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Abstract 

Autoimmune diseases are exquisitely human diseases with a complex genetic background 

and variable clinical presentation, of which the underlying pathophysiology is insufficiently 

understood. Current treatment is mainly empirical with limited efficacy and significant side 

effects. To develop more effective targeted therapy for personalized treatment, understanding 

of the human pathophysiology is crucial, implying a high need for human investigational 

disease models. Using the example of anti-neutrophil cytoplasmic antibody (ANCA) 

autoimmune vasculitis, the concept of building an in vitro organ-on-chip type human disease 

model, consisting of cultured organ-specific vascular tissue in interaction with relevant 

immune system components (e.g. lymph node and thymus tissue) is presented. This in vitro 

approach makes use of advances in engineering and human stem cell technologies, enabling 

derivation of pluripotent stem cell lines from patients, differentiation to required cell types, 

and incorporation  in microfluidic chip-based culture systems to optimally mimic in vivo 

disease conditions. Knowledge-based computational disease modeling is introduced as a 

valuable complementary tool to generate an integral mechanistic picture of the disease. 

Combining these multidisciplinary developments promises breakthroughs in understanding 

autoimmune disease and targeted drug development, while simultaneously reducing use of 

animal models. Current state of the art and issues remaining to be solved are discussed. 

  

A brief introduction to autoimmune disease  

The spectrum of autoimmune diseases is wide and clinical disease manifestations are highly 

variable, ranging from local to systemic disease involving multiple organs, and from acute to 

a lifelong chronic disease. Different types of immune cells play a role, with a varying role of 

the innate versus adaptive immune system, and with either a dominant role for a humoral or 

cellular immunity component. Complex and largely unresolved genetic determinants, e.g 

certain human leukocyte antigen (HLA) types, but also non-HLA genes, influence the 

propensity for autoimmune diseases as well as the clinical manifestations (1-4). Breakdown 

of tolerance of the immune system towards one or more self-antigens is the dominant overall 

causative factor for any autoimmune disease, and this implies an important pathogenic role 

for T cells and the adaptive immune response. In general, both hereditary and acquired 
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genetic determinants can predispose to an autoimmune reaction. Endogenous factors like cell 

death associated with tissue damage, or exogenous factors like infections or a chemical 

substance, can function as trigger for the actual autoimmune reaction and initiation of clinical 

disease. The responsible self-antigen is probably a major determinant of clinical organ 

localization and symptomatology. Currently approved treatments for autoimmune diseases 

are mostly symptomatic to replace the function of the damaged organ, like insulin treatment 

in the case of autoimmune diabetes, or are based on drugs which interfere with a generic step 

in immune response, like inflammation or lymphocyte activation. These treatments do not 

specifically target the root cause of the specific disease and are associated with systemic side 

effects, for example increased risk at infections. More recently pharma companies have 

switched towards a personalized medicine approach with development of targeted drugs that 

target the causal factor in the pathophysiology of a specific disease. However, in general, lack 

of knowledge of the disease-specific human pathophysiology and immune-pathogenesis 

severely impedes development of targeted drugs for autoimmune diseases.  

 

Investigational approaches in autoimmune disease, from the past to the future 

So far, autoimmune diseases have predominantly been studied using a variety of in vitro 

assays and animal models. Cell-based in vitro assays are based on relatively simple 

(co)cultures, for example cell adhesion, migration, antigen presentation, and lymphocyte 

activation assays (5). As such they lack clinical disease context and can only contribute to a 

very limited extent to disease understanding. On the other hand, use of animal models for 

autoimmune disease is intrinsically flawed for several reasons: the animal immune system, 

especially in rodents, functions crucially different from the human immune system; 

autoimmune diseases are typically diseases of the elderly while the lifespan of rodents is 

much shorter; and finally, as said, development of autoimmune disease is influenced by 

complex underlying genetics - including the many genetic variations determining individual 

immune system performance (6-10). Together with rapidly increasing knowledge on the 

complex functioning - and dysfunctioning  - of the human immune system, consensus has 

emerged on limitations inherent to even the best animal models (1, 11,12). This inevitably 

leads to the conclusion that animal models, while having been very valuable in the past, are 

not suited to develop novel targeted treatments for human autoimmune diseases. Even mice 

with a “humanized” immune system lack the complex human genetics underlying 
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autoimmune disease, while organ/tissue antigens remain non-human, interfering with 

recapturing human immune response and tolerance mechanisms (13).   

