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Introduction

Inflammatory Bowel Disease 
The idiopathic inflammatory bowel disease (IBD) comprises two types of chronic intestinal 
inflammation: Crohn’s disease and ulcerative colitis. Patients suffer from chronic intestinal 
inflammation leading to bloody diarrhoea, weight loss and fatigue. Most patients are diagnosed 
between their second and fourth decade of life.1 This high incidence at young age impairs 
career development, reproduction and leads to high health care and economical costs. 
Patients need chronic medical treatment, however refractoriness and loss of response are 
major problems. Characteristically, Crohn’s disease can affect the entire gastro-intestinal tract, 
resulting in discontinuous transmural ulcers, mainly in the terminal ileum and right sided large 
intestine. Ulcerative colitis continuously affects the mucosa of the large intestine.2 Furthermore, 
IBD is characterized by extra-intestinal manifestations in about 25% of patients. Extra-intestinal 
manifestations include joints resulting in arthritis or arthropathy, eyes resulting in uveitis, and 
skin lesions such as erythema nodusum and pyoderma gangrenosum. These extra-intestinal 
manifestations may precede symptoms of intestinal inflammation or persist after this subsides. 
Interestingly, Crohn’s disease patients are at greater risk to develop other autoimmune diseases 
such as ankylosing spondylitis and psoriasis,2 indicating that similar pathophysiological 
mechanisms are involved. Indeed, therapeutic drugs blocking tumour necrosis factor (TNF-α) 
are effective in Crohn’s disease as well as ankylosing spondylitis and psoriasis. 

In 1932, Burrill B. Crohn (1884 - 1983), along with the surgeons Leon Ginzburg and Gordon 
Oppenheimer, were the first to describe “Regional ileitis”, or Crohn’s disease as it was called 
later on. Before 1960 prevalence rates were low and reports only originated from Europe and 
North America.1 In the following decades the prevalence increased mostly in North America 
and Europe. Since then the incidence of IBD has increased in every studied region all over 
the world.1 In developing countries IBD used to be rare, however since these nations have 
become industrialized and westernized, the incidence has augmented.3,4 Moreover, incidence 
is higher in urban regions than rural area’s. And emigrants who migrate from a low prevalence 
area of IBD to a higher prevalence area increase their risk to develop IBD.5 These findings 
illustrate the importance of environmental factors in the aetiology of IBD. 



Introduction

11

1

 
 
 
 

Immune  
response 

Genetics                                       Environment 

Microbiota 
 
 

IBD 

Figure 1 | Aetiology of inflammatory bowel disease

Aetiology of IBD
The exact nature of the chronic intestinal inflammation is unknown, however multiple factors 
have been identified. IBD seems to result from the accumulation of genetic susceptibility 
and an inappropriate immune response to environmental factors, as is depicted in Figure 1.  
Genome-wide association studies (GWAS) identified several genetic polymorphisms asso-
ciated with Crohn’s disease and ulcerative colitis.6 Though little is known about the effects  
of these polymorphisms, it has become clear that the disturbance of the delicate homeostasis  
of the intestinal immune system plays a central role. High levels of the pro-inflammatory 
cytokines TNF-α and IFN-y have been found in Crohn’s disease intestinal inflammation.7,8 
Since these cytokines are mainly produced by T helper (Th)1 cells, Crohn’s disease was 
considered a Th1 mediated disease. By contrast, UC was considered to be Th2 mediated 
since active rectal disease shows increased levels of IL-4 and IL-13, when compared to 
patients in remission.8-11 However, in ulcerative colitis limited data is present on the role of 
adaptive and innate immune cells.12

Genome-wide association studies (GWAS) have shown an association between polymor-
phisms in the IL-23R and sensitivity or protection in certain autoimmune diseases, including 
Crohn’s disease, suggesting that at least in some instances the IL-23 axis is involved in 
pathology.9 IL-23 is produced by myeloid cells, including dendritic cells, and is important for 
maintenance of Th17 cells. Indeed both IL-17 and IL-22, but also IL-23 were found at high 
levels in Crohn’s patient’s sera and intestinal inflammatory sites.13,14 More recently it was shown 
that both IL-17 and IL-22 can be produced by many cell types including innate lymphoid cells 
(ILCs) raising the possibility that ILCs rather than Th17 cells are the major producers of these 
cytokines in IBD. 
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Part I: Innate lymphoid cells in  
inflammatory bowel disease

A novel family of immune cells
In the last decade, ILCs have emerged as a novel family within the innate immune system and 
appear to play a role in several inflammatory diseases. ILCs are characterized by a lymphoid 
morphology and the absence of specific antigen receptors. Conventional Natural Killer (cNK) 
cells are one of the two prototypic members of the ILC family. In humans there are two major 
subsets:  CD56bright NK cells dedicated to cytokine production, mainly IFN-y, and CD56low NK 
cells which are cytotoxic by secretion of granules containing perforin and granzyme.15,16 In 
2010, a subset of CD56+ cells, dedicated to IL-22 production, was identified in the intestine.17 
These CD56+ cells expressed the IL-7 receptor (CD127) and could respond to IL-23 to 
produce cytokines. Because their expression of CD56 and the natural cytotoxicity receptor 
(NCR) family member NKp44 these cells were initially called NK22 cells.18,19 Subsequent 
studies have made clear that the NK22 cells represent a lineage of cells distinct from NK 
cells.13,18,20,21 NK22 cells express CD127 and the transcription factor RORγt whereas cNK 
cells lack these markers. Moreover whereas NK22 cell are developmentally dependent on IL-7, 
cNK develop independently of this cytokine. Recently, a uniform nomenclature was proposed, 
distinguishing ILC subsets according to their phenotype and cytokine production profile, 
which is in analogy with the T helper cell family. ILCs are divided in group 1 (IFN-y producing), 
group 2 (IL-5/IL-13 producing), and group 3 (IL-17/IL-22 producing).22 ILCs are characterized 
as lineage negative (Lin- means no T cells, B cells or cells with a myeloid origin), CD45+ 

lymphocytes that depend on IL-7 for their development and survival and therefore express 
CD127, with the exception of cNK cells.23 

