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Immune mediated inflammatory diseases (IMIDs) are a heterogeneous group of debilitating, multifactorial and unrelated conditions featured by a dysregulated immune response leading to destructive chronic inflammation. The immune dysregulation can affect various organ systems: gut (e.g., inflammatory bowel disease), joints (e.g., rheumatoid arthritis), skin (e.g., psoriasis, atopic dermatitis), resulting in significant morbidity, reduced quality of life, increased risk for comorbidities, and premature death. As there are no reliable disease progression and therapy response biomarkers currently available, it is very hard to predict how the disease will develop and which treatments will be effective in a given patient. In addition, a considerable proportion of patients do not respond sufficiently to the treatment. ImmUniverse is a large collaborative consortium of 27 partners funded by the Innovative Medicine Initiative (IMI), which is sponsored by the European Union (Horizon 2020) and in-kind contributions of participating pharmaceutical companies within the European Federation of Pharmaceutical Industries and Associations (EFPIA). ImmUniverse aims to advance our understanding of the molecular mechanisms underlying two immune-mediated diseases, ulcerative colitis (UC) and atopic dermatitis (AD), by pursuing an integrative multi-omics approach. As a consequence of the heterogeneity among IMIDs patients, a comprehensive, evidence-based identification of novel biomarkers is necessary to enable appropriate patient stratification that would account for the inter-individual differences in disease severity, drug efficacy, side effects or prognosis. This would guide clinicians in the management of patients and represent a major step towards personalized medicine. ImmUniverse will combine the existing and novel advanced technologies, including multi-omics, to characterize both the tissue microenvironment and blood. This comprehensive, systems biology-oriented approach will allow for identification and validation of tissue and circulating biomarker signatures as well as mechanistic principles, which will provide information about disease severity and future disease progression. This truly makes the ImmUniverse Consortium an unparalleled approach.
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Introduction

Personalized medicine is the innovative care challenge of 21th century, relying on a large number of cutting-edge research tools, data and technologies and aiming to obtain a better diagnosis and follow-up than the generic “one size-fits-all” model. In 2017, the Food and Drug Administration (FDA) approved a record number of 16 new personalized drugs, kicking off the launch of this new approach to treat many diseases including complex ones, which are caused by a combination of immunological, genetic, environmental, and lifestyle factors, most of which have not yet been identified (https://www.fda.gov/home). Each disease is associated with a large variety of triggering factors, leading to heterogeneity in disease manifestation and progression. However, despite the enthusiasm and the advances made so far, there is still a long way to go to achieve the goals of personalized medicine. Immune-mediated inflammatory diseases (IMIDs) are an example of complex disorders for which a tailored approach is necessary to address the needs of individuals or stratified patient groups (1). IMIDs are a group of disabling, multifactorial unrelated conditions characterized by a dysregulated immune response leading to chronic inflammation and organ damage (2). The immune dysregulation can affect diverse organ systems: gut (e.g., inflammatory bowel disease), joint (e.g., rheumatoid arthritis), skin (e.g., psoriasis, atopic dermatitis) resulting in significant morbidity, reduced quality of life, progressive organ damage, and, in some cases, slight increase in mortality compared to healthy population (1). Though there is evidence emerging that IMIDs share common pathways, we have a poor understanding of the immune factors driving these chronic progressive diseases. The growing incidence of IMIDs in industrial societies supports the hypothesis that economic growth and industrialization are key components of the environmental changes, which combined with a genetic background trigger the IMIDs onset (3). Certainly, socio-economic progress has impacted diet and lifestyle that may have perturbed the complex and delicate network between gut microbiota and host immunity, leading to disturbances of immune system homeostasis such as atopic dermatitis and inflammatory bowel diseases. Indeed, failure to induce tolerance to skin and gut bacteria is thought to result in local and systemic immune responses. Several studies demonstrated that alterations in skin and gut microbiota may have negative consequences on autoimmune diseases (4, 5). Therefore, a better understanding of the complex mechanisms underlying the intricate coordination between host tissues, host immune cells and the resident microbes is crucial for prevention, diagnosis and treatment of IMIDs.