The arguments presented above illustrate the need for representative human disease model 

systems. Conventional clinical studies involving selected patient cohorts have high value for 

characterization of disease pathology, subtyping of disease entities, and identification of 

prognostic or predictive biomarkers or risk factors. However such a patient-oriented research 

approach in general lacks the power to unravel causal pathogenic relationships, necessary for 

discovery of reliable new drug targets. In addition, clinical experiments can in principle not 

be repeated in a reproducible manner and patient heterogeneity can be responsible for 

extensive experimental noise in clinical studies, especially for diseases that are not well 

understood and for diseases of the elderly where comorbidity is rule rather than exception. 

This becomes especially problematic when investigating patient samples with new techniques 

like next generation sequencing or proteomics which give rise to huge amounts of complex 

and hard to interpret data. It is inherently difficult to reliably identify relevant disease 

parameters, and risks at confounding study results are frequently underestimated. Clinical 

studies on autoimmune diseases typically suffer from the above-mentioned limitations. The 

“association only” dilemma of clinical studies can be illustrated by the Genome-Wide 

Association Study (GWAS) approach, frequently used in autoimmune disease (see for 

examples: ref 14-16). If the study population is large enough and the disease well defined, 

current GWAS approaches can be powerful in identifying high frequency disease-related 

genomic variants among the genetic noise, and increasing use of genome sequencing 

technologies will in principle also enable identification of rare disease-associated gene 

variants in the future. However, it has proven to be very difficult to assign a mechanistic, 

causal, role to identified “disease-associated” genome variations (3). Smart use of immune 

system and cell biology knowledge will be instrumental in defining relevant disease-related 

genes and potential disease mechanisms; for example when multiple genes within a specific 

cellular signalling pathway have been identified by GWAS, chances that this pathway is 

functionally involved in the disease increase (2). In addition, analysis of gene variants shared 

between different autoimmune diseases may reveal common disease pathways or risk factors 

(2).  

Recently a paradigm shift has been proposed for the study of human diseases to enable 

improved disease understanding and encompassing intelligent incorporation of human 

(GWAS) genetics and human pathophysiology information into systems biology models. 
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This approach aims for rationally linking causes of disease and disease outcomes by “disease 

pathways”, meaning the mechanistic biochemical and cellular disease processes (17). To be 

successful, such an approach requires availability of representative in vitro human cell 

culture-based disease models, which can be experimentally queried in a repeatable and 

reproducible manner to answer questions on disease pathogenesis and pathophysiology.  

Developments in the form of “organ-on-chip” cell culture systems, combined with advances 

in human stem cell technology, should be able to turn the utopian idea of in vitro “patients-

on-a-chip” into a realistic option (18). These new in vitro cell culture models are expected to 

be able to mimic human autoimmune disease in lab-format, including the immune 

component, and enable in vitro real time investigation of human pathogenesis, 

pathophysiology, immune-pathology, and drug development.  

 

Organ-on-chip disease models 

In the organ-on-chip concept cells are cultured inside a so-called “chip”, roughly the size of a 

microscope slide (18-20) (Figure 1). The “chip” provides the basic housing for the cells 

which will form the tissue or (multiple) organ model. As such it replaces the conventional 

culture dish, in which culture of multiple cell types together in a three dimensional setting is 

difficult, while the natural physical microenvironment of the cell in vivo cannot be adequately 

mimicked. The “chip” may contain one or more open or closed small culture compartments 

(of a variable format) or small channels, in which cells can be seeded and cultured, either two 

dimensional (2D) or three dimensional (3D). In the chip the cells can multiply like in normal 

cell culture, or for example be induced to differentiate in a certain direction in case stem cells 

are seeded. The material of the “chip” is transparent, which makes it possible that using a 

microscope cells can be real time visualized and their behavior monitored. The surface 

material to which the cells attach can be chosen to resemble for example the level of tissue 

stiffness present in vivo, or to enable stretching of cells or cultured tissue. The surface can be 

functionalized by coating with extracellular matrix proteins, by attaching certain growth 

factors, and it can be patterned to align cells in a certain direction (21). Multiple culture 

compartments can be connected by microfluidic channels, while microporous membranes can 

be used to separate two adjacent culture compartments, enabling migration of cells through 

the pores. To actively flow fluid through the system, microfluidic channels in the chip can be 

connected to an external pumping system. Continuous refreshment of culture medium has the 

advantage that the cell culture can remain viable for far longer periods than is possible with 
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conventional cell culture. Several human organs and tissue types have already been cultured 

in an organ-on-chip format, e.g. lung, intestine, kidney, liver, neurons, and blood vessels (22-

26).  