Group 1 ILCs are abundant in the intestine of Crohn’s disease patients
Group 1 ILCs comprises cNK cells, CD127- and CD127+ ILC1. The two latter ILC1 subsets 
differ in phenotype and anatomical localisation: CD127- ILC1 reside in the gut epithelium 
whereas CD127+ ILC1 are located in the lamina propria of the intestine.24,25 Both ILC1 
subsets have been described to outnumber IL-22 producing ILC3 in the inflamed intestine 
of Crohn’s disease patients.24,25 CD127- ILC1 respond to danger signals (IL-12 and IL-15) 
from surrounding cells and act against pathogens that elicit these signals.25 CD127+ ILC1 
produce IFN-y in response to IL-12 and IL-18 and increased numbers have been observed 
after the onset of colitis in DSS models.24 Before birth, thus before bacterial colonization, no 
ILC1 have been identified.24 Therefore ILC1 most likely play a role in immunity against intestinal 
pathogens. Nevertheless, the exact function of these cells remains to be elucidated. Most 
likely, due to the high numbers and findings in colitis models, ILC1 contribute to either the 
onset and/or the chronic inflammatory state of IBD patients. 

cNK cells are present throughout the intestine, and in healthy state most are CD56bright.26 
Even though NK cells were first discovered in the 1970s, their role in the pathogenesis of 
IBD is enigmatic. Cytotoxic NK cells have been shown to be enriched in the colonic lamina 
propria of IBD patients. Suggesting their pro-inflammatory role, azathioprine, an effective 
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immunosuppressant for the treatment of IBD, inhibits proliferation of these NK cells and 
induces apoptosis of resting NK cells.27 

Group 2 ILCs could play an essential role in ulcerative colitis
Group 2 ILCs or ILC2 produce type 2 cytokines: IL-4, IL-5, and IL-13 to protect the host 
from extracellular pathogens. ILC2 express the receptors for response to IL-25 (IL-17RB), 
IL-33 (ST2), prostaglandin D2 (CRTH2) and TSLP (a receptor complex of TSLPR and 
CD127).28,29 The transcription factors RORα in mice and GATA3 in human are key regulators 
of ILC2 development, survival and function.30,31 ILC2 have been shown important in the first 
response after intestinal helminth infection and airway tissue repair after influenza infection.32,33 
Nevertheless, by secretion of large amounts of especially IL-5 and IL-13, these ILC2 seem to 
be able to mediate allergic asthma and it’s exacerbations.34,35 Also nasal polyps of patients 
suffering from chronic rhinosinusitis, are packed with ILC2.29  ILC2 are present in the lamina 
propria of human adult healthy intestine.29 However, so far nothing is known about the 
potential role of ILC2 in the intestine of UC patients. In the Tbx21-/-, Rag-/-  ulcerative colitis 
(TRUC) disease model, colitis is caused by IL-17 secreting ILC3. No ILC2 were described to 
aggravate disease in this model.36 A different colitis model, induced by oxazolone did result in 
more IL-13 producing ILC2, and confirmed higher numbers of NK-T cells.37 The presence of 
NK-T cells in ulcerative colitis is ambiguous. One group showed a decrease in CD161+ NK-T 
cells in inflamed mucosa of ulcerative colitis patients, whereas others showed an increase 
of CD4+CD161+CD1d+ NK-T cells producing abundant IL-13.10,38 In vitro the presence of 
IL-13, enhanced cytotoxic activity and depletion of CD161+ cells from the lamina propria led 
to decreased IL-13 production.10 Especially this depletion of CD161+ cells from the lamina 
propria could have included both NK-T cells and ILC2, decreasing IL-13. Furthermore, IL-13 
production is induced by binding of IL-33 to it’s receptor ST2. It has become clear that both 
ST2, and its ligand IL-33, are highly expressed in the intestinal mucosa of ulcerative colitis 
patients.39,40 In serum from UC patients soluble ST2, a decoy receptor for IL-33, correlates with 
UC disease severity.41 In the gut, the main sources of IL-33 are epithelial cells and fibroblasts. 
The receptor, ST2, is present on cells in the lamina propria, like mast cells and basophils, but 
also macrophages, Th2 cells and ILC2. Clinical trials investigating therapeutic efficacy of anti-
IL13 antibodies for ulcerative colitis patients are currently being performed.12 

Group 3 ILCs and their diverse functions in tissue homeostasis 
ILC3 are considered to express RORγt and c-Kit, distinguishing them from other ILC subsets.42 
The group of RORγt+ ILCs contain lymphoid tissue inducer cells (LTi) and ILCs producing IL-17 
and IL-22.22 During development LTi cells are involved in the formation of secondary lymphoid 
tissues such as lymph nodes and Peyer’s patches in the intestine.43 Belonging to the family of 
ILCs, LTi cells are Lin- CD127+ and produce lymphotoxin (LT)αβ and TNF-α inducing stromal 
cells to produce adhesion molecules VCAM-1 and ICAM-1, which attract lymphocytes to 
form lymphoid structures.43 Furthermore during fetal development LTi cells are able to produce  
IL-17.44 After birth, these Lin- CD127+ RORγt+ cells remain present, and are dedicated to  
IL-17/IL-22 production, similar to their adaptive Th17/Th22 counterparts.45 
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IL-22 production is limited to RORγt+ c-Kit+ ILC that express NCR, like NKp44 or CD56, in 
humans. NCR+ILC3 can be found at different mucosal sites, such as the intestinal lamina 
propria, Peyer’s patches, mesenteric lymph nodes and tonsils. IL-22 production is regulated 
by ligands of the aryl hydrocarbon receptor (AHR).22,46 Mucosal epithelial cells respond to IL-
22, leading to increased microbial defence, tissue regeneration and protection against tissue 
damage.47 IL-22 seems to play a protective role in Citrobacter Rodentium induced colitis.13,48,49 
The production of IL-17 is present in ILC3 lacking NCR.18,50 IL-17 can recruit neutrophils crucial 
for defence against microbes, however it has also been shown to be involved in many auto-
immune disorders.2,14 The majority of ILCs in the intestine belongs to NCR+ ILC3, dedicated to 
IL-22 production.50 However, in Crohn’s disease inflamed intestine, IL-22 producing ILC3 are 
outnumbered by IFN-y producing ILC1.17,24 

Lost in translation
Since ILC3 were the first subset of ILCs to be characterized, after NK cells, most is known 
about these cells. Rag-/- mice, lacking T and B cells, develop an IL-23 dependent colitis after 
H. Hepaticus infection due to ILCs that produce IL-17, IL-22 and IFN-y. Colitis ameliorated 
after administration of antibodies against IL-17 and/or IFN-y, and decreased in mice that 
underwent ILC depletion.51 Similarly, increased numbers of an IL-17 producing population of 
Lin-CD45+CD56- ILCs were found to be enriched in the intestine of Crohn’s disease patients.52 
This was also observed in ulcerative colitis colon, however less abundant.52 Nevertheless, the 
pathogenic role of IL-17 in mice and the abundance of IL-17 in Crohn’s disease patients, led 
to the first hypothesis that blocking IL-17 might be a therapeutic strategy. On the contrary, 
Crohn’s disease patients receiving anti-IL-17 antibodies showed increased disease activity 
and further trials were not commenced.53 One could suggest several reasons for these 
differences between mice and man. First, mice models only mimic IBD but do not reflect the 
actual triggers for onset and flares of disease. Second, the role of certain cytokines, like IL-17, 
could differ at different phases of disease. For example, IL-17 might play a pathological role in 
the development of IBD, but might be essential to restrict inflammation in the chronic phase 
of the disease and therefore patients with a flare of Crohn’s disease might not benefit from 
blocking IL-17.
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Part II: Therapeutic efficacy in  
Crohn’s disease patients 