Large unmet clinical treatment needs remain for many IMIDs. An optimal therapeutic approach for these diseases should gain rapid control of inflammation and prevent secondary consequences such as tissue damage or comorbidities, thus improving patient’s quality of life and, if possible, achieving long-term disease remission. Although several advanced therapies, mainly monoclonal antibodies and small molecules, do provide clinical benefits to patients (6, 7), long term disease control is still poorly met. Improving our knowledge of the underlying mechanisms of the immunopathology and, in particular, identification of biomarkers that would allow prediction of disease progression, clinical/therapy outcome and proper patient stratification, are therefore urgently needed.

Ulcerative colitis (UC) and atopic dermatitis (AD) are examples of IMIDs that are debilitating, burdensome, and chronic conditions characterized by dysregulated immune responses leading to destructive chronic inflammation.

UC is a chronic, idiopathic form of immune-mediated intestinal disease that, unlike Crohn’s disease, affects specifically the colon. UC most commonly affects young adults (usually at the age of 20–40 years) and results in disability and lower quality of life (8, 9). It is characterized by relapsing and remitting mucosal inflammation, starting in the rectum and extending to proximal segments of the colon. UC is associated with damage to the mucosal barrier, allowing the luminal microflora to trigger a sustained and uninhibited inflammatory response. Among the inflammatory cells, T helper (Th) cells perpetuate enterocyte apoptosis and inhibit mucosal reparation and healing. IL-13, produced by NK T cells, also contributes to epithelial injury (10, 11). Additionally, innate lymphoid cells, homeostatic at steady state, contribute to the inflammatory cytokine production, thereby perpetuating inflammation. Mucosal injury and damage are also associated with dysbiosis, which possibly further contributes to the inflammatory cascade. Our increasing understanding of the mucosal immune system has led to an expanding array of therapeutic targets. To date, the main therapeutic targets are induction and maintenance of clinical and endoscopic remission (defined as absence of symptoms, and restoration of normal colonic mucosa, respectively) (12). Aminosalicylates are the main choice of treatment for mild to moderate UC, systemic corticosteroids can be used to treat moderate-to-severe flares, whereas small molecules and monoclonal antibodies are used in moderate to severe disease. Colectomy is needed in up to 15% of patients with UC. The annual direct and indirect costs related to UC are estimated to be as high as €12.5–29.1 billion in Europe and US$8.1–14.9 billion in the USA (8). However, the number of drugs modulating different disease pathways is expected to expand in the near future. In spite of the current availability of about 30 different therapeutic molecules belonging to almost 10 different drug classes (13), their impact on the long-term maintenance of deep UC remission (defined as the absence of symptoms, normalization of inflammatory biomarkers and tissue healing), and, in particular, the ability to prevent long-term complications and irreversible damage, remains to be fully understood.

AD is the most common chronic IMID skin disorder with an annual prevalence of around 5% in adults (14) and 12-15% in children and adolescents (15). Up to 50% of adult patients suffer from moderate to severe disease (14, 16). Its impact on overall health and quality of life is comparable to other serious chronic disorders such as diabetes (17), with high medical costs comparable to those of e.g. asthma (18–20), and a considerable impairment of quality of life (16, 21). The burden of AD is further increased by a strongly increased risk for several allergic, inflammatory and psychiatric comorbidities (22–24). The pathophysiology is complex and involves a strong genetic predisposition, epidermal dysfunction, and T-cell driven inflammation, with increased production of inflammatory cytokines, in particular type 2 cytokines such as IL‐4, IL‐13, and IL‐31, but also activation of other immune axes such as Th17 and Th1 (25, 26). However, AD is an extremely heterogeneous disease in terms of clinical features and disease trajectories, and, as a consequence of its traditional definition, multiple disease subtypes and endotypes are likely clustered together into a single phenotype. As a result, the mechanisms reported for AD at large are probably not equally important/pronounced in all patients (27). After many years of little advancements, there is now an expanding therapeutic pipeline, which includes biologics and small molecules, available to the considerable proportion of patients whose disease can not sufficiently be controlled with topical treatment only (6).



