithelial barrier, 
particularly in the skin or intestinal mucosa.  Microbiome-modulating strategies might be efficacious 
either as a preventive therapy (to restore functionality in the context of environmentally induced 
dysbiosis) or as an adjunctive treatment co-administered with orally administered allergens93. 
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3.1.4. List of proteins in food/feed with an adjuvant and an immune 
stimulatory capacity 

Vast information on the literature concern proteins and peptides with allergenic properties 
6,8,10,14,28,35,38,49–52,58,59,64,71,78,85,97,106–126. As mentioned, allergenicity is not the main topic of this call and 
subtle differences exist between adjuvanticity, immunogenicity and allergenicity definitions. Therefore 
we discussed immunomodulators in section 3.1.3.5 and, more in general, strategies to increase or 
decrease the immune response in section 3.1.7. 

When considering the immunogenicity of proteins injected directly into the body (i.v., intravenously; 
s.c., subcutaneously; or i.p., intraperitoneally), all proteins except for self-proteins are basically 
immunogenic, and some could be also allergenic. Conversely, the assessment of immunogenicity and 
allergenicity of proteins which are ingested as food or feed is more complicated because several 
factors could affect oral immunogenicity and allergenicity, such as enzymatic degradation and oral 
tolerance. In the context of immunogenicity/allergenicity assessment of protein in food, these two 
terms are often used as synonyms, where the word “immunogenic” is often used to specify a 
molecule able to stimulate the immune system but also to induce an overreaction, or namely an 
allergic reaction. A common hypothesis behind this is that commonly allergenic foods are intrinsically 
more immunogenic than rarely allergenic or nonallergenic foods in allergy-susceptible hosts. This 
hypothesis is not always true, as shown by the study of Birmingham et al123 where groups of mice 
were injected intraperitoneally with the protein extracts (plus alum as an adjuvant) from chicken eggs, 
peanuts, almonds, filberts-hazelnuts, walnuts, soybeans, and wheat (commonly allergenic foods) and 
coffee, sweet potatoes, carrots, white potatoes, cherries, lettuce, and spinach (rarely allergenic and 
nonallergenic foods). The study demonstrates that: (i) foods vary widely with regard to their relative 
immunogenicity in allergy-susceptible hosts and (ii) intrinsic immunogenicity in mice does not 
distinguish commonly allergenic foods from rarely allergenic or nonallergenic foods. As a 
consequence, the results of the literature search to find “proteins in food/feed with an adjuvant 
and/or an immune stimulatory capacity” is largely dominated by studies related to allergenicity, which 
on its own is not the focus of the present tender. As requested by the EFSA tender specifications, we 
focused our attention on studies reporting adjuvanticity and immunogenicity in food and feed but, 
since allergenicity is an interconnected concept, allergen literature has been considered to retrieve 
relevant information for this assignment. 

Adjuvants may be selected in food immunotherapy for their ability to suppress the acute allergic 
reaction and/or modulate the underlying allergic immune response, respectively127. Of note, adjuvants 
and other co-formulants used in therapeutic agents, feed additives and pesticide formulations have 
long been considered inactive ingredients and legal regulations of the approval and marketing of these 
additives specified significantly less stringent risk assessment requirements than those specified for 
the active ingredients127. Nevertheless, a growing number of studies have shown additive, synergistic, 
or antagonistic side effects between active ingredients and their additives in formulated products 
purporting the idea that adjuvant behavior in food and feed need to be considered more carefully. For 
instance, a thorough toxicological evaluation of surfactants and other additives is essential for proper 
risk assessment of formulations, not only those used in agriculture, animal husbandry and plant 
protection, but also formulation of food and feed127. In food, we identified essentially caseins and 
lectins proteins with immunomodulatory effect but, for lectins, it is also identified their adjuvant 
potential. Lectins are a complex group of proteins and/or glycoproteins of non-immune origin, 
possessing at least one non-catalytic domain which binds reversibly and specifically to 
monosaccharides, oligosaccharides and glycoconjugates. These proteins have also been named 
agglutinins or hemagglutinins and are found as monomers, homo- and heterodimers, as well as homo- 
and heterotetramer molecules, and they are widely distributed in nature. Lectins are ubiquitous 
proteins and have been isolated from viruses, fungi, bacteria, invertebrates, unicellular organisms, 
animals and plants. Several plant lectins exert immunomodulatory activities that are initiated by their 
interaction with glycan’s moieties present over the surface of immune cells. Such interaction may 
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trigger signal transduction, to produce certain cytokines and induce efficient immune responses 
against tumors or microbial infections. A study from Lavelle et al.126 reported that certain plant lectins, 
in particular lectins extracted from European mistletoe (Viscum Album), are strong mucosal 
immunogens, and are able to stimulate systemic and mucosal antibody responses after oral or 
intranasal delivery. A strong mucosal adjuvanticity of mistletoe lectins was also demonstrated using 
intranasal and oral administration and compared with known adjuvant such as cholera toxin121,122,124. A 
recent review was published by Souza et al113 on the immunomodulatory effect of plant lectins. The 
review discusses plant lectins that exert immunomodulatory effects, in particular ArtinM (Artocarpus 
heterophyllus lectin manose binding), and the mechanisms accounting for these activities concluding 
that some plant lectins exerting immunomodulatory activity are able to positively modify the immune 
response to certain pathological conditions, such as cancer and infections. 

 

3.1.5. An identification, classification and general description of in silico, 
in vitro and in vivo available methodologies that might be 
employed for the risk assessment of adjuvanticity and 
immunogenicity of proteins 

In this category the reviewing team considered documents concerning identification, classification and 
general description of in silico, in vitro and in vivo available methodologies that might be employed for 
the risk assessment of adjuvanticity and immunogenicity of proteins (diverse safety areas considered, 
e.g. food and feed safety, pharmaceuticals, medicine, immunotherapy, etc), as specified in tender 
specifications. A vast literature has been collected 30,94,115,118,120,125,128–183 and is discussed below. 

3.1.5.1. In silico models 

Predictive immunogenicity screening often involves more than one approach, as each method has 
strengths and weaknesses. A first step in the process may be to screen a protein for the presence of T 
cell epitopes by sequence analysis in silico. The core residues of the T cell epitope sequence that 
mainly define the affinity and stability of binding to HLA pockets are limited in length to 9–10 amino 
acids, thus prediction of T cell epitopes based on the amino acid sequence of a peptide for risk 
assessment is computationally feasible when sufficient information on a set of peptides that are 
known to bind to a particular MHC is available. For instance, considering the context of IgE-mediated 
allergy where the knowledge on HLA phenotyping is still limited, in silico prediction methods may have 
limited robustness because of the limited set of peptides that would constitute a reliable data training 
set. Nevertheless, useful databases such as the Immune Epitope Database Analysis Resource are 
expected provide the raw material for developing T cell epitope prediction tools. A brief overview of 
most popular T cell epitope mapping tools is reported in the table below. A common denominator 
among these tools is the ability to quickly screen large datasets, including whole genomes or 
proteomes, for putative T cell epitopes. While methods are reviewed in strength and limitations by 
different studies 136,143,148,151, their application in risk assessment of adjuvanticity and immunogenicity 
of proteins in food and feed remains an open challenge. 

Table 4:  Overview of most popular T cell epitope mapping tools 

Name of the service Mapping tool URL 
Bimas  http://bimas.dcrt.nih.gov/molbio/hla_bind 
SYFPEITHI  www.syfpeithi.de 
EpiDirect  http://epipredict.de/index.html 
NetMHCpan  www.cbs.dtu.dk/services/NetMHCpan 
HIV  http://hiv.lanl.gov/content/hiv-db/ALABAMA/epitope_analyzer.html 
TEPITOPE  www.vaccinome.com 
RANKPEP  http://bio.dfci.harvard.edu/Tools/rankpep.html 
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MHC-BPS  http://bidd.cz3.nus.edu.sg/mhc 
MHCpred  www.jenner.ac.uk/MHCPred 
EpiJen  www.jenner.ac.uk/EpiJen 
SVMHC  www-bs.informatik.uni-tuebingen.de/SVMHC 
ProPred  www.imtech.res.in/raghava/propred 
ProPred-I  www.imtech.res.in/raghava/propred1 
nHLAPRED w ww.imtech.res.in/raghava/nhlapred/neural.html 
IEDB  www.immuneepitope.org 
AntiJen  www.jenner.ac.uk/antijen/aj_mhc.htm 

 

3.1.5.2. In vitro methods  

Several review have been published regarding the development and validation of different assay 
formats to measure antibodies specifically generated against a specific protein, mainly in the context 
of the development and safety evaluation of biotherapeutics proteins132,156,169. Current methods are 
summarized in the table below. Recent progress in technological approaches that are useful for the 
clinical and non-clinical risk assessment of immunogenicity was also described in literature178. 