Treatment of Inflammatory Bowel Disease 
Corticosteroids are effective remission induction drugs suppressing acute inflammation. Most 
IBD patients respond to a short period of corticosteroids, contrasted by poor maintenance 
of remission after one year of treatment and serious side effects that have to be taken into 
account.54,55 Immunomodulating drugs, such as thiopurines and methotrexate have been shown 
to be beneficial for both remission induction and especially maintenance. However, they are 
limited by a delayed onset of action and adverse events. Despite the improvement of symptoms, 
no decrease in the need for surgery was found in studies focusing on corticosteroids,56 
thiopurines57,58 or methotrexate.59 Surgical resection of (part of) the intestine is deemed 
necessary in up to 75% of Crohn’s disease patients and approximately 10 – 30% of ulcerative 
colitis patients within the first decade after diagnosis.60-62 However, resection of the inflamed 
intestine does not cure patients, since inflammation often recurs at the site of anastomosis.63  

In the last decade a revolution in biological drug development has evolved into new possibilities 
of treatment strategies. Biological drugs target specific inflammatory cytokines. The first 
biological available for Crohn’s disease was infliximab, a monoclonal chimeric antibody 
directed against TNF-α. TNF-α is an inflammatory cytokine and plays an important role in the 
pathogenesis of IBD with elevated levels found in the intestine, serum and stools of patients. 
Since 1999 infliximab has been available in Europe and efficacy has been shown in several 
clinical trials.64 Nonetheless, a substantial number of Crohn’s disease patients do not respond 
or loose response to infliximab. In 2007 a fully humanized monoclonal antibody antagonizing 
TNF-α, adalimumab, was approved for treatment of Crohn’s disease patients, broadening 
treatment armamentarium.65, 66 However, clinical trials do not reflect the extensive variability 
in symptoms and endoscopic lesions of Crohn’s disease patients in clinical practice, when 
decisions are based on global physician’s assessment and not by subjective questionnaires 
nor mucosal healing. 

Markers for therapy response
Assessing therapeutic efficacy in daily practice is a matter of trial and error, changing to 
another type of therapy when a therapy has turned out to be inadequate. Inadequate therapy 
leads to severe morbidity among Crohn’s disease patients, typically characterized by chronic 
bloody diarrhoea, weight loss, abdominal pain and general malaise. Lack of disease control 
may result in abscess and fistula formation necessitating surgical resection or bowel diversion. 
Clinical trials have been hampered by the lack of objective markers for therapy response. All 
the seminal trials made use of subjective disease activity scores to define clinical response. 
The success of infliximab and adalimumab in the treatment of IBD has boosted research 
testing other biologicals without much success so far. Only vedolizumab, a humanized 
immunoglobulin G1 monoclonal antibody to α4β7 integrin that modulates gut lymphocyte 
trafficking, will be registered in 2014 as a novel biological for the treatment of IBD. Recent 
studies have shown that vedolizumab is more effective in remission induction and maintenance 
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of IBD than placebo.67,68 Nevertheless, these clinical trials defined clinical response by the 
subjective disease activity score: CDAI (Crohn’s Disease Activity index).69 Clinical remission 
after 6 weeks of induction therapy is defined as a CDAI score of ≤150 points) and clinically 
meaningful response as CDAI-100 response (≥100-point decrease in the CDAI score).67,69 
Recent evidence has emerged showing that the CDAI does not accurately predict endoscopic 
remission and does not correlate with CRP levels.70 Endoscopic remission is of importance71 
since it has been associated with decreased inflammation after five years and a reduction in 
the need for steroids.72 Furthermore, mucosal healing tended to lead to fewer hospitalizations 
for Crohn’s disease patients on infliximab.71 However, it is too burdensome for patients and 
doctors, to perform consecutive colonoscopies to score the Crohn’s disease Endoscopic 
Index of Severity (CDEIS) as an objective marker of therapy response. Markers that predict 
therapeutic efficacy in a patient reduce the use of non-efficacious, expensive medical 
treatments, resulting in a reduction of morbidity, time spent in hospital or sick leave, side 
effects, as well as costs.  Secondly, identification of early markers for therapeutic response 
can serve as an important tool for drug development. The advantage of such markers over the 
currently used disease activity indexes is that they are objective and not associated with the 
high placebo responses. The use of biomarkers for early response to treatment reduces the 
number of patients needed in trials and will reduce the associated costs of large trials. 

Aim of this thesis
The main focus of this thesis is to investigate current treatment paradigms for Crohn’s disease 
patients and unravel part of the innate immune system for potential novel drug targets.
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Outline of this thesis

Part I: Innate lymphoid cells in inflammatory bowel disease

Chapter 2
We aimed to identify all known ILC subsets in Crohn’s disease patients’ inflamed intestine. 
Interestingly, we could identify a novel subset of ILCs dedicated to the production of IFN-y. 
This subset was distinct from natural killer cells and was dubbed ILC1. 

Chapter 3 
Here we describe all ILC populations that arise in the intestine during fetal development and 
the changes that occur after birth when the intestine is colonized with bacteria. During fetal 
development, the intestine contains ILC3 that differentiate towards gestation. 

Part II: Therapeutic efficacy in Crohn’s disease patients

Chapter 4 
This chapter reveals potential biomarkers to predict patient’s response to remission induction 
therapy. Several gene expression profiles were differentially expressed between responders 
and non-responders early during treatment. 

Chapter 5
To asses response to anti-TNF therapeutics in daily clinical practice three cohorts were 
investigated. First, the clinical response to adalimumab in a large cohort of Crohn’s patients is 
discussed. Concomitant thiopurine treatment might improve maintenance therapy. 

Chapter 6 
Second, the clinical response and treatment strategies for infliximab are described. Further-
more, all adverse events that were reported in the past decade are reported. 