Biological systems: A new approach for diagnosis and therapy

The multifactorial origin and aberrant immune response represent major obstacles for the development of effective therapies for both UC and AD. Indeed, current treatments are not always effective and many patients lose response to drugs over time, most likely due to compensatory mechanisms ultimately leading to drug resistance. Variability in disease modulating response of drugs is most likely driven by the changing state and response of the immune system over time.

Therefore, an appropriate molecular and cellular characterization, or signature, that accounts for the inter-individual differences in severity, drug efficacy, side effects or prognosis would help to guide clinicians in the management of patients and represent a major step towards tailored medicine for these diseases. To achieve this ambitious goal, an advanced methodological approach is needed that would allow molecular and cellular characteristics found in blood and target disease tissue to be put in context with clinical outcome prediction. Indeed, to understand complex biological systems, it is not sufficient to characterize the individual molecular components in the system. It is essential to understand their molecular interactions, which requires integrated analysis of so-called big data from advanced omics technologies (28), efficiently supporting the investigation into how disrupted biological processes cause disease at a molecular level (29–31). The acknowledged pathogenic components, i.e., environment, genes, gut microbiota and the immune system must be viewed as “omes”, a Greek word indicating the totality of something. Each ome is remarkably multifactorial, with thousand to million components, and all of them interact with and impact on the function of each other (31).

Both UC and AD represent two disease areas where routine biosampling of blood and target tissues is more feasible than in other conditions, offering more opportunities for better understanding of their immunopathology and identification of potential new biomarkers. However, the lack of adequate parallel characterization of the circulating immunological signatures and tissue microenvironment limits the use of blood sampling as a liquid biopsy.



International efforts to overcome the gap of IMIDs

Multiple research groups and consortia throughout the world are generating datasets combining clinical data with either genome data, transcriptome data, or gut microbiome data. By studying these datasets, researchers can address important individual questions. A systematic taxonomy for patients with autoimmune diseases at different omics levels has been supported by the innovative medicine initiative project PRECISESADS (32). Analyzing whole blood samples by using transcriptomic, genomic, epigenomic, cytokine expression and flow cytometry approaches, and combining them with clinical parameters, new insights into a better stratification of patients with systemic sclerosis, syndrome Sjögren’s, systemic lupus erythematosus, and rheumatoid arthritis have been achieved (33–37). As a results, our understanding of the pathophysiologic mechanisms underlying these diseases has improved and potential biomarkers helping to design personalized treatment have been identified.

In addition, results from (38) IMID multi-omics projects already exist in the longitudinal integrative Human Microbiome Project the PRISM-cohort (39), and the RISK-cohort (40) in the United States.

Previous efforts from the RISK cohort, the PRISM cohort, as well as from consortia in which these cohorts participate, have already enabled the first steps towards precision medicine in inflammatory bowel disease (IBD), including UC. For example, microbial DNA profiles and RNA-sequencing profiles from the intestinal biopsies of the RISK cohort have uncovered RNA-microbe interactions and shown that biopsies taken from the distal colon can predict the IBD disease location higher up in the intestine (40, 41). In addition, stool samples from the PRISM cohort have also been used to discover microbial profiles that can predict the efficacy of vedolizumab, a biological drug regulating T-cell homing to the gut (39). Another important project named the 1000IBD project has been initiated in Europe to prospectively follow more than 1000 IBD patients from the Northern provinces of the Netherlands. For these patients, a uniquely large number of phenotypes has been collected and multi-omics profiles have been generated (42). To date, 1215 participants have been enrolled in the project and the enrolment is still on-going. The aim of the 1000IBD project is to discover molecular subtypes and biomarker profiles that would capture the clinical heterogeneity of IBD and to prioritize new targets for early-stage drug discovery or other interventional strategies.

Despite increased research efforts in recent years, most omics-level data in AD concern only genomics and transcriptomics. There are some novel proteomic (in serum) and lipidomic (in sweat samples) studies showing great promise toward identifying AD endotypes (29). Recently, BIOMAP, a multidisciplinary international project on AD and psoriasis has been initiated, with the aim to refine clinical phenotypes and to define relevant and patient-centered outcomes, identify genetic risk factors as well as influential life events and environmental factors, define endotypes and associated molecular signatures, and generate predictive models and biomarkers of relevant disease outcomes (27). The strategies used in Biomap will inform and inspire ImmUniverse (43).