Table 5:  Overview of in vitro methods  

Type of Assay General Description Advantages Disadvantages 
Direct/Indirect ELISA Serum or plasma 

samples are incubated 
with the immobilized 
antigen and the bound 
antibody detected using 
an enzyme-labelled anti-
immunoglobulin reagent 
of appropriate specificity 
conjugated to an 
enzyme (for example, 
alkaline phosphatase, 
horseradish peroxidase), 
or a small molecule, (for 
example, biotin), which 
acts to amplify the signal 
following binding of an 
enzyme conjugate, (for 
example, streptavidine-
alkaline phosphatase). 
The final colour due to 
enzyme substrate 
addition is directly 
proportional to the 
antibody concentration 
in test samples and is 
measured 
spectrophotometrically. 
Direct/indirect methods 
refer to the 
immobilization of 
antigen or the capturing 
agent respectively. 

x Easy to use and 
automate 

x High through-
put 

x High 
therapeutic 
tolerance 

x Inexpensive 
x Generic 

reagents and 
instrument 

x May bind non-
specifically 

x High 
background 

x May fail to 
detect low-
affinity 
antibodies 

x Requires 
species specific 
secondary 
reagent 

Bridging ELISA As above but uses the 
antigen both for 
capturing the antibody 

x Easy to use and 
automate 

x High through-

x Antigen 
labelling 
required 
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and for detection. The 
antigen is appropriately 
conjugated or tagged 
such that a colorimetric 
signal is developed. 

put 
x Low 

background, 
High 
therapeutic 
tolerance in 
solution phase 

x High specificity 
(dual-arm 
binding) 

x Generic 
reagents and 
instrument 

x May fail to 
detect low-
affinity 
antibodies  

x Highly 
susceptible to 
interference by 
therapeutic, 
serum 
components 
e.g., anti-
human Ig 
molecules, 
multivalent 
targets  

x May not detect 
IgG4 

Electrochemiluminescence Employs a ruthenium- 
conjugated protein 
instead of the enzyme 
conjugate. An 
oxidation/reduction 
reaction of ruthenium 
ions in the presence of 
tripropylamine generates 
an ECL reaction under 
appropriate voltage 
stimulation. Since the 
ECL instrument (MSD) 
uses carbon electrode 
plates, available as 
standard, high bind or 
precoated with 
streptavidin or avidin, 
ECL based assays may 
be developed in either 
conventional formats or 
bridging assay protocols 
as used for ELISA 

x High through-
put, large 
dynamic range  

x Minimally 
affected by 
matrix  

x High tolerance 
to therapeutic in 
solution phase  

x Detection signal 
consistent 
during life of 
TAG conjugate 

x May require 
two antigen 
conjugates  

x Antigen 
labelling 
required  

x Susceptible to 
interference by 
therapeutic, 
serum 
components 
e.g., anti-
human Ig 
molecules, 
multivalent 
targets  

x May not detect 
IgG4  

x Vendor-specific 
equipment & 
reagents 

Radioimmunoprecipitation  Serum is incubated with 
a radio- labelled antigen 
and the resulting 
antigen-antibody 
complex precipitated 
using polyethylene glycol 
or immobilized protein 
A/G or antiglobulin and 
the precipitated 
radioactivity assessed. 

x Moderate 
through-put  

x High sensitivity  
x Can be specific  
x Inexpensive 

x Can be isotype 
specific  

x May not detect 
low-affinity 
antibodies.  

x Requires 
radiolabelled 
antigen.  

x Decay of radio-
label may 
affect antigen 
stability 

Surface Plasmon 
Resonance 

The sample flows over 
an antigen immobilized 
sensor chip and 
generates a signal due 
to a change in the 
refractive index caused 
by a difference in mass 
as the analyte binds to 
the ligand. This change 

x Automated  
x Determines 

specificity, 
isotype, relative 
binding affinity  

x Enables 
detection of 
both ‘low-
affinity’ and 

x Antigen 
immobilization 
may alter 
therapeutic. 
Regeneration 
step may 
degrade 
antigen.  

x Sensitivity 
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in refractive index is 
directly proportional to 
the amount (mass) of 
binding antibody in the 
sample being tested 

high affinity 
antibodies. 

x Detection 
reagent not 
required 

often less than 
binding assay. 

x Expensive 
vendor-specific 
equipment & 
reagents 

 

In addition to the methods reported above, proteomic methods were also applied to characterization 
of allergens. Also, immune epitopes derived from such allergens can be defined using technologies 
such as X-ray diffraction or hydrogen deuterium exchange (HDX) mass spectrometry (MS). Moreover, 
proteomics can provide semi-quantitative or quantitative information regarding those molecules, for 
example, within food or environmental samples130. The main aspects of current and perspective 
applications of proteomic technologies to the study of food protein allergens (allergenomics) and 
derived peptides was critically reviewed 137,139. Interestingly, in vitro safety measures/evaluations of 
raw material/products involving plant cell, tissue, and organ culture systems as sources of food 
ingredients have been already proposed and described in the literature184.  

3.1.5.3. In vivo models 

The usefulness and drawbacks of different mouse models that have been used for evaluation of 
immune response was extensively reviewed94; an overview of main mouse model is reported in the 
table below. 

Table 6:  Overview of in vivo methods  

Mouse Model  Description Advantages Disadvantages 
Wild-type mice Evaluate murine variants 

of human proteins 
x Relevant 

model with 
murine 
immune 
system 
evaluating 
murine 
variant-
induced 
tolerance 

x Murine proteins 
are not 
necessarily 
predictive of 
human proteins 
and their 
binding to 
relevant target 

Transgenic mice The HLA transgenic lines 
are generated by 
incorporation of specific 
human HLA genes into 
murine MHC class II-
deficient mice, producing 
a mouse strain that 
expresses human class II 
HLA in the absence of 
mouse class II MHC 

x Mimic human 
subjects that 
are born with 
a specific 
tolerance to 
an 
endogenous 
protein 

x Labor intensive 
x Each protein 

that needs 
evaluation 
requires a new 
transgenic 
mouse to be 
bred 

x Need additional 
characterization 
for confirming 
the presence of 
transgene 

Xenomouse “Humanized” mice 
engrafted with a 
functional human 
immune system. 
Immunocompromised 
mice, utilized as 
recipients to facilitate 
acceptance of human 

x Can respond 
to neo-
antigens 

x Tolerant to 
human IgG  

 

x Weak B cell 
signaling 

x Unable to 
mount robust 
immune 
response to 
molecules with 
low 



Adjuvanticity/immunogenicity assessment of proteins 
 

 

 
www.efsa.europa.eu/publications 28 EFSA Supporting publication 2019:EN-1551 

The present document has been produced and adopted by the bodies identified above as authors. This task has been carried out exclusively by the authors in 
the context of a contract between the European Food Safety Authority and the authors, awarded following a tender procedure. The present document is 
published complying with the transparency principle to which the Authority is subject. It may not be considered as an output adopted by the Authority. The 
European Food Safety Authority reserves its rights, view and position as regards the issues addressed and the conclusions reached in the present document, 
without prejudice to the rights of the authors. 
 

  

tissue, are engrafted with 
functional human 
hematopoietic stem cells 
(CD34+), liver, and 
thymus. The result is a 
cohort of mice in which 
human myeloid and 
lymphoid lineages are 
reconstituted from a 
single human donor, and 
the interactions of these 
cells in a complex 
biological environment 
can be studied. 

immunogenic 
potential 

x May not be 
sufficiently 
robust and 
sensitive to 
detect small 
changes in 
attributes 

 

The detailed influence of several key factors in the establishment of a mouse model protocol for 
allergy, such as mouse genders, genetic background of mouse strains, routes of sensitization, nature 
of food allergens and usage of adjuvants was discussed by Liu et al129. The use of other animal 
models in the context of risk assessment of food allergic potential, such as rat, dogs and swine was 
also reported141,142,144,159. The available data suggest that the sensible use of an accurate animal 
model, along with other needed approaches, could be considerably useful in protein adjuvanticity and 
immunogenicity assessment; however, it is worth to note that currently none of the approaches have 
been validated in this context. Probably, the best approach would be using a combination of various 
models in order to replicate the genetic background as well as different environmental factors and 
conditions of exposure to risk groups. 