Chapter 7
Finally, the therapeutic options for highly refractory patients are investigated. Response can be 
maintained when patients switch from infliximab, to adalimumab and back to infliximab.
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Abstract

Innate lymphoid cells (ILCs) are effectors of innate immunity and regulators of tissue modeling. 
Recently identified ILC populations show a cytokine expression pattern that resembles that 
of Th2, Th17, and Th22 cells.  Here we describe a distinct ILC subset similar to Th1 cells, 
which we call ILC1. ILC1 expressed the transcription factor T-bet and responded to IL-12 
by producing interferon-γ (IFN-γ).  ILC1 were distinct from natural killer (NK) cells since they 
lacked perforin, granzyme B and the NK markers CD56, CD16, and CD94 and could develop 
from RORγt+ ILC3 cells under the influence of IL-12. The frequency of the ILC1 subset was 
significantly higher in inflamed intestine of Crohn’s disease patients, pointing towards a role for 
these IFN-γ producing ILC1 in the pathogenesis of gut mucosal inflammation. 
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Introduction

Innate lymphoid cells (ILCs) are emerging as critical effectors of innate immunity and tissue 
remodeling. ILCs lack rearranged receptors, are dependent on the transcriptional repressor 
Id2, share a lymphoid morphology, and express and are dependent on the common γ-chain 
of the interleukin 2 receptor (IL-2Rγ).1 Several subpopulations of ILCs have now been found 
that differ from each other in their ability to produce cytokines and their dependency on 
transcription factors.2 Interestingly, the cytokine production profiles of ILC subpopulations are 
very similar to those of Th cell subsets. ILCs have been identified that produce interleukin  
(IL)-17 and/or IL-22 and are dependent on the transcription factor RORγt, similar to Th17 
cells,3 whereas other ILC subsets, called ILC2, ref.4 natural helper (NH) cells,5 nuocytes,6 and 
innate helper cells type 2 ref.7 produce the type 2 cytokines IL-5 and IL-13 and, like Th2 cells, 
depend on GATA3 for their development and function.8-10 These various ILC subsets have 
now been classified into three groups; group 1 ILCs include NK cells and ILC1 (which are 
described here), GATA3-dependent group 2 ILCs and RORγt-dependent group 3 ILCs.11,12

ILCs are instrumental in immunity against invading microbes. ILC2 are critical in controlling 
helminth and other parasite infections,5,6 and IL-22-producing ILC3 which are instructed 
by IL-23 ref.13 provide protection during the acute phase of Citrobacter rodentium-induced 
colitis.14 ILCs also play important roles in tissue remodeling and repair. LTi cells, which 
belong to the ILC3 subset, are involved in repair of tissue damage inflicted by lymphocytic 
choriomeningitis virus following clearance of infection,15 whereas ILC2 mediate tissue repair 
in the lung following infection with influenza virus.16 Notwithstanding the importance of ILCs in 
maintaining the epithelial integrity at mucosal tissues, these cells have also been associated 
with pathophysiological conditions. ILC2 numbers are elevated in nose polyps that emerge 
in chronic rhinosinusitis,4 a disease characterized by eosinophilia and high amounts of IgE. 
Furthermore, ILC2 drive airway hyper-reactivity in mouse models of allergic asthma.17,18  
IL-23 has been shown to be the main driver of innate gut inflammation by instructing ILCs 
to produce IL-17A, IL-17F and IFN-γ in a Helicobacter hepaticus-induced model of innate 
colitis.19 Moreover, numbers of IL-17-producing ILC3 are significantly increased in patients 
with Crohn’s disease.20 

Whereas the ILC equivalents of Th2, Th17 and Th22 cells have now been identified, a Th1-like 
ILC population has not yet been well characterized, although some reports have described 
ILCs that produce substantial amounts of IFN-γ, either alone or in combination with IL-17. 
ref.19-22 Several studies in mice that lack a functional adaptive immune system, demonstrated 
that IFN-γ produced by ILCs is a potent inducer of gut inflammation23 and that neutralization 
of IFN-γ was sufficient to ameliorate disease progression.19 It has been documented that 
IL-23-responsive ILC3 that produce IL-22, partly shift towards an IFN-γ producing subset 
when cultured with IL-12 plus IL-18. ref.22 Moreover, the conversion from IL-22 towards IFN-γ 
production was described to be accompanied by the down-regulation of the transcription 
factor RORγt, probably as a consequence of changes in the local cytokine environment.21 
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Here we identified a Lin–CD127+c-Kit–NKp44– ILC population in humans that produced  
the pro-inflammatory cytokine IFN-γ, but is distinct from NK cells. Interestingly, we found that 
the IFN-γ–producing ILCs accumulated in inflamed intestine from patients that suffer from 
Crohn’s disease. 

Methods

Tissue collection
All tissues were collected after patient’s informed consent with approval of tissue specific 
protocols by the Medical Ethical Committee of the Academic Medical Centre, Amsterdam, The 
Netherlands. Tonsils were obtained from pediatric tonsillectomies. Inflamed intestinal mucosa 
of patients with Crohn’s disease was freshly obtained and processed after intestinal resection 
of inflamed ileum. Non-inflamed ileum referred to as “non-inflamed control”, was collected 
after intestinal resection of colon cancer, where the ileum was considered unaffected. Patients 
were excluded when undergoing chemo- or radiotherapy before resection. Human fetal tissues 
were obtained from elective abortions at the Stichting Bloemenhove clinic in Heemstede, the 
Netherlands, upon on the receipt of informed consents. The use of human abortion tissues was 
approved by the Medical Ethical Commission of the Academic Medical Center, Amsterdam. 
Gestational age was determined by ultrasonic measurement of the diameter of the skull or 
femur and ranged from 14-17 weeks.

Isolation of cells
Tonsil tissue was cut in small pieces and mechanically disrupted using the Stomacher 80 
Biomaster (Seward). Cell suspension was passed through a 70 mm cell strainer and mono-
nuclear cells were isolated by Ficoll-Paque PLUS (GE Healthcare).

Intestinal lamina propria was incubated for 15 min with HBSS (Gibco) containing DTT (154 
μg/ml), 0.1% β-mercaptoethanol and 5 mM EDTA at 37 °C to eliminate mucus and epithelial 
cells. Thereafter lamina propria was cut into small pieces and digested for 30 min at 37 °C 
with HBSS (Gibco) containing Liberase TM (125 μg/ml) and DNaseI (200 μg/ml) (Roche). 
Cell suspensions were filtered through a 70-μm nylon mesh and lamina propria mononuclear 
cells (LPMC) were isolated by Ficoll-Paque PLUS (GE Healthcare).