To create an in vitro disease model as “a patient-on-a-chip”, the different cell types making 

up the model, including immune cells, in principle should have the same genetic background 

and HLA status. The recent availability of human stem cells, both induced pluripotent stem 

(iPS) cells and adult stem cells, combined with rapid developments in differentiating them to 

all kinds of cell types, makes this possible (27-29). iPS cell lines can be made from every 

healthy or diseased individual, while adult stem cells can be cultured and passaged like stem 

cell lines, using ”organoid culture” techniques, directly from human tissue biopsies (28-30). 

Use of such cell sources makes it possible to develop in vitro disease models in a 

reproducible manner, in principle enabling unlimited repeating of experiments on identical 

disease copies, something that is not possible using a primary cell culture, let alone studies in 

a real patient. 

The ideal culture-based disease model needs to be able to correctly and reproducibly 

represent the pathophysiology of the human disease. In autoimmune diseases, the key cells, 

tissue and organ components that determine pathophysiology and clinical symptomatology 

are the interacting innate and adaptive immune system, the affected and inflamed “target” 

organ(s) or tissue(s), and connecting blood vessels: all these modules should be integrated in 

the organ-on-chip disease model. In addition to conventional assays performed on the 

cultured tissue and cells, (time lapse) microscopy is the prime technology to real time 

monitor cell behavior in the organ-on-chip device (Figure 2b). 3D fluorescence microscopy is 

in advanced stage of development and will enable visualization of fluorescent reporter gene 

activity in the cultured tissue (31). Results from controlled perturbations or interventions  will 

provide mechanistic information on biochemical and cellular mechanisms (“disease 

pathways”) involved in the disease. However, in general, due to experimental constraints, 

changing one variable at a time in the experimental model in combination with a specific 

readout to assess the consequence of the perturbation will provide the answer to only one 

(small) question regarding disease pathophysiology. To enable development of an integral 

picture of the disease, we propose to add computational disease modeling as an additional, 

and very promising, investigational tool.  
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a.                                                          b. 

   

 c.                                                  d. 

 

 

 

e.       

Figure 1. Organ-on-chip devices for advanced cell culture. a. Example experimental set-up of a 

microfluidic organ-on-chip system (courtesy Youssef Norouzi, Philips Research/Technical University 

Eindhoven, The Netherlands). b. Multi-organ-on-chip device, which hosts two independent micro-

circuits, each with two individual cell/tissue culture compartments connected by a microfluidic 

channel system; micropumps can be connected to control fluid flow through the culture 

compartments. With permission, Uwe Marx (Technical University Berlin, Germany) and adapted 

from Ref. 18; c. A microfluidic chip design with two culture compartments separated by a porous 

membrane which allows cell migration between compartments (courtesy Tom van Gijsel, Philips 
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Research, The Netherlands); d. Dual compartment microfluidic chip device (courtesy Lambert 

Bergers, Philips Research/Free University Amsterdam, The Netherlands);  e. Microfabricated porous 

membrane enabling cell migration between culture compartments, pore size 8 micron, membrane 

thickness 10 micron (unpublished results and courtesy Berend van Meer and Ronald Dekker, Philips 

Research/Technical University Delft).   

 

Knowledge-based computational disease models 

 

The past decades, many computational approaches have been used to create in silico systems 

biology networks to study cell behaviour and disease pathways, mostly based on data-driven 

statistical modelling methods. Such approaches tend to fail when the number of variables is 

much larger than the number of samples, when the noise level of the data is high and in the 

absence of functional mechanistic data, and they are prone to overfitting. Instead, a 

knowledge-based computational approach based on probabilistic Bayesian principles, which 

uses solid biological knowledge with known causal relationships to create a high confident 

systems biology framework can handle noise-containing data in a far more effective and 

robust manner (32,33). The core structure and parameters making up such a Bayesian model 

can be derived from qualitative rather than quantitative prior knowledge from literature (32-

34). Despite the fact that autoimmune diseases are complex and not well understood, for parts 

of the disease process the mechanism is known and this can be built into such an initial model 

framework. A time variable can be incorporated to create a dynamic network model and 

enable monitoring of a cellular process or disease characteristic over time. Additional 

knowledge and calibrated computational parameters can be introduced using data obtained 

from patients as well as experimental results from an in vitro (or in vivo) model system in 

which variables can be manipulated in a controlled manner. Quantitative inference in the 

form of a probability score can be used for example to predict with a certain probability the 

outcome of an experimental or disease intervention (32). Especially when used in 

combination with in vitro organ-on-chip models this knowledge-based in silico modelling 

approach is expected to be very valuable to create a more complete understanding of 

autoimmune disease pathogenesis and pathophysiology.  