ImmUniverse solution: Multi integrative approach

ImmUniverse is a large collaborative consortium that received funding from the Innovative Medicines Initiative (IMI), which is sponsored by the European Union (Horizon 2020), and in-kind contributions from participating pharmaceutical companies within the European Federation of Pharmaceutical Industries and Associations (EFPIA). ImmUniverse is a partnership between academic experts in UC and AD, technical expert providers, patient organizations and large pharmaceutical companies (Annex 1), aiming to advance our understanding of the molecular and cellular mechanisms underlying both UC and AD by implementing a multi-omics approach in both blood and disease tissue. The novelty of this research project is to combine state-of-the-art omics profiling and informatics expertise to identify signatures of tissue-derived and circulating biomarkers and elucidate mechanistic principles that are informative for disease severity and future disease progression of these 2 different IMIDs. To this end, the study will follow a registry-like design, with physician choice of targeted therapies and will recruit >500 UC and AD adult patients (male and female patients ≥ 18 years of age) with complete data including a clinical follow up over at least 12 months. Multi-omics data from different molecular profiling of tissue microenvironment and accessible matrices, such as blood and stool, using multiple technologies (single cell sequencing, multi-omics approaches) will be integrated with clinical data. Signatures identified in blood or other matrices will be correlated with signatures in the tissue. The ultimate goal is therefore two-fold: (A) Integration of different omics layers on single tissue data to derive predictive and prognostic multi-omics signatures and (B) identification of signatures correlating between tissue and blood. Multi-omics predictive models will undergo thorough crossvalidation to derive robust estimates for classification performance, which will be benchmarked against comparable single-omics performances and scrutinized by ImmUniverse’s clinical team for their clinical utility. Reported will be not only the performance estimates, but also the predictive features (signatures) including a measure of their respective importance for classification. Tissue-derived signatures will be correlated with data derived from accessible matrices (blood and stool), using variations of canonical correlation analysis capable of dealing with the dimensionality of the data. Again, such circulating features shall be reported for the subsequent task of enriching the detected features with data from open sources. Tissue-specific molecular interaction networks and pathway maps will be identified and visualized for both diseases and compared for the tissue-specific determination of shared and disease-specific processes and pathways. Hormonal and genetic factors contribute significantly to sex differences in immune function and disease pathogenesis. Along these lines ImmUniverse will systematically take into account biological sex differences as well as cultural/behavioral influences from phenotype/outcome definitions to tissue-based molecular analyses through to data models. Therefore, we will consider the potential confounding influence of gender at all stages of analysis and incorporate gender as a co-variate. Based on these features and enriched with data from the literature, a disease map will be developed in close collaboration with clinical partners and domain experts, which will describe the mechanisms of the pathophysiology behind the investigated diseases, highlighting their overlapping and specific areas in the context of specific tissues. This approach will not only generate translatable signatures for disease prognosis and therapy response prediction in UC and AD, but it will also develop a first mechanistic hypothesis of the underlaying pathophysiologies (both shared and disease-specific). This integrated analysis approach is depicted in Figure 1. Aggregated results will be shared with public via scientific publications and patients/patient organizations. Patients have right to request their data and we will securely share the corresponding data with requested study participant. Researchers will be able to search the aggregated metadata indexed in the data catalogue and submit a request to Data Access Committee (DAC) to access necessary datasets. Once the DAC approves the request, the requested data will be securely shared with the researcher.




Figure 1 | Schematic diagram of ImmUniverse data integration strategy. Ulcerative colitis and atopic dermatitis will be analyzed separately according to the same principle: First, supervised multi-omics analysis will be performed to identify candidate prognostic and predictive signatures from multi-omics analysis of single tissue data and evaluate their performance in cross-validation (CV) or through publicly available data (as available). Signatures will be then correlated between sample matrices to identify ‘proxy’ – signatures in matrices suitable for clinical exploitation. Features from prediction and correlation tasks will be pooled, mapped to pathways and ontologies and prioritized on the basis of their importance for prediction, across-tissue correlation and pathway annotation in a collaborative effort between project partners (clinicians, biologists and bioinformaticians). Comparison between UC and AD will be done subsequently on the basis of shared and specific pathways and ontologies. From these, interaction networks and disease maps will be generated to describe the overlapping and unique processes in the relevant tissue types. ISF, interstitial fluid.