 

3.1.6. Adjuvanticity and immunogenicity of Cry proteins 

Microbial products derived from various strains of the common soil bacterium Bacillus thuringiensis 
(Bt) have been used as insecticides since the 1930s, and have been widely used in genetically 
modified (GM) crops to confer insect protection. Several relevant articles and reviews have been 
identified in the literature, including grey literature 36,91,185–243. 

Safety studies on extensive uses have provided robust evidence of vertebrate safety of Cry protein-
containing products, but also prompted some preliminary investigation of the potential for Cry 
proteins, like Cry1Ac, to act as medically safe vaccine adjuvants in animals. Therefore, adjuvanticity of 
Cry proteins has been investigated to explore their potential as vaccine adjuvants. 

The adjuvanticity of Cry1Ac protoxin was tested by exposing mice to microgram amount of crystallized 
or soluble form of the protein either intragastrically (ig), intranasally (in) or intraperitoneally 
(ip)194,210,213,215,220,223,225,234,235,237,238. Several studies demonstrated that Cry1Ac is a mucosal and 
systemic adjuvant as potent as other known toxins, such cholera toxin238, and it enhances mostly 
serum and intestinal IgG antibody responses, especially at the large intestine. Stronger adjuvant 
effects have been shown with recombinant soluble Cry1Ac protoxin administered to mice by the 
intraperitoneal (IP) or the intragastric (IG) route of exposure237. These features make Cry1Ac of 
potential use as carrier and/or adjuvant in mucosal and parenteral vaccines. The mechanism of action 
through which the Cry1Ac protein exerts its immunomodulatory effects on antigen presenting cells, 
such as macrophages, is unknown; two studies from Moreno-Fierros et al. showed that Cry1Ac 
activates macrophages by inducing the upregulation of CD86, CD80 MHCII and the production of IL-6, 
TNF-α and MCP-1, and these effects are mediated by MAPK pathways and the transcription factor NF-
kB202,244. A direct interaction of Cry1Ac protein with HSP70 was also demonstrated by the same group 
in a more recent publication where purified Cry1Ac was used alone for MAPK or antibody-based co-
immunoprecipitation assays, while for binding and endocytic assays, it was covalently conjugated with 
FITC or Cy5 or with biotin and tested macrophage culture RAW264.7 cells cultivated in DMEM195. 
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Despite these clear results, other studies highlight different results on toxicity and adjuvanticity of this 
protein. For instance, the in silico analysis of the amino acid full-length sequences of Cry8Ka5 and 
Cry1Ac revealed no relevant similarity to sequences of known toxic, antinutritional and/or allergenic 
proteins deposited in the NCBI database. Search for similarity in primary amino acid sequences of 
Cry8Ka5 and Cry1Ac proteins in different databases of proteins showed no identity (as per Codex 
Alimentarius and EFSA >35%) with any allergens 192. The fusion protein Cry1ab/Ac was also tested 
revealing that this protein does not possess the characteristics associated with food toxins or 
allergens, i.e., it has no sequence homology with any known allergens or toxins, and no N-
glycosylation sites, can be rapidly degraded in gastric and intestinal fluids, and is devoid of adverse 
effects in mice by gavage at a high dose level of 5 g (Cry1Ab/Ac protein)/kg body weight214. 
Therefore, the analysis of sequence similarity is not expected to provide information able to predict 
potential adjuvant or immunogenic effects of Cry proteins. Finally, an in vivo study examined the 
potential influences of GM Bt rice on the immune system of cynomolgus monkeys, stating that 
monkeys fed on a diet of GM rice containing the Cry1Ab/Ac gene for 6 months did not exhibit adverse 
immunotoxicological effects186.  

The potential adjuvanticity of Cry1Ab (a protein with 86% amino acid homology to Cry1Ac) has been 
investigated in several studies. In a mouse model of peanut allergy Cry1Ab did not demonstrate 
adjuvant effects on oral sensitisation to peanut when compared to the effects of cholera toxin in 
similar conditions218. The same authors also demonstrated the high resistance to digestion of this 
protein under specific experimental conditions 211, a property shared by some of the dietary proteins 
known to sensitize atopic patients by the gastrointestinal route. However, while the resistance of 
Cry1Ab and Cry1Ac protein to pancreatin degradation is reported, when these proteins are subjected 
to gastro-duodenal, the peptides in the simulated intestinal fluid are completely digested (US EPA, 
2010). In addition, Cry8Ka5 and Cry1Ac proteins were demonstrated highly susceptible to simulated 
gastric fluid (SGF) digestion but were resistant to simulated intestinal fluid (SIF), i.e. resistant to 
pancreatin digestion but rapidly degraded by pepsin 245,246.  

Other relevant studies examined the potential immune-related effects of Cry proteins, where oral 
exposure to the GM grain in the animals' diet was employed. This represent a key difference from 
previous studies in that purified proteins were tested instead of the whole food. It is important to note 
that, compared to treatment with purified protein, mice in this kind of studies consumed similar or 
even higher amounts of Cry1Ab protein. Reiner et al. showed that there is no adjuvant effect on an 
allergic response to a non-crossreactive protein upon Cry1Ab consumption200. Similarly, Adel-Patient et 
al. demonstrated that Cry1Ab is immunogenic when it is administered as a purified protein by the i.p. 
route, while this effect was not observed after administration of a protein extract from MON810 which 
resulted in an immune response against maize proteins but not against Cry1Ab207. Kroghsbo et al. 
reported no adverse immunotoxicological effects of Bt toxin for either the transgenic rice or the 
corresponding recombinant protein after 28 or 90 days dosing to Wistar rats, using lectin from kidney 
bean as a control216. 

A study from Finamore et al247. report that the MON810 maize, which include a DNA sequence that 
encodes a bioactive form of Cry1Ab protein, when given to both weaning and old mice for 30 and 90 
days, induced several changes to the immunophenotype of the gut, spleen, and circulating 
lymphocytes and to the level of serum cytokines. These data suggest that age was an important 
factor in the immune response to this protein. This fact is not surprising, considering that the immune 
system during weaning and aging can less efficiently or inappropriately respond to external stimuli 
than during adult age. Conversely, Walsh et al204. reported that long-term feeding of Bt maize to pigs 
did not elicit an allergic or inflammatory-type peripheral immune response. This was evidenced by the 
lack of antigen-specific antibody production and the absence of alterations in T cell populations and 
inflammatory cytokine production. Peripheral immune response to Bt maize did not appear to be age-
related, as there were no differences in cytokines, antigen-specific Ig production or T cell populations 
between pigs fed Bt maize from 40 or 70 days of age. 

Several reviews tried to summarize these controversial results about safety and immunological effects 
of Cry proteins in mammals. Rubio-Infante and Moreno-Fierros188 summarized some findings 
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regarding the Cry toxins and their effect on the immune system, reporting that these proteins may 
have inherent adjuvanticity, immunogenicity and allergenicity effects. The researcher stated that 
although the effects of these proteins on mammals could not be classified as “toxic”, they cannot be 
considered innocuous, and more investigation is required 188. 

Joshi et al. also discussed literature concerning potential adjuvanticity of the Cry proteins187. In 
summary, this review reports that studies done to assess the immunomodulatory potential of Cry1Ac 
have major flaws in the design that preclude valid interpretation. For Cry1Ab, studies were better 
executed and controlled, but evidence of reproducibility is lacking as there are no studies employing 
the same model with the same protocol. Moreover, even in the unlikely event of there being an 
identified adjuvant property of Cry proteins, the authors suggest that exposure would be negligible for 
these types of proteins since the low expression levels in seed and grains, the presence of chemical 
and thermal food processing and enzymatic digestion in the gut. The authors conclude that “it is 
highly unlikely that Cry proteins, as expressed in GM crops, have any potential to act as an adjuvant”. 

Then et al217 discussed the health risks associated with Bt toxins present in genetically engineered 
soybean and the residues left from spraying with the complementary herbicide. The article highlights 
some possible regulatory issues with the risk assessment of Bt soybean plants, in particular: “it is 
known that Bt toxins have immunogenic properties; since many allergens occur naturally in soybeans, 
these immunogenic properties raise specific questions regarding health effects that so far have not 
been taken into account during risk assessment”.  