 

ANCA -associated vasculitis (AAV) as an example autoimmune disease  
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Clinical vasculitis presents as many different clinical variants, categorized by the size of the 

affected blood vessels into large, medium and small vessel vasculitis, and characterized by 

the presence of inflammatory leukocytes in blood vessel walls. The vascular inflammatory 

process gives rise to obstruction of the lumen, associated with downstream ischemia, tissue 

necrosis, and bleeding through the damaged vessel wall. Within the category of small vessel 

vasculitis a number of diseases have been grouped together because affected patients share 

the presence of anti-neutrophil cytoplasmic antibodies  (ANCA’s), the so-called ANCA-

Associated Vasculitides (AAV’s) (For a review, see ref 35). AAV is a severe chronic 

systemic disease, which can affect multiple organ locations, with a dominant role for kidney 

and lung. Current AAV diagnosis and clinical classification is empirically based on 

symptomatology, serology and histo-/immunopathology analysis. Therapeutic options are 

similarly empirical and often unsatisfactory (36).  

We will briefly review current AAV disease knowledge and main issues to be solved.  

Antibodies against proteinase 3 (PR3-ANCA), a serine proteinase present in neutrophil 

azurophilic granules, are found in the serum of most patients with granulomatosis with 

polyangiitis (Wegener’s granulomatosis), abbreviated as GPA. This disease is characterized 

by granuloma formation in the lungs and renal failure due to a necrotizing and crescentic 

glomerulonephritis (NCGN) with characteristically scarse immune deposits (pauci-immune 

NCGN), and involvement of the skin, upper respiratory tract and eyes. Antibodies against the 

neutrophil enzyme myeloperoxidase (MPO-ANCA) are detectable in the majority of patients 

with microscopic polyangiitis, MPA. In MPA most patients have pauci-immune NCGN, 

while pulmonary disease is less prominent than in GPA. MPO-ANCA is also present in 

patients with isolated pauci-immune NCGN, a form of MPA confined to the kidneys. 

Eosinophilic granulomatosis with polyangiitis (EGPA), also referred to as Churg-Strauss 

syndrome, is a rare disease characterized by eosinophilia and pulmonary, cardiac and 

cutaneous vasculitis; only about half of these patients have a positive MPO-ANCA test. 

Although still controversial, a third ANCA antigen, lysosomal membrane protein-2 (LAMP-

2) may be present in patients with NCGN (37-39).  

AAV shows a distinct geographical distribution with respect to symptoms, presence of 

specific ANCAs and genetics (e.g. predisposing HLA alleles differ between African-

Americans and Caucasians), suggesting that both genetic and environmental factors play a 

role in the pathophysiological process (40). With respect to genetic factors, a recent genome 

wide association study (GWAS) comprising Caucasian GPA and MPA patients identified the 

HLA-DP locus, the PRTN3 gene (coding for the PR3 self-antigen), and the SERPINA1 gene 
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(coding for the PR3 inhibitor alpha-antitrypsin) as significantly correlated with PR3-positive 

AAV vasculitis, while the HLA-DQ locus was associated with MPO-positive AAV vasculitis 

(4). Interestingly and important, no associations were found with clinical disease as defined 

according to the current AAV disease classification. In support of the GWAS results, 

neutrophil PR3 expression seems to be indeed genetically determined and associated with 

more severe renal disease (41). Several environmental factors, e.g. staphylococcal 

superantigen in nasal carriers of staphylococcus aureus, the gram-negative bacterial adhesin 

FimH; use of drugs like propylthiouracil, exposure to silica, may enhance susceptibility to 

AAV; the pathogenic mechanism however remains largely unexplained, including the actual 

initiating event (42-44).  

Although pathogenic mechanisms leading to organ-specific vascular damage and clinical 

symptomatology to a large extent remain to be elucidated, including the role of the self-

antigens, it is evident that activation of neutrophils is at the core of the disease. Based on 

results using animal models, neutrophil activation is typically thought to occur in two steps. 

First the neutrophil becomes pre-activated, most frequently probably by an infection-

associated cytokine signal like Tumor Necrosis Factor-alpha (TNF-alpha), lipopolysaccaride 

(LPS) or interleukin-1 (IL-1), and releases and binds the ANCA target antigens on its cell 

surface. Subsequently circulating ANCA binds directly to its antigen, which may result in 

crosslinking antigen-ANCA complexes to Fc receptors on the neutrophil membrane  and in 

full activation of the neutrophil (45-48). This is associated with adhesion to endothelial cells 

and release of reactive oxygen species and proteolytic enzymes causing endothelial cell 

damage. Self-antigens may also be expressed on the cell membrane of activated endothelial 

cells, or become deposited in the endothelial wall upon release from neutrophils, further 

directing the auto-immune inflammatory reaction towards the vessel wall (49-51). This is the 

essential event leading to clinical vasculitis (52-54). The mechanism behind the organ-

specificity of the vascular endothelial damage in this process remains largely unclear.  