The inclusive mechanistic models and algorithms for the integration and analysis of tissue, clinical, and omics data will be used as variables in the identification of classifiers and predictors of disease progression. Indeed, from the aggregation of multidimensional omics data, ImmUniverse will select biomarker candidates based on the following criteria: (A) ‘translatability’, i.e. can a test based on a marker (signature) be translated into the clinical routine (tissue accessibility, technical feasibility), (B) clinical utility based on the clinical need and the performance estimates of a candidate marker (signature) and (C) biological relevance based on the disease models & maps and interactivity networks for key regulatory genes controlling the downstream molecular alterations observed in the omics data using a causal reasoning analysis.

While the extensive retrospective availability of clinical data and biomaterial will aid in a hypothesis-building approach, non-interventional prospective longitudinal therapy cohorts of patients with UC and AD will be another essential key for this project to ensure that identified signatures are clinically relevant.

Only a large trans-disciplinary, collaborative network can succeed in the discovery of individual disease and cross-disease biomarkers of disease progression. Therapy monitoring and integration of the multiple layers of data will help to gain a better understanding of the underlying complex and often heterogeneous biology of IMIDs.

The overall concept of identifying integrated comprehensive signatures of disease-affected tissue microenvironments and matched blood biosamples over time will be supported by disruptive non-invasive liquid-biopsy methodologies to ultimately reduce the reliance on invasive biopsy methods. Two non-invasive technologies, dermal open-flow microperfusion (dOFM) in the skin (Figure 2A) and low-intensity pulsed ultrasound stimulation (LIPUS) in the gut (Figure 2B), will be set up as disruptive liquid biopsy technologies. These will be applied in a translational setting to establish specific disease signatures in blood and explore such novel technologies to overcome currently invasive biopsy methods and improve the patient experience. dOFM has the potential to provide a high resolution signature of the interstitial fluid as the intermediary component between tissue and blood (44–47), to allow correlation between tissue and blood and aid in the identification of robust circulating signatures in AD. LIPUS has the capacity to induce release of tissue-specific cellular and molecular components into the blood, allowing induction of circulating signatures and thereby replacing traditional intestinal biopsies. Currently, biopsy and endoscopic assessment of mucosal healing are the gold standard for diagnosis of inflammatory bowel disease and the monitoring of disease progression. Although generally well tolerated, both endoscopy and biopsies are invasive procedures and, consequently, their use and frequency is limited. Furthermore, they are limited in their ability to truly capture disease dynamics throughout the colon or capture patients response or sensitivity to the treatment due to the limited sampling that is tolerated. Moreover, traditional biopsies are limited by the quality and amount of the tissue that can be sampled. Similarly, in dermatology the frequency of biopsy sampling is a limiting factor due to their invasive nature. Therefore, there is a high clinical need for robust signatures of the disease tissue microenvironment from blood and/or non-invasive detection methods that allow better monitoring of the real-time dynamics of IMIDs. The liquid biopsy represents an alternative and attractive non-invasive procedure.