Adjuvanticity and immunogenicity and of Cry proteins is a complex issue requiring a deep and focused 
analysis. Nevertheless, some general considerations can be made. 

x Protein immunogenicity depends on multiple factors that are related not only to the product, 
but also to the patient (e.g., disease state) and the administration regimen; since putative 
adjuvant/immunogenic effects in foods occurs mainly through the oral route, for the purpose 
of discriminating whether Cry proteins possess adjuvanticity under the expected conditions of 
dietary exposure, the oral route of administration is considered more relevant. Nevertheless, 
other route of exposure such as dermal routes or respiratory are considered and summarised 
in the following sections. 

x Unlike in silico and in vitro models, animal models provide an intact immune system; however, 
they are different from humans and the extrapolation of results from animal to human could 
be very delicate and the level of risk to human patients cannot be completely defined from 
results with animal studies. A recent study from Abolins et al248 compared the immune 
systems of 460 wild mice with mice bred in captivity. The study found that these two groups 
of mice have major differences in their immune make-up where wild mice had highly-
activated immune systems, most likely because they are more exposed to infections, and are 
also characterized by a tight control of their responses to new infections, probably to prevent 
immune-mediated disease. These results indicate that more caution on the interpretation of 
results and in extrapolating data from the lab to the wild is necessary. Nevertheless, 
laboratory mouse models will continue to be hugely important in biological and biomedical 
research. 

Based on literature retrieved, the adjuvanticity of Cry proteins in certain experimental conditions 
seems plausible. However, due to low dosage, oral route of administration, food processing and 
digestion, it is unlikely that this property could emerge as a safety issue in food. This is consistent 
with the assessment by the EFSA Genetically Modified Organisms (GMO) panel whereby they 
concluded that there is not a safety concern for the health of humans or animals that consume 
food/feed derived from GM plants containing Cry proteins. Equally, following review of relevant data in 
submitted dossiers from registrants248–251, the U.S. FDA and EPA have not, to date, considered 
additional animal toxicology studies with whole foods as necessary to confirm safety 
(https://www3.epa.gov/pesticides/chem_search/reg_actions/pip/bt_brad2/2-id_health.pdf). 
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3.1.7. General strategies to increase or decrease the immune response 
through adjuvant and immunogenic behaviour of proteins 

Eliciting an immune response is a very complex matter as the body responds to immune offence by 
inducing many processes. While different studies are valuable to understand how immunity is 
controlled, it is still apparent and a major problem in the field of immunology which of the many 
processes dominates in different circumstances and even what is the final effect of the body in terms 
of increase or decrease of the immune response 85,94,125,163,178,252–264. With all this in mind, some 
general considerations can be summarized as follows: 

x Proteins that increase immune response and whereby this effect does not represents an 
overreaction and does not results in physiological function disorder or tissue damage are 
mainly ascribed to vaccines and therapeutic proteins where, usually, the route of 
administration is different than oral 

x Proteins that increase immune response and whereby this effect represents an overreaction 
resulting in physiological function disorder or tissue damage are mainly ascribed to allergens 

x Oral tolerance, route of exposure and digestion of food proteins strongly influence the 
capacity to define increase or decrease capacity of proteins to modulate immune response 

Owing that the scientific fields is moving at a fast pace (see Chapter 4) and the topic of immune 
response in the food/feed safety context in the European regulatory framework is more and more 
important, the following list has to be considered non-exhaustive and prone to be updated as soon as 
new findings and evidence appear in the scientific literature or other regulatory agencies. 

Table 7:  General strategies to increase or decrease immune response by means of exogenous 
proteins or peptides 

 Description Behaviour/Classification References 
Cytokines Cytokines like IFNg or GM-CSF have 

been popular for over a decade as 
effective adjuvant molecules 

Increase response, Adjuvant 265,266 

Interleukins Induction of local delayed 
hypersensitivity (DTH) is commonly 
observed after the use of Pro- 
inflammatory cytokines IL-1, IL-2, 
TNF, IFN, IL-6, IL-8 

Increase response, Adjuvant 265,267 

Bacterial flagellin Bacterial flagellin is an effective 
adjuvant for CD4+ T cells in vivo 

Increase response, Adjuvant 265,268 

mHSP70 Mycobacterial heat shock protein 70 
(mHSP70) 

Increase response, Adjuvant 265,269 

Amino acids Various tissues and alternatively 
activated macrophages and 
monocytes may consume essential 
amino acids (arginine, tryptophan, 
phenylalanine, cysteine glutamine, 
and histidine), thus denying 
important nutrients to growing T 
cells 

Increase response 270,271 

Immunoglobulin The injection of immunoglobulin (Ig) 
molecules intravenously has been 
found to reduce inflammation in 
autoimmune patients and in mouse 
models of autoimmunity 

Decrease response 271,272 

Protein allergens EFSA “Scientific Opinion on the 
evaluation of allergenic foods and 
food ingredients for labelling 

Increase response/Allergens 255,273 
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purposes” includes information on 
the prevalence of food allergy in 
unselected populations, proteins 
identified as food allergens, cross-
reactivities, the effects of food 
processing on the allergenicity of 
foods and ingredients, methods for 
the detection of allergens and 
allergenic foods, doses observed to 
trigger adverse reactions in sensitive 
individuals and risk assessment 
methodologies that have been used 
to derive individual and population 
thresholds for selected allergenic 
foods 

 EFSA “Scientific Opinion on the 
assessment of allergenicity of GM 
plants and microorganisms and 
derived food and feed” includes 
conclusions and recommendations 
are provided to update and 
complement current risk assessment 
strategies for the allergenicity 
assessment of newly expressed 
protein(s) and whole GM food and 
feed 

Increase response/Allergens 125,163,258 

 The COMprehensive Protein Allergen 
Resource, developed by the Health 
and Environmental Sciences Institute 
is a new comprehensive repository of 
protein sequences of known or 
putative allergens 

Increase response/Allergens http://compa
redatabase.o
rg/  

 Dietary proteins usually induce 
immune tolerance, but may trigger 
life-threatening immune responses in 
the case of food allergy. Several key 
stages of life (e.g. early dietary 
allergen exposures) present 
mechanistic points that might 
participate in tipping the balance 
between food protein tolerance and 
allergy 

Tolerance/Allergens 274 

Therapeutic protein 
products 

FDA outlines and recommends 
adoption of a risk-based approach to 
evaluating and mitigating immune 
responses to or adverse 
immunologically related responses 
associated with therapeutic protein 
products that affect their safety and 
efficacy, including patient-specific 
and product specific factors that that 
affect immunogenicity 

Increase response 163,275 

Lectins and 
agglutinins 

Lectins are carbohydrate-binding 
proteins present throughout nature 
that act as agglutinins. 
Approximately 30% of our food 
contains lectins, some of which may 
be resistant enough to digestion to 
enter the circulation. Shared amino 
acid motifs between dietary lectins, 

Increase response 264 
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exogenous peptides, and various 
body tissues may lead to 
immunostimulation, resulting in the 
production of antibodies against 
lectin and bacterial antigens, 
followed by autoimmunity 

Short 
immunomodulating 
peptides 

Higher levels of protection for 
efficacious vaccination regiments can 
be achieved by the addition of 
immunostimulating adjuvants. Many 
adjuvants elicit strong, undefined 
inflammation, which produces 
increased immunogenicity but may 
also lead to undesirable effects 

Increase response/Adjuvant 255 

Altered peptide 
ligands 

The basis of T cell immune 
responses is the specific recognition 
of an immunogenic peptide epitope 
by a T cell receptor. Peptide 
alterations of such T cell epitopes 
with single or few amino acid 
variations can have drastic effects on 
the outcome of this recognition. 
These altered peptide ligands can act 
as modulators of immune responses 
as they are capable of 
downregulating or upregulating 
responses 

Increase response/Decrease 
response 

259 

 

3.2. Possible risk assessment strategies for food and feed safety 
evaluation of protein adjuvanticity and immunogenicity 

As mentioned above, there is no universal predictive and validated method to assess the adjuvanticity 
and immunogenicity of proteins or protein-containing products. As specified in 1.2.2.1, allergenicity 
was not the specific focus of this call. Nevertheless the principles coming from the  guideline for 
Genetically Modified Organisms published by EFSA2,260 can be used as starting point to define an 
effective strategy to the adjuvanticity and immunogenicity risk assessment. The guideline suggests a 
weight-of-evidence approach involving an integrated case-by-case approach to be used in the 
allergenicity risk assessment of newly expressed proteins in genetically modified feed and foods. For 
adjuvanticity, it should be recognized that there is no definite test yet available. In addition, because 
the substance properties and the mechanisms causing adjuvant activity are not well known, 
experimental work to reveal adjuvant activity of a substance must first of all consist of immune 
function studies in the intact host. As already reported by EFSA, it is possible that in a near future 
adjuvant activity of newly expressed proteins or any product derived from GMOs may be assessed 
also using in vitro test such as cultures of APC in which a few of the multiple parameters that 
characterise activation, both at genomic and phenotypic levels can be determined. To date, such tests 
may not detect all mechanisms for adjuvanticity/ types of adjuvants nor allow to distinguish IgE and 
cytotoxic adjuvanticity from IgA/IgG/IgM but they would provide useful information particularly when 
used in association with animal models258. 