Multiple mechanisms contributing to loss of tolerance to the self-antigens have been 

described for patients with AAV (35).  The question as to the role of ANCA antibodies 

versus T cell-mediated responses to the different AAV diseases remains controversial. In 

general the disease seems to be dominated by a humoral immune response with a role for 

CD4+ T-helper cells in recognizing local antigen epitopes within the HLA-II complex of 

macrophages or other antigen-presenting cells (35,51). Whether ANCA’s play a causal role in 

AAV or are simply an epiphenomenon (with potential value for monitoring of disease 

activity, like for PR3-ANCA) has remained a controversial issue to date due to contrasting 
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evidence derived from both preclinical and clinical studies (55-59). The fact that ANCA 

antibodies are sometimes not detectable in AAV patients may be due to failure of the routine 

diagnostic ANCA test to detect LAMP-2 antibodies and some circulating forms of PR3 and 

MPO antibodies (37,59). On the other hand ANCA antibodies can be present in low levels in 

healthy individuals as well, although affinity for a specific epitope of the antigen (not 

routinely assessed in patients) may make them uniquely pathogenic in AAV patients 

(38,51,60). The role of specific types of ANCAs, IgG, IgM or IgA, of immune complexes, 

and of associated (alternative) complement pathway activation has been difficult to relate to 

clinical manifestations in human patients (61-65).                                                                

Standard treatment consists of non-specific glucocorticoid and cyclophosphamide therapy, 

which is effective in obtaining initial remission in the majority of patients. However, the 

disease frequently relapses, underscoring the high need for more effective treatment. A vast 

array of experimental drugs has been -and is still being- evaluated in clinical studies such as 

alemtuzumab which depletes CD52-positive immune cells, abatacept which inhibits T-

lymphocyte activation,  rituximab which depletes or functionally inhibits B-lymphocytes, 

CCX 168 which blocks the C5a complement receptor on neutrophils, and a number of 

TNFalpha-blocking agents (e.g. etanercept) (36; https://clinicaltrials.gov/). All these drugs 

affect in a more or less generic manner the immune response and are not directed towards 

specific AAV drug targets. Not unexpectedly therefore, use of most of these drugs carries a 

high risk at infections. Even more importantly, many clinical trials have been terminated due 

to inefficacy or too few eligible patients; despite all efforts only rituximab has been approved 

by the FDA for treatment of GPA and MPA 

(http://www.fda.gov/drugs/developmentapprovalprocess/howdrugsaredevelopedandapproved/

approvalapplications/therapeuticbiologicapplications/ucm093345.htm).  

Both lack of understanding of the human disease, which can be contributed at least in part to 

inadequate preclinical model systems, and the relative rarity of AAV, hamper progress 

towards development of targeted therapies and reliable (companion) diagnostics (36). 

 

 

The role of animal models and remaining questions regarding AAV 

 

More animal studies will probably not answer the many remaining questions regarding AAV, 

nor suffice to discover AAV drug targets. Animal models have been very valuable for 

investigating AAV in the past, like for identifying the role of the neutrophil and its priming 
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factors and some end-organ pathogenic effects of ANCAs. However, they can only represent 

aspects of AAV disease, and obtained results often appeared to be not translatable to human 

disease (For a review, including list with animal models, see ref. 66; for human immunology 

models, see ref. 12). Human-specific histo- and immunopathology findings appeared hard or 

impossible to replicate in animal models. With the exception of a rare spontaneous NCGN 

disease model in mice, artificial interventions are needed to mimic at least some 

histopathology features in the animal, like planting the self-antigen in the organ vasculature 

in combination with transfer of a reactive T-cell clone (51,61). Due to their inherent 

limitations, animal models failed in resolving the role of genetics in AAV, in understanding 

the pathogenic and immunopathology differences between AAV subtypes and the interplay 

between innate and adaptive immune response resulting in loss of tolerance, and finally in 

predicting therapy efficacy in humans (35). Anti-TNFalpha drugs function as an example 

case to illustrate the discrepancy between promising results in an animal model and actual 

clinical trial results in human patients. While in a murine model for anti-MPO antibody-

induced NCGN, selective blocking of TNFalpha attenuated disease severity, convincing 

clinical evidence for a therapeutic role of TNF-alpha blockade in humans could not been 

obtained (45,67).  