Flow cytometry analysis and sorting
The following antibodies to human proteins were used: fluorescein isothiocyanate (FITC)-
conjugated anti-CD1a (HI149), anti-CD3 (OKT3), anti-CD11c (3.9), anti-CD94 (DX22), 
anti-CD123 (6H6), anti-FcER1α (AER-37), phycoerythrin (PE)-conjugated, anti-CD161  
(HP-3G10), anti- KIR3DL1 (DX9), anti-perforin (DG9), anti-NKp44 (P44-8), peridinin chlo-
rophyll protein–cyanine 5.5–conjugated anti-CD117 (104D2), Alexa Fluor 647–conjugated, 
anti-NKp46 (9E2), anti-NKp44 (P44-8), anti–granzyme B (GB11), allophycocyanin (APC)-
conjugated anti-NKG2D (1D11), anti-T-bet (ebio4B10), Alexa Fluor 700–conjugated anti-
CD56 (HCD56; all from BioLegend); FITC-conjugated anti-CD4 (RPA-T4), anti-CD14 
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(MφP9), anti- CD16 (3G8), anti-CD19 (HIB19), anti-CD34 (581), anti-CD56 (NCAM16.2), 
anti-TCRαβ (IP26), TCRγδ (B1), PE-conjugated anti-CD16 (3G8), anti-CXCR3 (IC6/CXCR3), 
Alexa Fluor 647–conjugated anti-CRTH2 (CD294; BM16), APC-indotricarbocyanine (Cy7)–
conjugated anti-CD45 (2D1); APC-conjugated anti-CD4 (S3.5; Invitrogen); PE- conjugated; 
PE-Cy7–conjugated anti-CD127 (R34.34; Beckman Coulter); PE-conjugated anti-RORγt 
(AFKJS-9; eBioscience); and FITC-conjugated anti-BDCA2 (CD303; AC144; Milenyi), cell-
trace violet cell proliferation dye (c34557, invitrogen). Phenotypical analyses were performed 
by flow cytometry in LSR Fortessa (BD), and analyzed with FlowJo software (TreeStar, Inc.). 
For sorting by flow cytometry, tonsil mononuclear cell samples were depleted of T cells, B 
cells, and NK cells by labeling with FITC-conjugated anti-CD3, anti-CD16 and anti-CD19 
(described above) plus anti-FITC microbeads (Miltenyi). 

Establishment of cell lines and analysis of cytokine production
Lin−CD127+ ILCs were expanded with irradiated allogeneic peripheral blood mononuclear 
cells (25 Gy), irradiated Epstein-Barr virus–transformed JY human B cells (50 Gy), 
phytohemagglutinin (1 μg/ml; Oxoid) and IL-2 (100 U/ml; Novartis) in Yssel’s medium (AMC; 
made ‘in-house’) supplemented with 1% (vol/vol) human AB serum. Cells were cultured up 
to 6 weeks and resorted before further analysis. Fresh Lin−CD127+c-Kit-NKp44- ILCs were 
stimulated for 3–4 d with either or combinations of IL-2 (10 U/ml; Novartis), IL-23 (50 ng/
ml; R&D Systems), IL-1β (50 ng/ml (R&D Systems), or IL-12 (50 ng/ml; R&D Systems) and 
IL-18 (50 ng/ml; R&D Systems). IFN-γ was measured in supernatants by enzyme-linked 
immunosorbent assay (eBiosciece). 

Intracellular cytokine staining
Cell lines expanded ex vivo were stimulated for 6 hours with PMA (10 ng/ml; Sigma) and 
ionomycin (500 nM; Merck) in the presence of GolgiPlug (BD) for the final 4 h of culture. A 
Cytofix/Cytoperm kit (BD) was used for cell permeabilization, staining and subsequent washing. 
The following antibodies were used: APC-conjugated anti-IL-13 (JES10-5A2; BioLegend), 
APC-conjugated IL-17 (BL168; BioLegend) and PE-conjugated anti-IL-22 (142928; R&D 
Systems), anti-IFN-γ (B27; BD Bioscience). Data were acquired on an LSRFortessa (BD) 
and were analyzed with FlowJo software (TreeStar).

Quantative real-time PCR
RNA was isolated by either the RNeasy micro kit (Qiagen) or the NucleoSpin RNA XS kit 
(Macherey-Nagel) according to the manufacturer’s protocol. Synthesis of complementary 
DNA was established with the high-capacity cDNA archive kit (Applied Biosystems). PCR’s 
were performed on a LightCycler 480 Instrument II (Roche) with SYBR Green I master mix 
(Roche). Used primers are listed in Supplementary Table 3 and primers for 18S, IFNG, IL22, 
IL17, IL13, and RORC were used as previously published.4 LinRegPCR Software was used 
to quantify expression.4 
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Human immune system mice
CD34+ CD38- hematopoietic stem cells (HSC) isolated from human fetal liver (0.2-2 x 106 
cells) were transplanted intrahepatically into sublethally irradiated (3.50 Gy) newborn NOD 
SCID common gamma chain (γc)

-/- (NSG) mice (younger than 1 week of age). Peripheral blood 
(PB) was collected from a facial vein every 3 to 4 weeks after transplantation to determine the 
kinetics of human cell engraftment. Mice of 8-12 weeks were treated with either water or DSS 
(3% (w/v)) for a period of 7 days.

Histological scoring
The longitudinally divided colons were rolled, fixed in 4% formalin and embedded in paraffin 
for routine histology. An experienced pathologist evaluated formalin-fixed haematoxylin tissue 
sections microscopically, in a blinded fashion. Colons were evaluated, and graded from 0 to 
4 as an indication of incidence and severity of inflammatory lesions based on the extent of 
the area involved, the number of follicle aggregates, oedema, fibrosis, hyperplasia, erosion/
ulceration, crypt loss and infiltration of granulocytes and mononuclear cells as indicated in 
Supplementary Table 2. The total inflammation score was calculated as the sum score of 
the above.