The application of the above-mentioned strategy to the adjuvanticity and immunogenicity risk 
assessment might require additional adjustments, as proposed also by Verhoeckx et al 276. Based on 
these findings, we suggest a general framework strategy to keep into account different aspects of risk 
assessment strategies for food and feed safety. 

 

3.2.1. General information on protein/peptides in food and feed 
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- A thorough investigation of food composition, including the source of transgene, can provide 
useful information such as:  

o History of exposure (environmental and geographic factors, previous adverse effects, 
history of safe use) 

o Taxonomy (adjuvanticity and immunogenicity of related species using phylogenetic or 
evolutionary tree) 

o Protein identification linked to the source of transgene (typically performed by LC-
MS/MS analysis and database searches after digestion of the proteins with trypsin) 

o Protein usage (how the protein is intended to be used in a food product, food 
processing and components of food matrix 

o Level of use (the expected amount of proteins that will be present in the food product 
and how often will this product be consumed)  

- The above information should be used to determine the need of experimental testing on 
adjuvanticity and immunogenicity, and therefore to select the appropriate sample (whole 
food, protein extract, hydrolyzed proteins, purified/recombinant protein, etc). 

 

3.2.2. Sequence homology 

- Most of the sequence homology comparison routines were mainly studies in the field of 
allergenicity. At present, no tool to specifically perform risk assessment on the adjuvanticity 
and immunogenicity of proteins has been designed yet. In the context of allergenicity, it 
should be noted that the mere sequence homology comparison between protein and known 
allergens could lead to misleading or unreliable conclusions. Nevertheless, the increasing 
availability of data (see 3.1.1) together with the capability to create knowledge from data 
pool, i.e. by means of data mining and artificial intelligent systems, promise to help in the 
future.  However, inconsistencies may arise when considering that it is not always true that 
known allergenic foods are more immunogenic than nonallergenic foods. Indeed, a protein 
could exert an immunogenic effect without inducing allergenic reaction and/or with poor 
similarity with known allergenic sequences, as suggested for instance by Cry proteins under 
defined condition of exposure (see above).   

- Moreover, small changes in primary sequences could lead to large variations in protein 
structure, which are often difficult to predict, thus it is challenging to estimate the influences 
of these changes on the immunogenicity behavior. 

- Despite the T-cell repertoire is highly variable and very large, the use of complete tools such 
as the Immune Epitope Database and other updated epitope prediction tools in a consensus 
approach allows to overcome most of the possible limitations of each prediction software and 
may lead to more accurate results, which could be used to roughly estimate the presence of a 
putative immunogenic sequence and therefore highlight the need of supplementary 
experimental testing. 

- The use of immunological databases and analysis resources could also compensate the 
literature gaps in classification of adjuvants and immunogens, which are largely 
underrepresented in the available databases. 

 

3.2.3. Serum Screening 

- Testing the immunogenicity of a protein involves measuring antibodies specifically generated 
against the protein. Therefore, detection and characterization of antibodies are important to 
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assess food safety, and a well devised bioanalytical strategy involving a panel of assays is 
required. A typical strategy involves a screening assay for detection based on the ability of the 
antibodies to bind to the protein complemented with a confirmatory step (e.g., adsorption 
with excess antigen). 

- All assays should be optimized and validated for their intended purpose using samples from a 
similar patient population. Validation of antibody assays is an essential pre-requisite for 
obtaining results that are reproducible, accurate and meaningful. 

 

 

3.2.4. In vitro digestibility test 

- It has been established that no absolute correlation exists between resistance of proteins to 
pepsin digestion and allergenicity, and the same consideration could be done for adjuvanticity 
and immunogenicity. This test is still proposed as an additional criterion to be considered in 
an overall risk assessment; however, there is a need to develop more physiologically relevant 
in vitro gastrointestinal digestion models reflecting the conditions of human digestion in the 
general population or even at-risk groups with modified or impaired digestive function. 

- For example, digestibility test should take into consideration the interactions with the food 
matrix that may alter the digestion and should be conducted on both purified protein in 
solution and in the whole complex food. 

 

3.2.5. Other in vitro tests or in vivo tests on animal models 

- In vitro cell based assays or in vivo tests on animal models have not been validated so far for 
regulatory purposes, but they can provide useful information on the immunogenic potential of 
proteins. 

- Although studies on mice have strongly contributed to the understanding of immune system 
biology, often results obtained from animal models are not transferable to humans because of 
several factors. Mouse genders, genetic background of mouse strains, routes of sensitization, 
nature of food, usage of adjuvants could be implicated in the divergent results. Moreover, the 
immune system has rapidly evolved as host species coevolve with their pathogens and 
commensal microbiota. Since mice and humans experienced different sets of microbiome and 
pathogens, it is easy to understand as this coevolution led to different immune systems.  

- Alternative methods to investigate important clinical questions including the mechanisms of 
the immune system response are required. In this direction, the application of “humanized 
mice” is one of the promising approaches to fill this translational gap.  Humanized mice can 
be defined simply as mice carrying human genes or tissues such as leukocytes, stem cells, 
organs, and tumors277. 

- Skin sensitisation validated regulatory tests (i.e. OECD 442 and OECD 406) can be used for 
potential immunoreactive effects in terms of skin sensitisation. Both methods involve the use 
of animal models (mouse and guinea pig, respectively), therefore their application on protein 
adjuvanticity and immunogenicity undergo the same limitation of animal models discussed 
above. In addition, skin sensitization tests do not incorporate considerations about oral 
tolerance which is extremely relevant in the context of adjuvanticity and immunogenicity of 
food/feed proteins.   

- A suggested approach would be using a combination of various models in order to replicate 
the genetic background as well as different environmental factors and conditions of exposure 
to risk groups. 
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3.3. Hypothesis and theories 
In the early 1980s, several experimental data confirmed that the immune system (IS) may not only 
sometimes fail to mount the expected immune response against foreign material (non-self elements), 
including proteins and peptides, but, as in the case of autoimmune diseases, it also directs its activity 
against autologous materials (self elements). In this scenario, self-non-self (SNS) discrimination began 
to be seen as a useless or erroneous theory. In fact, according to the classic SNS theory, only non-self 
entities trigger an immune response while the danger theory of Matzinger278,279 offers different 
predictions by saying that what triggers an immune response is not “foreigness”, but the release of 
“alarm signals” by damaged tissues. 

However, even the Matzinger’s most modern conceptualization about immune response triggering, 
shows problematic issues in several key points that may finally prove this theory not to be completely 
satisfying280. For instance, such a theory offers no insight on geographical and population contexts 
that should be considered inevitable and intrinsic in the IS dynamics as well as in the output foreseen 
by EFSA in this assignment (i.e. mechanisms underlying an adverse effect; conditions under which a 
protein may deregulate the immune response on its own or towards bystander protein; risk 
assessment strategies for food and feed safety). Furthermore, danger theory is insufficient to explain 
innate immunity and response to symbiotic bacteria that are known to help breaking down foods 
containing fiber as well as molecular mechanisms that the IS uses to detect “strangers” vis-à-vis to 
endogenous signs of cellular distress playing a role in provoking immune responses (e.g. adjuvant 
properties of heat shock proteins, another relevant issue for this EFSA assignment). Therefore, the 
concept of “danger” is a theoretical suggestion, while, conversely, the idea of molecular “damage” 
signals has led to a number of experimental studies especially focused on endogenous damage, which 
is where the innovation of the danger theory lies281.  

On top of this, it is to be emphasized that the IS, which is constituted by innate immunity (the most 
ancestral) and adaptive immunity (the most recent and sophisticated), has memory and large 
plasticity. Indeed, recent findings in the field of immune memory have demonstrated that B and T cell 
mediated immunity following infections are enhanced by the so called trained immunity282–284, mostly 
studied in relation to vaccination. Owing to its memory and plasticity, the IS is capable of recording all 
immunological experiences and stimuli it was exposed to: type, intensity and timing of antigenic 
stimuli induce a lifelong continuous adaptation, eventually responsible for the capability to mount 
strong, weak or tolerogenic immune response285. 

In order to overcome all the aforementioned limitations and to take into account all relevant 
considerations for this EFSA tender, this document proposes a wider framework for the immune 
response triggering. 