The most important high priority disease questions that need to be answered to enable 

development of more effective (targeted) therapies are listed in Table 1, and center around 

elucidation of mechanisms underlying pathogenesis and pathophysiology (68).  

 

___________________________________________________________________________ 

Table 1. Some questions on AAV which remain to be answered, and where the described human 

model systems are expected to be instrumental.  

1. Pathogenesis and pathophysiology:  

a. Which genetic variations in combination with environmental factors influence clinical 

and histopathology presentation, including organ location, progression and response to 

therapy? 

b. What causes chronic and relapsing disease: repeated external disease triggers, or an 

internal self-propagating inflammatory process? 

c. What are the autoimmune mechanisms that cause loss of tolerance? 

d. What determines the specific organ localizations of the autoimmune reaction?  

e. What is the mechanism behind endothelial inflammation?  
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f. What is the mechanism behind granulomatous inflammation? 

g. Which pathogenic role play self-antigens MPO, PR3 and LAMP and are there other 

relevant self-antigens?   

h. What is the mechanism behind presence of self-antigens in the endothelial wall? 

i. Is the type of ANCA (IgG, IgM, IgA) important?  

j. What is the role of immune complexes and complement activation? 

2. Diagnosis: Can a better diagnostic classification be developed based on genetics and 

immunopathology?  

3. Disease monitoring: Which biomarkers can be used to reliably monitor disease status and therapy 

response?  

4. Drug development: Can disease-specific drug targets be found for drug development, for example 

to induce local resolution of the auto-inflammatory process?  

__________________________________________________________________________________ 

 

Towards new human investigational approaches for ANCA 

To overcome the limitations of currently used animal and clinical patient investigational 

tools, we propose a switch towards developing human cell culture-based AAV models-on-

chip. Depending on the research question to be answered a relatively simple or more complex 

model can be built and used. Investigation of mechanisms involved in end-organ damage 

caused by circulating autoantibodies may require a relative simple model consisting of a 

blood vessel on-a-chip which can for example be perfused with blood derived neutrophils and 

ANCAs. In contrast, a question regarding the pathogenesis of an AAV disease will require 

more complex integration of immune system tissue modules on the chip.  

Ideally models for the various clinical forms of AAV vasculitis should contain surrogate 

microvascular blood vessel endothelium on a chip representative for the small blood vessels 

that are involved in the respective disease variant, like renal mesangial endothelium or lung 

alveolar endothelium, and include pericytes and macrophages surrounding the endothelial 

vessel structures (69,70). If necessary and possible, the endothelial cell culture can be 

combined with the relevant organ-specific cells, either in 2D or 3D culture. Human iPS cells 

have already been successfully differentiated to endothelial cells and associated pericytes and 

used to construct a blood vessel in a microfluidic channel (26,71) (Figure 2). Similarly, many 

relevant organ cell types can already be generated from iPS cells, like lung alveolar and 
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kidney glomerular epithelial cells (72,73). A model to investigate end-organ disease could 

thus be built on the basis of an iPS cell line derived from a patient with a form of AAV 

vasculitis. For example a dual compartment microfluidic chip can be used to culture properly 

differentiated endothelial cells and pericytes in one compartment on a micropore-containing 

membrane separating the two compartments, while organ tissue cells can be grown on the 

other side of the membrane in the second culture compartment (24) (Figure 1d). Specific 

physical factors necessary to more closely mimic endothelial and organ-specific cell function 

in vivo can be introduced in the device, e.g. continuous fluid flow-induced shear stress, the 

appropriate stiffness of the membrane substrate, and for example repeated stretching in the 

case of alveolar endothelium (23,24,74). Inflammatory blood cells like neutrophils and 

monocytes can be either obtained from patient blood or generated by using the proper in vitro 

differentiation protocols described for iPS cells (75). Relevant cells in combination with 

selected circulating factors, for example ANCAs, complement and inflammatory cytokines, 

can be added to the perfusion fluid of the endothelial compartment to mimic a specific 

disease situation. The porous membrane allows transendothelial migration of adhering 

inflammatory cells into the other culture compartment (24, and Philips Research unpublished 

results) (Figure 1e). To validate the disease model as being representative for the AAV 

disease, histo- and immunopathology analysis and comparison with in vivo histopathology is 

required. Such a long-term culture model could be used to investigate cause-effect 

relationships with respect to clinical manifestations of the disease, including effects of 

genetic variations and inflammatory disease triggers. Multiple variables can be manipulated 

over time, for example perfusion with neutrophil priming factors, one-time or repeated 

exposure to ANCA antibody, a specific gene knock-down, or addition of drugs. In addition to 

conventional analyses, results of such manipulations can be investigated using real time 

readout technologies used in organ-on-chip studies, like 3D fluorescent imaging, time lapse 

microscopy, sampling and analysis of the microfluidic channel contents (18).  