Statistical analysis 
Statistical significance was determined with the ANOVA or Students t-test. Prism graphpad 
software was used.
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Results

Phenotype and gene expression profile of ILC populations
Human innate lymphoid cell (ILC) subsets have been described24 that can be considered 
as the innate equivalents of the Th22, Th17, and Th2 subsets. As these ILC populations 
are readily found in human tonsils, we searched this organ for an ILC population with Th1 
cell characteristics. By gating on CD127+ hematopoietic cells (CD45+) with a lymphoid 
morphology that lacked markers for hematopoietic precursors (CD34), B, T, NK cells, or 
myeloid cells, we identified a CRTH2+ ILC2 population (Figure 1a, middle) that expressed 
high amounts of IL13 mRNA, and the transcription factors GATA3 and RORα (Figure 1b). 
Furthermore, we observed a c-Kit+NKp44+ ILC (which we call here NKp44+ ILC3), (Figure 1a, 
right), expressing IL22, IL23R, the aryl hydrocarbon receptor (AHR) and retinoic acid related 
orphan receptor (RORC) (Figure 1c). We did not detect any IL17 transcripts in any of the ILC 
populations from human tonsils (Figure 1c), however, stimulation with phorbol 12-myristate 
13-acetate (PMA) plus ionomycin for 2 and 4 hours induced IL17 expression in the NKp44+ 
ILC3, indicating that these cells have the capacity to produce IL-17. In addition to the ILC2 
and NKp44+ ILC3, we identified two additional populations, c-Kit+NKp44– and c-Kit–NKp44– 
(Figure 1a, right). The c-Kit–NKp44– cells were clearly distinct from ILC2 and NKp44+ ILC3, 
as they did not express transcripts for IL-22 nor IL-13 or IL-17, and expressed no or relatively 
low amounts of GATA3, RORA and RORC transcripts (Figure 1b,c). The c-Kit+NKp44– cells 
also expressed low amounts of GATA3 and RORA and expressed RORC. Furthermore, 
these ILCs did not contain CD34+ common lymphoid progenitors (CLPs).25 Thus, in tonsil we 
identified two CD127+ ILC populations that are distinct from ILC2 and ILC3.

c-Kit–NKp44– ILCs show characteristics of Th1 cells 
Given the diversity in cytokine production profiles of ILCs we examined the cytokine expression 
profile in the NKp44– ILC subsets. Ex vivo isolated c-Kit–NKp44–, but not c-Kit+NKp44– ILCs, 
expressed transcripts for IFN-γ (Figure 2a), suggesting that Th1-like ILCs were contained 
within the former population. Consistent with this notion, we observed that c-Kit–NKp44– ILCs 
expressed much higher amounts of transcripts of T-bet-encoding TBX21 and T-bet protein 
(Figure 2a,b) compared to c-Kit+NKp44– and NKp44+ ILC3. Furthermore, the c-Kit–NKp44– 

ILC subset expressed very low amounts of RORC transcripts (Figure 1c) and RORγt protein 
(Figure 2b).

T-bet controls expression of many genes including the chemokine CCL3, and the chemokine 
receptor CXCR3, ref.26,27 which is also expressed on Th1 cells that migrate to inflammatory 
sites.28 Indeed, the c-Kit–NKp44– ILC subset expressed significantly more CCL3 and CXCR3 
as compared to the other ILC subsets (Figure 2a). Flow cytometry confirmed that a substantial 
part of the c-Kit–NKp44– subset expressed CXCR3 and T-bet protein (Figure 2b). The bimodal 
distribution of CXCR3 expression by the c-Kit–NKp44– cells might be due to the internalization 
of the receptors as a consequence of the processing procedure, or due to differences in their 
activation status. We cannot, however, completely rule out that the c-Kit–NKp44– ILC subset 
is heterogeneous. 
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Figure 1 | Phenotype and gene expression profile of ILC populations in human tonsil. a. Flow 
cytometry analysis of ILC populations based on the expression of CRTH2, c-Kit, and NKp44. Tonsil 
mononuclear cells were depleted from T cells (CD3) and B cells (CD19) through magnetic bead-based 
separation, followed by gating on Lin- cells (CD1a-, CD3-, CD11c-, CD14-, CD19-, CD94-, CD34-, 
CD123-, TCRαβ-, TCRγδ-, BDCA2-, FcεR1-) and CD127+ cells. Numbers in gates or quadrants indicate 
percent of cells. b. Gene expression of IL13, GATA3, and RORA relative to β-actin in ILC populations 
as sorted in (a): c-Kit+NKp44-,NKp44+ ILC3 (c-Kit+NKp44+), c-Kit-NKp44-, ILC2 (CRTH2+). c. Gene 
expression of IL22, AHR, RORC, IL23R, and IL17 relative to β-actin in ILC populations as sorted in 
(a): c-Kit+NKp44-, NKp44+ ILC3, c-Kit-NKp44-, NK cells (CD45+, CD127-CD94+). IL17 transcripts in 
NKp44+ ILC3 have been stimulated with P/I for 2 and 4 h. Bar gaphs in (b and c) represent at least 3 
independent experiments with 1 to 3 donors each. Error bars show SEM and horizontal bars show means, 
* P < 0.05; ** P < 0.01; *** P < 0.001; ND, not detectable. 
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Figure 2 | C-Kit-NKp44- ILCs have characteristics of Th1 cells. a. Gene expression of IFNG, TBX21, 
CCL3, CXCR3, IL12RB1, IL12RB2, LTA, and LTB relative to β0actin in tonsil ILC populations as sorted in 
(1a): c-Kit+ NKp44-, NKp44+ ILC3, c-Kit- NKp44-, NK cells. Bar graphs represent at least 3 independent 
experiments with one to three donors each. b. Flow cytometry characterization of Lin-CD127+ c-Kit- 

NKp44- cells, lin-CD127+ c-Kit+ NKp44- , NKp44+ ILC3, and cNK cells. Data are representative of at least 
4 experiments with 1 donor each. c. IFN-γ production by tonsil CD45+lin-CD127+ c-Kit- NKp44- ILCs, 
sorted by flow cytometry as in (1a), and cultured for 4 days, either alone or with combinations of IL-2 (10 
U/ml), IL-23, IL-12, IL-1β and/or IL-18 (all 50 ng/ml). d. IFN-γ production by tonsil CD45+ lin- CD127+ c-Kit- 

NKp44-, c-Kit+ NKp44-, NKp44+ ILC3 (c-Kit+ NKp44+) and NK cells, sorted by flow cytometry as indicated 
in the legends of figure 1a, and cultured for 4 days in the presence of IL-2 (10 U/ml), IL-12 and IL-18 
(50 ng/ml). (c,d) Experiments were performed with 2000 cells/well in a 96-wells plate in 200 μl. Graphs 
represent 3 independent experiments with 1 to 3 donors each. Error bars show SEM and horizontal bars 
show means, * P < 0.05; **  P < 0.01; *** P < 0.001.
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IFN-γ expression is under direct control of T-bet, and T-bet expression is amplified through 
TCR-independent IL-12 signaling.29 Analysis of the c-Kit–NKp44– subset revealed significant-
ly more IL12RB2 transcripts as compared to the c-Kit+NKp44– cells, NK cells, or the NKp44+ 
ILC3 subset (Figure 2a). In contrast, transcripts encoding the IL-12 receptor subunit β1  
(IL-12Rβ1) were uniformly distributed between the ILC subsets (Figure 2a). We also as-
sessed the expression of LTA, as LTα is expressed on Th1 but not Th2 cells.30 The amounts 
of LTA transcripts were significantly more abundant in the c-Kit–NKp44– subset as compared 
to the other ILC subsets, whereas LTB was expressed on all ILC populations at comparable  
amounts (Figure 2a). 