Indeed, the conceptualization of the immune response triggering is a complex matter that scientifically 
evolved in the last decades at a fast pace. In order to take into account all relevant considerations for 
the EFSA call, this report lean on a wider framework for the immune response triggering that is 
intimately linked to the conceptualization of the immunological self. 

In this context, it is suggested the adoption of the notion of liquid self 286 by hypothesizing that:  

x The definition of the self is a process, an evolving configuration of states, and should not be 
strictly referred to the only physical entities (proteins and peptides);  

x As a process, the self is dynamic because it varies depending on the internal (inflammatory, 
mostly) and external (ecological) contexts;  

x The self is mainly defined within a continuum of states by the immunological history at the 
species (evolutionary) and the individual (ontogenetic) level, i.e., by the quantitative, 
qualitative, and temporal aspects of the immunological stimuli that each of us is exposed to in 
our lifelong history. In particular, besides structure, dose, time, and localization of antigen281, 
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the host’s temporal dimension in terms of antigen exposure in utero287, during birth288, and in 
senescence289. 

The self is mainly defined within a continuum of states by the immunological history at the species 
(evolutionary) and the individual (ontogenetic) level, i.e., by the quantitative, qualitative, and 
temporal aspects of the immunological stimuli that each of us is exposed to in our lifelong history. In 
particular, besides structure, dose, time, and localization of antigen280, the host’s temporal dimension 
in terms of antigen exposure in utero287, during birth288, and in senescence289 

As a consequence, the question whether a given molecule (adjuvant or immunogen) belongs to self or 
non-self loses its significance as it largely depends on the context287, which lead to the wider 
perspective of the immunological biography290. 

Immunobiography is indeed unique for each individual and is characterized by the combination of the 
type, intensity and temporal sequence of antigens (including food) we are exposed lifelong. This 
feature can explain how the same antigenic molecule, depending on the immunobiography of the 
host, can become either a strong or weak antigen or can induce tolerance285. 

3.4. Potential future developments: the context dimension 
Adjuvanticity and immunogenicity, which are the focus of this call, are not only intrinsically associated 
with a given epitope or structure, but rather are highly context-dependent. Accordingly, lack of 
information regarding the context (such as species of the host, assay utilized to measure response, 
dose and route of administration) limit the usefulness of data relating to the epitope’s antigenicity or 
immunogenicity because of the missing link with the population heterogeneity. 

The cells of the IS are not only able to recognize external and internal stressors but also to adapt and 
modify according to the variety of stimuli they are exposed to, this basic characteristic of the IS as a 
whole is known as plasticity286. For this reason, it has been suggested that together with the type of 
molecular stimuli and their doses also the temporal sequence is critical. As a consequence, the 
combination and subsequent integration of these factors is able to produce a variety of immunological 
outputs (strong response, weak response, anergy, tolerance, memory, etc.). At every contact with an 
antigen/stressor an integration occurs. It is easy to understand how the food which we are exposed 
daily can impact on the remodeling of the IS. The whole history of antigenic encounters, i.e. the 
immunobiography, can be represented as a Waddington Landscape286. 
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Adapted from Franceschi et al., 2017, Frontiers in Immunology 

Figure 2:  The immune response to specific antigens is modulated by the lifelong (early and late 
life events) personal history of antigenic exposure (immunobiography), represented as a 
Waddington Landscape. The response to every single antigenic molecule depends on the 
conditions of immune system (IS) when it meets the antigen. A variety of conditions, 
including population heterogeneity, age, gender, nutrition, clinical history and the 
socioeconomical status, impinge upon the IS. The antigens can be met during life under 
different environmental conditions that can shape the immune response (i.e., what slope the 
ball will follow in its path). As a whole, this process can lead to the creation at population level 
of a large heterogeneity of immune responsiveness to specific antigens of the figure. 

Immunobiography is strongly dependent by the individual’s lifelong events as exemplified in Fig.2. It 
starts in utero and continues during the whole life since the very first day of life. Hence, the 
immunological “history,” i.e., the summation and interaction of all the immunological 
experiences/stimuli will create a unique set of immune responses in each single individual.  

One of the most important drivers of immune response is the gut microbiota and other microbial 
constituent of the human body which are able to regulate host-pathogen balance and to produce 
systemic pro-inflammatory stimuli. The lifelong antigenic load represented by foods and 
bacteria/bacterial products leads to a profound remodeling of the gut microbiota and these changes 
are emerging as a driving force of the functional homeostasis of the immune system. As a matter of 
fact, a perturbation of the gut microbiota homeostasis due to irregular lifestyles, stress and age may 
lead to gut microbiota dysbiosis. This condition may predispose the host to metabolic disorders and 
inflammation291. The IS changes during decades of life, however these changes are very 
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heterogeneous. An emerging concept is that chronological age is not enough to discriminate the rate 
of aging and that markers of biological age should be used instead. 

On top of this, it should be noted that CD8+T cell specificity depends on the recognition of MHC class 
I–epitope complexes and these epitopes are mainly produced via degradation of proteins by the 
proteasome, generating fragments of the original sequence. Interestingly, proteasomes can produce a 
significant portion of epitopes by reshuffling the antigen sequence, thus expanding enormously the 
potential antigenic repertoire. Indeed, the proteasome not only cuts proteins into fragments through 
canonical peptide bond hydrolysis but also ligates them through proteasome-catalyzed peptide splicing 
(PCPS). Through PCPS, the proteasome can significantly shape antigen presentation and this process 
is estimated to produce about one fourth of all antigenic peptide molecules and to enlarge the 
antigenic landscape – in term of antigenic peptide diversity and antigens presented at the cell surface 
– by around 30%. Thus, PCPS have potential implications for our understanding of CD8+T cells and 
the mechanisms generating non-canonical antigenic epitopes targeted by the T cell response292.  

The continuous reshaping of the IS285 that impinge upon the context of risk assessment of proteins in 
food and feed is due to several components of the immunobiography. Temporal and geographical 
dimensions, as well socio-economic and psychological status, nutrition, gut microbiota and new 
potential source of unexpected epitopes are indeed key players in the individual’s IS response lifelong.  

 

3.5. Implications for the food and feed safety assessment: a “personal 
risk assessment” scenario as future perspective 

According to the previous chapters, the immune responses to potentials antigens, including 
pathogens, food, and vaccines, will be quantitatively and qualitatively different according to the 
overall immune-biographical background of the host, including age, sex, lifestyle, socioeconomic and 
psychological status, and geography/genetics. Given these context-dependent factors it is needed to 
re-think and work towards the concept of risk assessment in a personalized scenario as exemplified in 
the figure below. 

 

Figure 3:  Context-dependent factors imply to re-think the concept of risk assessment towards a 
“personalized risk assessment” scenario where, for instance, a given protein or peptide can 
elicit immunogenic and adjuvant effects in a context-dependent manner. 
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Many studies on animal models and also humans have shown that the capability to react to different 
stimuli lifelong is the result of an intriguing mixture of gene-environment (G×E) interactions. Humans 
are characterized by a higher level of complexity because of their biological and cultural capabilities of 
adapting to all areas of the planet and changing their environments, by developing an extraordinary 
variety of cultural adaptive strategies including different food habits. This specific characteristic had 
and still have a strong impact on the molecular and cellular mechanisms involved in the immune 
system function. Accordingly, the immune response is a highly context-dependent phenomenon, 
within a new integrated, ecological, and evolutionary perspective, and it is presented as a dynamic 
process, both historically and individually. During the entire lifespan, new G×E interactions emerge as 
a consequence of the continuous remodeling process that the body set up to adapt to the changes 
occurring over time, which on the other hand occur concomitantly with the changes of the 
environment 293. In this complex scenario, many factors (population genetics, demography, sex, 
family, immunobiography, physical/geographical and cultural/ anthropological environment, social 
networks, socioeconomic status and education) need to be carefully considered and integrated to 
understand the contribution of IS in food and feed risk assessment.  

Recently, biomarkers of biological versus chronological age have been identified 294, and an increasing 
number of investigations showed that such tools are effectively capable to catch the aging rate at the 
individual level, which in turn correlates with relevant health parameters in the elderly. These studies 
show that people who are or will be affected in coming years by age-related diseases tend to present 
a DNA methylation signature of accelerated aging, as well as in human model of accelerated aging, 
such as Down syndrome people 295. Conversely, when these markers were applied to centenarians 
and their offspring, a signature of decelerated aging emerged 296. Besides DNA methylation, among 
the most promising markers of biological age, it is important to mention N-glycans profiling 297 as well 
as markers derived from biochemical and anthropometric measurements, such as hand grip, chair 
stand, and lung capacity 298.  