For more complex models to more in depth investigate AAV disease pathogenesis, blood 

vessel structures will need to be connected by microchannels to a functional lymph node 

structure, enabling on the one hand circulation of relevant lymphocyte populations, 

monocytic cells and neutrophils, and on the other hand transport of macrophages to the 

lymph node structure. In addition, in case no primary immune cells from patients are used in 

the model, it will be essential to create a bone marrow stem cell niche as well as a functional 

thymus tissue equivalent on the chip. Efforts to in vitro differentiate pluripotent stem cells to 
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hematopoietic progenitor cells, and subsequently into the relevant white blood cell types 

(monocytes/macrophages, B- and T lymphocytes, natural killer cells) that are needed to 

generate such tissues have already been successful (75-80).   

 

Figure 2 

                

a.                                                        b.  

Figure 2: Culture of a blood vessel on-a-chip. a. An example of a microfluidic chip with a single 

channel suited for endothelial cell culture with connections to a fluidic pump system (courtesy 

Andries van der Meer, Wyss Institute, Boston, US); b. Human iPS-derived in vitro model system for a 

blood vessel with live cell imaging of endothelial-pericyte interactions in a microfluidic channel: A, 

schematic cross-section of the microfluidic channel; B and C, live imaging of the 3D endothelial 

blood vessel structure cultured within the microfluidic channel, consisting of human iPS derived 

endothelial cells (B, blue) surrounded by pericytes (C, red) (unpublished results, courtesy Valeria 

Orlova and Christine Mummery, Leiden University Medical Center, The Netherlands). 

 

Building immune tissue on-a-chip 

 

To culture a miniature lymph node structure on a chip to mimic functional interaction 

between the innate and adaptive immune system, antigen presenting cells, T and B cells need 

to be present in the right cellular, biochemical and physical microenvironment. Giese at al. 

recently wrote a comprehensive review on how to culture human immune-competent non-

lymphoid 3D organ tissue and “professional” lymphoid 3D immune organs on a chip (5). 

They have developed in vitro human 3D lymph node structures, showing functional dendritic 

cell – B/T lymphocyte interaction. The “lymph node” consists of a 3D hydrogel matrix 

containing dendritic cells, which is continuously perfused through oxygen-permeable 
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microchannels, mimicking blood flow through a lymph node (81,82). B and T cells 

continuously cycle and migrate to contact the dendritic cells that are embedded in the matrix. 

Using this system, follicle-like structures developed upon antigen exposure, associated with 

proliferation of activated immune cells that produced IgM type antibodies, however IgG class 

switching was not yet observed. Envisioned improvements aim at more closely mimicking 

the biochemical and physical environment of the immune cells in their 3D matrix, and 

controlling the cell-containing compartments such that B and T cells can form proper 

germinal centers (5). Second, proper lymph node endothelium should be introduced into the 

culture system, and preferably sensors to monitor local metabolic conditions, like pO2, pH, 

electrolytes.  

An initial 3D cell culture model for bone marrow has also been described, where (mouse) 

bone marrow-derived cells in suspension are flown through a special 3D porous synthetic 

matrix in a small bioreactor to allow them to attach and form a functional co-culture between 

mesenchymal stromal and hematopoetic cells, including multipotent progenitor cells (83). 

Also a functional hematopoietic human bone marrow model-on-chip was developed in which 

a bone matrix was first engineered in vivo, and subsequently transplanted to function as bone 

marrow niche in an organ-on-chip device (84). More recently functional thymus epithelial 

cells were generated in vitro by direct reprogramming of fibroblasts using forced expression 

of the FOXN1 transcription factor. These thymus epithelial cells successfully differentiated to 

thymocytes in vitro, and were capable of forming fully functional thymus tissue when grafted 

in vivo in mice, providing important proof of principle for the creation of functioning human 

thymus tissue on a chip (85).  