Next we wanted to assess which physiological factors are responsible for regulating these 
c-Kit–NKp44– cells. IL-23, which is a potent activator of RORγt dependent ILC3 subsets 
in mice13,19, was shown to induce IFN-γ production in a subset of mouse ILCs.19 However, 
IL-23 was unable to induce IFN-γ production by freshly isolated tonsil c-Kit–NKp44– ILCs 
(Figure 2c). Similarly, the pro-inflammatory cytokine IL-1β did not upregulate IFN-γ (Figure 
2c). In contrast, activation with IL-12 triggered a five-fold increase of the IFN-γ production, 
which was synergistically enhanced by IL-18 (Figure 2c). The amounts of IFN-γ protein 
induced by IL-12 plus IL-18 by c-Kit–NKp44– ILCs were comparable to those in NK cells  
(Figure 2d). Together, these data clearly identified a distinct CD127+ c-Kit–NKp44– ILC 
population with many functional and phenotypical characteristics in common with Th1 cells. 
Hence, we designate this subset ILC1.

ILC1 are distinct from NK cells 
Having identified an ILC population that expresses IFN-γ and T-bet it was important to 
determine whether these cells are distinct from conventional natural killer (cNK) cells or 
cNK cell precursors, as cNK cells also express IFN-γ and T-bet.  ILC1 did not express any 
of the NK cell signature cytotoxic molecules, perforin or granzyme B (Figure 3a). Neither 
did they express the killer immunoglobulin-like receptor KIR3DL1, nor the IL-15α receptor 
component of the IL-15R complex, which is essential for cNK cell development 31 (Figure 
3a). Furthermore, ILC1 lacked the NK-associated marker CD56, in contrast to NKp44+ ILC3, 
which were heterogeneous in their expression of CD56 (Figure 3a), as we documented 
previously.32,33 ILC1 and NK cells also differed in expression of the receptor for IL-1β (IL1R1) 
(Figure 3b). IL1R1 was most abundant on NKp44+ ILC3, consistent with the important role of 
IL-1β in development and maintenance of these cells.34,35

The presence of high amounts of CD127 and the absence of c-Kit and CD34 on ILC1 strongly 
suggest that these cells were also distinct from committed NK precursors or immature NK 
(iNK) cells, as these cells are defined by expression of CD34 and c-Kit, respectively.36 The 
ILC1 subset expressed CD161, which is a marker commonly expressed on RORγt+ ILC3 and 
ILC2 subsets. Furthermore, approximately 50% of the ILC1 subset expressed CD69, whereas 
only few of the cNK cells expressed this antigen, indicating that the ILC1 were activated in 
situ, whereas the majority of cNK cells were not. Thus although ILC1 and NK cells share the 
capacity to produce high amounts of IFNγ, they represent distinct cell types.
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Figure 3 | ILC1 are distinct from mature NK cells. a. Flow cytometry characterization of tonsil 
ILC1, NKp44+ ILC3, and cNK cells. Histograms are representative of at least 3 experiments with 1 donor 
each. b. Gene expression of IL1R1 in ILC populations as sorted in figure 1a.  Black: c-Kit+ NKp44-; light 
grey: NKp44+ ILC3 (c-Kit+ NKp44+); dark grey: ILC1; white: cNK cells (CD45+, CD127-CD94+). Graphs 
represent 3 independent experiments with 1 to 3 donors each. Error bars show SEM and horizontal bars 
show means, * P < 0.05.
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The ILC1 subset represents a stable cell type
To further validate that ILC1 is a stable cell type, we generated cell lines from the freshly 
isolated tonsil ILC1, using a feeder cell mixture that we previously successfully used to 
generate cell lines of NK cells, ILC2 and ILC3.4,33,37 After 4-6 weeks culture in a feeder cell 
mixture that contained IL-12, the ILC1 cells expressed CD127, CD161 and CXCR3, but 
lacked c-Kit and NKp44 (Figure 4a). In contrast to freshly isolated ILC1, in vitro cultured ILC1 
did not express the activation marker CD69, whereas cultured ILC3 expressed low amounts  
(Figure 4a). Furthermore, these cell lines lacked expression for CD3, CD94 and CD56, 
whereas the NKp44+ ILC3 were heterogeneous for CD56 expression (Figure 4a). To determine 
whether the ILC1 cell lines also maintained its functionality upon culture, we stimulated 
cells with PMA plus ionomycin, and assessed the cytokine expression profile. Similar to the 
freshly isolated ILC1, ILC1 cell lines produced high amounts of IFN-γ, but no IL-17 or IL-22  
(Figure 4b). A minor proportion of the ILC1 subset also produced IL-13, similar to cultured 
NKp44+ ILC3.37 Cultured ILC1 expressed abundant TBX21 transcripts, similar to those in 
freshly isolated ILC1, whereas cultured ILC1 expressed less RORC transcripts as compared to 
NKp44+ ILC3 (Figure 4c). IL-12 plus IL-18, but not IL-23, was able to induce IFN-γ production 
by cultured ILC1 (Figure 4d).  Together, these data show ILC1 cultured in the presence of  
IL-12 maintain their phenotype, transcription factor expression pattern, and capacity to produce 
IFN-γ, indicating that the ILC1 subset is stable. 