As a future perspective for the assessment of individual’s biological age, it would result particularly 
promising the combination of the above-mentioned innovative biomarkers with the integration of 
classical biochemical and hematological markers (high-density lipoprotein, low-density lipoprotein, 
tryglicerides, glucose, insulin, albumin, urea, number of leukocytes, presence of anemia, among 
others) and longitudinal medical data (drugs assumption, hospitalizations). Moreover, of particular 
interest would be the idea to generate an inflammatory biological age marker capable to assess the 
inflammaging status. Thus, biological age represents an innovative trait that should be integrated in 
the study of the individual’s immune response. In particular, biological age should complement 
chronological age data in the control cohorts, in which, with age, increase the health status 
heterogeneity.  

By accepting the challenge of personalized risk assessment, we can hypothesize to create a score to 
measure the individual risk factors in their context-dependency above discussed (see table below) and 
use this score to discern people into groups with different food and feed risk. A mathematical model 
could then assess the specific weight of each contributing factor taking into account the heterogeneity 
of the population and define a specific risk assessment score for clustered group of people.  

Table 8:  Exemplificative score table of factors that can influence the personalized risk assessment.  

Testable 
predictors 

Range Risk(a)  
 

Personalized 
score(b) 

Personalized 
risk(c) 

Age (biological) 0-100+ … … … 

Gender Man/woman … … … 

Country of 
origin 

Continent/Country/State/Region, 
etc  

… … … 

Population/Gen
etic background 

Caucasian/Africans/Americans, … … … 
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etc  

Nutrition Mediterranean diet/ Western 
diet, etc  

… … … 

Gut microbiota GM family abundance and 
diversity 

… … … 

Clinical history Diseases, drugs, etc  … … … 

Exposure Pollutants, environment etc … … … 

a) Risk defined as hazard + exposure 
b) Calculated so as to consider heterogeneity of the population  
c) Personalized risk defined as hazard + exposure + context-dependency 

However, in order to have a comprehensive picture of the context at different levels, the risk 
assessment should be further investigated and developed according to two apparently opposite but in 
reality, complementing directions represented by:  

i) the in-depth analysis of individuals, i.e. single persons, in order to catch the personalized 
characteristics of the immunological response and risk assessment, but also  

ii) the exploitation of large datasets at population level regarding a large number of subjects 
of different ages, health status and exposure and the use of ad hoc mathematical models 
(machine learning, artificial intelligence). 

Indeed, the use of big data and omics in a multidisciplinary approach analysis in population studies 
aimed at identify biomarkers of risk assessment should have as a final goal the definition of a 
diagnostic tool able to set tailored risk assessment actions. For instance, recently machine learning 
techniques have been applied to multi-omics in the field of clinical predictions in cancer therapy to 
personalised dietary interventions based on prediction of postprandial glucose responses from gene 
and gut microbiota sequences299. 

Strategies to implement personalized risk assessment into guidelines should be then developed to set 
out new regulation frameworks for security food/feed agencies and policy makers. This will help to 
better understand patterns that might be relevant for the pre-risk assessment and the post-marketing 
monitoring of food/feed. 
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4. Conclusions 
For this call, a systematic literature search and critical review was performed, identifying 299 relevant 
publications, including those in the grey literature. From the evaluation of the relevant literature, it 
emerged that:  

i) A clear classification of adjuvant and immunogens of proteins cannot be done. No study 
describes a comprehensive classification of protein adjuvants and immunogens. Information 
can be retrieved through immunological databases of which the Immune Epitope Database 
and Analysis Resource (IEDB) seems to be the most complete and used resource. However, 
these tools are mainly used to aid the design and interpretation of experiments probing the 
nature of host pathogen interactions, autoimmune diseases, cancer, transplantation, and 
allergies. 

ii) Structural features able to modulate immunogenicity and adjuvanticity were studied mainly in 
the context of therapeutic proteins and the allergenicity/cross-reactivity context which are 
outside the main scope of the present call. The primary structure of a protein do not provide 
information for robust models on adjuvanticity/immunogenicity and no obvious sequence 
motif shared by all peptides could be identified, also for food allergens. Three-dimensional 
structures of allergenic proteins could be grouped into a limited number of functional or 
folding families and cross-reactivity is largely determined by structural aspects. 

iii) Factors that affect the propensity of a protein to stimulate immune response are mainly 
aggregation, thermal processing, digestion, the composition of the food matrix, the presence 
of immunomodulators, aging and microbiota. Also in this context the literature is dominated 
by allergenicity. Other relevant conditions are discussed in the context of therapeutic proteins 
or vaccines which are generally not administered with oral route, thus not the main topic of 
this call. It is noted the particular relevance of food matrix (e.g. presence of pectin, gum 
arabic and xylan, functional biopolymers used in the food industry) and the fact that 
immunomodulators as adjuvants are mainly studied in the context of vaccines. 

iv) Different proteins are described in the literature to have immunomodulatory effects, among 
which lectins appear to have adjuvant behaviour. It is to be noted that, when considering 
proteins injected directly into the body, all proteins are basically immunogenic and some could 
be also allergenic. Assessment of adjuvantivity and immunogenicity and of proteins ingested 
as food/feed is complicated by enzymatic degradation, oral tolerance, etc; and it is not always 
true that allergenic foods are intrinsically more immunogenic than rarely allergenic (or 
nonallergenic) foods in allergy-susceptible host. Finally, adjuvants and other co-formulants 
used in therapeutic agents, feed additives and pesticide formulations have long been 
considered inactive ingredients while it is not clear if they should be considered more 
carefully. 

v) There are several in silico, in vitro and in vivo available methodologies for risk assessment of 
adjuvanticity and immunogenicity of proteins but each method has strengths and weaknesses. 
Application of in silico methods in risk assessment of adjuvanticity and immunogenicity of 
proteins in food and feed remains an open challenge. The application in risk assessment of in 
vitro methods for the assessment of protein adjuvanticity in food and feed have not been yet 
described in the literature (mainly developed for biotherapeutics proteins). Accurate in vivo 
animal model, along with other needed approaches, could be considerably useful in protein 
adjuvanticity and immunogenicity assessment but none of the approaches have been 
validated in this context.  Probably, a valuable approach is the combination of various models 
in order to replicate genetic background, different environmental factors and conditions of 
exposure to risk groups. 

vi) The adjuvanticity and immunogenicity of Cry proteins in certain experimental conditions 
seems plausible but due to low dosage, oral route of administration, food and feed processing 
and digestion, it is unlikely to emerge as a safety issue in food and feed. This assessment is 
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consistent with the assessment by the EFSA Genetically Modified Organisms (GMO) panel 
whereby they concluded that there is not a safety concern for the health of humans or 
animals that consume food/feed derived from GM plants containing Cry proteins. In addition, 
following review of relevant data in submitted dossiers from registrants, the U.S. FDA and EPA 
have not, to date, considered additional animal toxicology studies with whole foods as 
necessary to confirm safety. 

vii) Stimulating an immune response is a very complex matter as the body responds to immune 
offence by inducing many processes. Proteins that increase immune response are mainly 
ascribed to vaccines and therapeutic proteins where, usually, the route of administration is 
different than oral. Other proteins that increase immune response are allergens. It is 
important to note that oral tolerance, route of exposure and digestion of food proteins 
strongly influence the capacity to define increase or decrease capacity of proteins to modulate 
immune response. Proteins with known role in increasing/decreasing immune response: 
cytokines, interleukins, bacterial flagellin, mHSP70, amino acids, immunoglobulin, protein 
allergens, therapeutic protein products, lectins and agglutinins, short immunomodulating 
peptides, altered peptide ligands. 

In addition to the above-mentioned conclusions, with this assignment we discussed also the 
implications for the food and feed safety assessment of adjuvant and immunogenic proteins and 
possible future scenarios. 

A particular emphasis should be dedicated to in vivo models. Although animal models are considered 
essential research tools and have been employed as precursor to clinical trials, there is a well-funded 
and accepted appreciation of their limitations. The application of “humanized mice” is one of the 
promising approaches to fill translational gaps from animals to humans.  Humanized mice can be 
defined simply as mice carrying human genes or tissues such as leukocytes, stem cells, organs, and 
tumors. The process to create humanized models is complex and depend on numerous interventions 
and many potential pitfalls still exist and impinge upon their robustness. Often, the graft is incomplete 
or inefficient and the mice native immune system is preserved instead of the recreation of the 
supportive human cytokine environment. Sometimes the restoration of the immune system is 
incomplete with a poor recovery of certain leukocyte population with the inability to mimic the 
humoral responses and thus driving an inappropriate immune system (IS) response difficult to be 
translated. Furthermore, this model is significant expensive. Even if humanized mice are a useful tool, 
the study of the IS demands more sophisticated models where several complex systems may interact 
with each other. 