Figure 2 | Development of new Disruptive liquid biopsy technologies. Schematic overview of dermal open-flow microperfusion (dOFM) (A) and LIPUS-enabled gut liquid biopsy (B) as non-invasive approach for the identification of new signatures in the skin and in the gut. dOFM is a sampling method for clinical and preclinical drug development studies and biomarker research. OFM is designed for continuous sampling of analytes from the interstitial fluid (ISF) of various tissues. It provides direct access to the ISF by insertion of a small, minimally invasive, membrane-free probe with macroscopic openings. Thus, the entire biochemical information of the ISF becomes accessible regardless of the analyte’s molecular size, protein-binding property or lipophilicity. Therefore dOFM allows a new level of insight into physiological and pathophysiological processes directly in the skin. LIPUS is a versatile and non-invasive tool, recently explored for the treatment of a variety of medical conditions. It consists of ultrasound waves that bring mechanical energy with a characteristic frequency higher than the limit of human hearing (20 kHz), a typical intensity smaller than 3 W/cm2 and a pulsed mode. By depositing mechanical or thermal energy in the target tissues, this particular ultrasound regime can trigger a plethora of different beneficial bioeffects, by exploiting cell mechanotransduction mechanisms, without harmful effects. The therapeutic effects of LIPUS are mostly associated to low mechanical events such as stable cavitation, acoustic streaming and acoustic radiation force, while thermal effects are often negligible (typical temperature increases are smaller than 1°C). LIPUS is currently approved by FDA for the treatment of fracture healing (36), and other therapeutic effects have been repeatedly demonstrated in vitro and in vivo on different types of tissues (37) although the optimization of the procedures and the knowledge of the underlying mechanisms still need to be elucidated. The studies available on LIPUS are almost always based on rather uncontrolled and often unknown ultrasound stimulation protocols, only few studies correlate a precise LIPUS dose with the bioeffects achieved (38, 39). Therefore, proper instruments and a correct methodology are crucial to obtain reliable ultrasound measurements, exposure estimations and bioeffect optimization in vitro, to be then effectively translated in vivo. ImmUniverse will set up a LIPUS device with peculiar characteristics to induce bioeffects on the gut allowing the release of mediators in the blood.



ImmUniverse aims to significantly improve IMID management and provide benefit to patient’s life and well-being. Following a unique and unparalleled approach, ImmUniverse will address the limitations of previous investigational approaches by investigating the complex interactions between circulating immune cells and tissue microenvironment in an integrated manner. Due to the parallel study of two different IMIDs, the project will enable identification of both disease-specific as well as cross-disease signatures and the underlying pathological pathways. ImmUniverse will provide a scalable, clinic-ready production infrastructure for delineating the tissue microenvironment and accessible matrices, such as blood and stool, using multiple technologies (single-cell sequencing, multi-omics approaches) on several molecular omics layers. The ImmUniverse project will bring IMID clinical management to a new level through novel, validated and clinic-ready circulating biomarker assays which are expected (a) to improve diagnosis, (b) to inform early in the clinical course on disease severity and progression and (c) to enable better treatment response/remission monitoring. Moreover, implementing disruptive non-invasive liquid-biopsy methodologies will provide significant advances to patients by reducing the reliance on invasive biopsies. The complex and ambitious nature of the project requires the unique collaborative nature of the ImmUniverse consortium to bring together deep expertise and experience in disease understanding, technology, clinical trials and patient management from academia, technology experts, industry partners and patients themselves.



Conclusions and outlook

IMIDs are heterogeneous diseases for which, despite advancement of targeted therapies, large unmet need remains. Differentiation of targeted treatments is limited by the lack of clear molecular, cellular or clinical characteristics that could be used to identify patient subpopulations and allow more tailored treatment. In general, the rate of primary non-response is high (25-40%) and more than 50% of the initial responders fail to reach long-term remission. With more targeted therapies becoming available, new approaches are needed to bring IMIDs, in particular UC and AD, to a 21th century level of investigation and understanding that would allow us to move towards tailor-made treatments for patients, maximizing the likelihood of therapeutic efficacy and minimizing the risk of side effects. In view of the overwhelming complexity of molecular and cellular components driving pathology, there is a need for improved, comprehensive and systematic analyses of the individual components through their biological integration at a molecular and cellular level. ImmUniverse will fill this gap and aims to not only identify disease-specific, but also cross-disease signatures of underlying pathological pathways. By this, ImmUniverse will provide a scalable production infrastructure for delineating the tissue microenvironment and accessible matrices, such as blood and stool, using multiple technologies on several molecular Omics layers. In addition, the validation of the use of non-invasive liquid-biopsy methodologies for molecular characterization of skin and gut will pave the way to novel approaches for monitoring treatment response and disease progression.
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