 

Probabilistic Bayesian network models for AAV 

 

In addition to the in vitro organ-on-chip AAV models, knowledge-based Bayesian 

computational models as described earlier can be built for the different forms of AAV disease 

by creating a high confident basic model framework incorporating qualitative and 

quantitative parameters describing well established causal immunopathology relationships, 

like for example disease triggers and ANCA antibodies that are well known to elicit 

neutrophil activation (Figure 3). For disease-associated variables, like the gene variant 

SERPINA-1, of which the pathogenic role is not well understood the causal disease 

relationship needs to be experimentally established prior to integration of the information into 
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the computational model. This can be obtained for example by gene-targeting in iPS cells to 

either introduce or correct the SERPINA-1 gene variant, enabling characterization of its 

pathogenic role using an organ-on-chip model for AAV disease (86, 87). One can go back 

and forth between in vitro and in silico (computational) models, adding new knowledge to the 

computational model in the form of “nodes” and associated parameters obtained by 

experimental interventions in AAV on-a-chip models, and re-calibrating the model on the 

organ-on-chip model system and if possible also on actual patient data. The Bayesian 

network model can integrate such relatively stand-alone experimentally defined relationships 

to evolve towards a more complete AAV disease model, which can be interrogated to identify 

new disease relationships, or used to enter experimental or patient data, for example to 

investigate the therapeutic effect of a drug. The simple Bayesian network model for AAV 

disease (figure 3) can already be used to illustrate why efficacy of a drug like anti-TNFalpha 

in an experimental animal model for kidney vasculitis is unlikely to reliably predict efficacy 

in human disease, given the complex and largely unknown influence of the human immune 

system on the disease.  

 

Figure 3. A conceptual (necessarily simplified) example for a probabilistic Bayesian network for 

ANCA vasculitis, built on qualitative causal relationships. Light blue boxes contain examples of 

measurable (qualitative or quantitative) variables obtained from patients. Blue “knowledge” nodes 

represent potential contributions of the immune system to the vasculitis process. Green nodes 

represent vasculitis-induced organ disease, causing the measured patient variables in the box below. 
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The central red vasculitis node will provide the probability of a form of ANCA vasculitis based on 

integration of blue and green node information. Red arrows indicate causal relationships where 

knowledge is still lacking (also see Table 1). Parameters for quantitative inference should be added 

based on validated disease knowledge, for example the quantitative distribution of a specific 

biomarker measurement in blood in healthy and diseased individuals, or obtained from preclinical 

experimental data, e.g. from experiments in an organ-on-chip disease model. Additional nodes with 

computational parameters and variables (substructures) can be added. The text on the right side 

summarizes the vasculitis process that is represented by the nodes on the left.  

 

    

Combining in vitro and in silico human AAV disease models for drug development  

 

In addition to providing models systems for discovery of human AAV drug targets and 

diagnostic biomarkers, the organ-on-chip approach offers the possibility to test drug 

compounds (and companion diagnostic tests for patient stratification) in a human disease 

model prior to starting a clinical trial with real patients.  In the case of AAV, designated as 

orphan disease, commercial benefits of developing an AAV drug do not balance the large 

investments required for conventional drug development. In addition the very limited and 

heterogeneous patient population interferes with recruiting sufficient numbers of patients for 

clinical trials. The organ-on-chip approach will enable a “(pre-)clinical trial-on-chip” with as 

many “on-chip” patients as necessary, allowing unrestricted efficacy testing of drug 

compounds, including “off-label” drugs already approved and on the market for other 

diseases than AAV. Integration of both organ-on-chip and relevant patient data into a 

computational AAV disease model is envisioned to further improve prediction of drug 

efficacy in real human patients. This approach is expected to lead to more successful clinical 

trials, reduce costs and accelerate the process towards regulatory approval for novel AAV 

treatments.  

 

 

Conclusion 

We have discussed AAV vasculitis as an example autoimmune disease where novel human 

investigational techniques, in the form of in vitro organ-on-chip AAV disease models 

combined with knowledge-based Bayesian network approaches, carry the promise to fill in 
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currently missing information on disease mechanisms and pathogenesis as “disease 

pathways”. The “disease pathway” concept is in line with similar developments in toxicology 

research towards defining and characterizing toxin-associated adverse outcome pathways 

(AOPs) (88,89). Close collaboration between scientists from different disciplines, like 

engineering, physics, experimental and clinical immunology, stem cell technology, 

mathematics and bioinformatics, and finally clinical medicine, is a sine qua non to 

successfully design and develop these complex human models for auto-immune diseases, 

both in vitro and in silico. However the reward is high and we believe that their use will 

result in both identification of human drug targets and disease biomarkers for improved 

classification and diagnostics of patients; in addition “pre-clinical trials-on- chip” for drug 

efficacy testing will become possible. For development of novel therapies for rare 

autoimmune diseases like AAV this is expected to provide a unique benefit; all 

complemented by a sizeable decrease in the use of animal models.  
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