Another viable way for a major comprehension of the IS is to use the potential vastity of human data. 
By considering the fast progress that omics and genetic technologies are experiencing as well as the 
impact that will likely have in the future, it is expected that lot of human data and information could 
be retrieved, even in a systematic way. Indeed, genomics, transcriptomics, proteomics and 
metabolomics are able to reveal both the static sequences of genes and proteins as well as the 
biological function of the gene product. Over the past two decades, advances in genomic technology 
have allowed laboratories to generate vast amounts of biological data including gene sequences, 
protein structures, information on gene expression and metabolic pathways. Large volumes of data 
have been generated by automated instrumentation and automatically stored in computer databases 
and ad hoc platforms (GEO, ArrayExpress, and other resources) and this data are very heterogeneous 
as different formats are present based on the instruments/methods used. In addition to the new 
information gathered from genomic technologies, pharmaceutical and biotechnology companies have 
large amounts of data inherited from their own and other sources on chemical structures and 
properties of compounds, and clinical, phenotypic and toxicological information. Most of this is stored 
in older types of databases designed for the particular type of data, and a major computational 
challenge is to integrate the new genomic information with current database systems in order to 
facilitate decision-making. In the field of bioinformatics, for example, major advances were made in 
the field of systems biology i.e. from the integration of computational and data acquisition 
technologies, rather than from faster statistical analysis of data after the acquisition. It is now possible 
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to consider how to evaluate the vast amounts of information generated by "omic" technologies using 
data-mining tools made possible by rapid advances in computational storage capacity and speed. This 
possibility opens up a completely new perspective that is aimed to generate new knowledge, for 
instance by using artificial intelligence (AI) or sophisticated data mining builder. AI based machine 
learning approaches allow learning of complex functional relationships from data in an unbiased 
fashion without the need of a priori assumptions. AI is indeed particularly appealing for building 
predictive models on the basis of biological networks when underlying molecular mechanisms are 
unknown.  

Recent advances in nutrigenomics studies are owed to the completion of human genome project and 
the new biomics technologies that provide means for the simultaneous determination of the 
expression of many thousands of genes. These new disciplines and their attendant technologies are 
changing the paradigms of health research. A number of genetic variations have been shown to 
increase the susceptibility to diet-related diseases. These include variants that have been associated 
with Type 2 diabetes mellitus, obesity, cardiovascular diseases, some autoimmune diseases and 
cancers. Nutrigenetics aims to study these susceptible genes and provide dietary interventions for 
individuals at risk of such diseases. This could be translated also into the field of personalized risk 
assessment. However, collection of human data with new technologies impinge on considerations 
related to privacy and ethics of massive personal data usage that should be carefully considered in the 
regulation framework. It is relevant that all the data will be totally anonymous and efforts to improve 
security of database are required. 

Based on these considerations, it is expected that the availability of new humanized animal models 
and the possibility to deploy artificial intelligent systems on the vastity of human data will become a 
general direction aiming to help answering specific question relating to the IS, including the role of 
protein and peptides in their adjuvant and immunogenic behaviour towards specific subset of 
population. 
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Glossary and Abbreviations 
Glossary:  

x Adaptive memory: Adaptive memory is long-term, antigen-specific ability of T and B 
lymphocytes to respond more rapidly and more efficiently to a specific antigen upon second 
encounter. 

x Adjuvanticity: the ability to modify the immune response, being adjuvants substances that, 
when co-administered with an antigen increase the immune response to the antigen and 
therefore might increase the allergic response. Adjuvant immunobiological functions:  

i) improve the immunogenicity of highly purified or recombinant antigens (protein or 
peptide);  

ii) increase the innate immune response to antigen by interacting with pattern 
recognition receptors (PRRs) on or within accessory cells;  

iii) provide physical protection to antigens which grants the antigen a prolonged delivery;  

iv) increase the capacity to cause local reactions at the injection site (e.g. during 
vaccination), inducing greater release of danger signals by chemokine releasing cells 
such as helper T cells and mast cells;  

v) help in the translocation of antigens to the lymph nodes where they can be 
recognized by T cells. 

x Allergenicity: The ability of an antigen to induce an abnormal immune response, which is an 
overreaction and different from a normal immune response in that it does not result in a 
protective/prophylaxis effect but instead causes physiological function disorder or tissue 
damage 

x Antigenicity: The ability of an antigen to induce an immunological response when it is 
encountered by the human body. Antigenicity involves two types of immune characteristics, 
immunogenicity and allergenicity 

x Epitope: All parts of an antigen that can be recognized and bind to either immune cells (e.g., 
T cells and B cells), free molecules (e.g., antibodies), or cell-surface proteins [e.g., major 
histocompatibility complex (MHC)] 

x Immunogenicity: Immunogenicity refers to the ability of an antigen to trigger normal and 
protective immune responses after being encountered by the human body. In particular, we 
describe the immunogenicity of an antigen using the following three aspects:  

i) the ability to defend the immune system (immunological defense), which is the ability 
to repel an exogenous antigen and to fight against infection;  

ii) the ability to keep the immune system stable (immunological homeostasis), which is 
the ability of the body to recognize and eliminate damaged tissue, inflammation 
and/or senescent cells, and 

iii) the ability to kill and to remove abnormally mutated cells so as to monitor and inhibit 
the growth of malignancies in the body (immunological surveillance).  

x Immunological biography: The individual immunological history encompassing the capacity to 
take into account both the qualitative as well as the quantitative and the temporal aspects of 
the immunological stimuli that each individual – as an accumulator and elaborator of antigenic 
stimuli – is exposed to in our lifelong history. 

x Innate memory: Innate memory is the ability of an organism to adapt its immune response 
depending on a previous infections or vaccination, mediated by NK cells and 
monocytes/macrophages.  This immunological re-programming can result in non-specific 
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suppression (tolerance) or increased innate immune response (training) against reinfection by 
the same or different pathogens. 

x Nonspecific effects: “Nonspecific” immune effects are induced by a vaccination or infection, 
against unrelated and antigenically diverse infectious agents. Nonspecific effects are mediated 
by cross-reactive lymphocytes and innate memory cells, and might be either beneficial or 
detrimental, depending on the type of memory of the cells involved. 

x Trained immunity/memory: Trained immunity/memory is the enhanced nonspecific protection 
against infections after previous exposure to certain microbial components (e.g., 𝛽-glucans), 
possibly involving epigenetic and metabolic re-programming in the cell. 

x Tolerance: Tolerance is the refractory state of monocytes/macrophages, involving epigenetic 
remodelling, induced by microbial components (e.g., LPS). Upon subsequent challenge, even 
with a high dose of LPS, a less robust induction of pro-inflammatory cytokines ensues. 

x Liquid self: According to Grignolio et al.286, the full integration of the immune response 
mechanisms into the host body’s ecosystems, i.e., in adding the temporal, as well as the 
geographical/evolutionary and environmental dimensions. 

x Self: According to Burnet, who introduced the term in 1949, the immunological self, coincided 
with all the cell surface pattern recognitions that are ignored by the normal immune defensive 
action, namely the biological constituents peculiar to each individual. Since Burnet, there have 
been roughly a dozen different attempts to find an answer, but none has found a general 
acceptance. They can be grouped in six major answers as follows. The self is:  

i) everything encoded by the genome;  

ii) any tissue under the skin accessible to lymphocytes, including structures encoded by 
commensal genomes or excluding immune “privileged” sites such as brain, cornea, and 
testes;  

iii) the set of peptides complexed with the MHC;  

iv) specifics like APCs and thymic epithelium or soluble molecules of B lymphocytes;  

v) a set of bodily proteins that exist above a certain concentration;  

vi) the immune network itself, variously conceived. 

 

Abbreviations:  

AI Artificial intelligence 

APC Antigen-presenting cell 

Bt Bacillus thuringiensis 

FAO Food and Agriculture Organization of the United Nations 

Food The term food it is meant for food and feed 

HDP Host defence peptide 

HLA Human Histocompatibility Complex 

IS Immune System 

LPS Lipopolisaccaride 

MHC Major Histocompatibility Complex 

PCPS Proteasome-catalyzed peptide splicing 
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QC Quality Control 

URL Uniform Resource Locator 

WHO World Health Organization 

WoS Web of Science 

  

  

  

  

 