Accumulation of ILC1 in Crohn’s disease intestine 
Patients with inflammatory bowel disease have chronic inflammation of their intestines. Two 
major phenotypes can be distinguished: ulcerative colitis and Crohn’s disease. Crohn’s disease 
is a type 1-mediated inflammatory disease38 since patients have enhanced IFN-γ production in 
their intestinal lamina propria39 and show elevated amounts of the pro-inflammatory cytokines 
IL-12 and IL-18. Therefore we hypothesized that Crohn’s disease patients might have an 
altered ILC composition that is more polarized towards ILC1 compared to non-inflamed 
control patients. To examine this, we first analyzed the composition of ILCs in fetal gut, which 
have not been colonized with microbes. As documented before, we observed that all ILCs in 
fetal gut express c-Kit, and the majority were positive for NKp44, ref. 40 whereas no ILC1 were 
found in fetal gut (Figure 5a). Next we compared the ILC composition in inflamed and non-
inflamed intestinal lamina propria of Crohn’s disease patients with non-inflamed non-affected 
intestine from patients undergoing intestinal resection for colorectal cancer. The frequencies 
of ILC1 were significant higher in inflamed tissues from Crohn’s disease patients as compared 
to controls without inflammatory bowel disease (Figure 5a), whereas the percentages of 
NKp44+ ILC3 were significantly reduced compared to the non-inflamed controls (Figure 5a). 
Relative to other leukocytes, the overall frequencies of ILCs in inflamed and non-inflamed 
tissues were similar (Figure 5a). Like tonsil ILCs, the gut ILC1 subset expressed IFNG 
and CXCR3, but lacked CD94 and the cytotoxicity molecules perforin and granzyme B  
(Figure 5b,c). Taken together, these data indicate that in Crohn’s disease patients, the ILC1 
represent the most prominent ILC subset, expressing transcripts for the pro-inflammatory 
cytokine IFN-γ. 
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Figure 4 | Stable cell lines can be generated from ILC1 subset. a. Flow cytometry analysis of 
expanded tonsil ILC1 (black line) and NKp44+ ILC3 (grey line) subsets. Data are representative of at least 
8 experiments with 1 donor each. b. Flow cytometry analysis of ILC1, and NKp44+ ILC3 subsets, stimulated 
with PMA and ionomycin and stained for intracellular IL-17 and IL-22, or IFN-γ and IL-13. Numbers in 
quadrants indicate percent of cells in each, and are representative of 5 experiments with 1 donor each. 
Data are summarized in bar graphs (b, right). c. Gene expression of TBX21 and RORC in expanded ILC1 
(black) and NKp44+ ILC3 (grey). Graphs represent 2 independent experiments with 1 to 2 donor each.  
d. IFNγ production by expanded ILC1; cultured for 4 days, either with IL-2 (100 U/ml) and IL-23 (50 ng/
ml), or IL-2 (100 U/ml), IL-12 and IL-18 (both 50 ng/ml). Experiments were performed with 2000 cells/well 
in a 96-wells plate in 200 μl. Graphs represent 3 independent experiments with 1 donor each. Error bars 
show SEM and horizontal bars show means, P < 0.05; ** P < 0.01; *** P < 0.001.
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Figure 5 | Accumulation of ILC1 in inflamed intestine of Crohn’s disease patients. a. Flow 
cytometry analysis of ILC populations on freshly isolated lamina propria mononuclear cells from fetal gut, 
controls, and inflamed ileum from Crohn’s disease patients. Dotplots are representative of at least 7 
independent experiments with 1 donor each. Numbers in gate or quadrant indicate percent of cells. Bar 
diagrams represent quantification of total ILCs (defined as CD45+lin-CD127+), the NKp44+ ILC3, ILC1, 
and c-Kit+NKp44- subsets in fetal gut, non-inflamed control, Crohn’s disease non-inflamed, and Crohn’s 
disease inflamed in at least 7 individuals. Error bars show SEM and horizontal bars show means, ** P < 0.01; 
*** P < 0.001. b. Flow cytometry characterization of Crohn’s disease-derived-ILC1, c-Kit+NKp44-, NKp44+ 
ILC3, and cNK cells. Histograms are representative for at least 7 independent experiments with 1 donor 
each. c. Gene expression of IFNG, IL22, RORC, and IL17 relative to 18S in ILC populations as sorted in 
(1a): c-Kit+NKp44-, NKp44+ ILC3, ILC1. Bar graphs represent 3 independent experiments with 1 donor 
each. Error bars show SEM and horizontal bars show means; NS, not significant.
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Figure 6 | Expansion of the ILC1 subset during gut inflammation in NOD SCID γc
-/- mice recon-

stituted with fetal human hematopoietic stem cells (CD34+CD38-). a. Flow cytometry analysis of 
human ILC populations based on the expression of CRTH2, c-Kit, and NKp44 in HIS-mice. Gating was on 
human CD45+ lamina propria mononuclear cells, followed by gating strategy as indicated in (1a). Numbers 
in gates or quadrants indicate percent of cells and are quantified in right bar graph. b. Characteristics 
of inflammation on day 7 of DSS treatment (3%). Bar graphs (top) indicate the quantifications of total 
human hematopoietic (CD45+) cells in the lymphocyte-gate, and colon length in water- vs. DSS-treated 
mice. The curve indicates the weight loss of water- vs. DSS-treated mice. Scatter plot indicates total 
histological score, which is the sum of inflammatory parameters.
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Figure 7 | IL-12 induces differentiation of ILC1. (a, dotplots) Purified tonsil c-Kit+NKp44- ILCs can 
differentiate into the NKp44+ IL3 and ILC1 subsets. Stimulation of highly purified c-Kit+NKp44- ILCs for 
8 days either with IL-2 (100 U/ml) or with combinations of IL2 (100 U/ml), IL-23 and IL-1β (50 ng/ml) or 
IL-2 (100 U/ml) and IL-12 (50 ng/ml), followed by flow cytometry analysis of c-Kit and NKp44. Numbers 
in quadrants indicate percent cells in representative plots of at least 5 independent experiments, and are 
quantified in Supplementary Figure 2a. (a, bar graphs) Gene expression of INFG, TBX21, CXCR3, 
and RORC relative to β-actin of the differentiated c-Kit+NKp44- derived-ILC populations (only IL-2) as 
indicated in the figure: c-Kit+NKp44-, NKp44+ ILC3, ILC1. Bar graphs represent at least 3 independent 
experiments with 1 to 3 donors each. b. Representative histogram of either c-Kit+NKp44- derived NKp44+ 
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ILC3 or ILC1 subsets, stimulated with PMA and ionomycin and stained for intracellular IL-22 or IFN-γ. Bar 
graphs indicate percent of cytokine-producing cells of at least 6 independent experiments. c. Stimulation 
of highly purified c-Kit+NKp44- ILCs for 3 days with combinations of IL2 (100 U/ml), IL-23 and IL-1β (both 
50 ng/ml) or IL-2 (100 U/ml) and IL-12 (50 ng/ml). Cells were stained with a proliferation dye and followed 
over time by flow cytometry. Histograms are representative of 4 independent experiments. Filled histogram 
represents non-proliferation control. Numbers in histograms indicate the percentage of non-proliferated 
cells, and in quadrants indicate percent of non-proliferating cells, which are quantified in the bar graph. 
Error bars show SEM and horizontal bars show means, * P < 0.05; ** P < 0.01.

Accumulation of human ILC1 in inflamed gut of HIS-mice
To investigate whether the expansion of the ILC1 subset seen in IBD patients was the 
consequence of an ongoing chronic inflammation or emerges at the onset of the mucosal 
inflammation, we treated human immune system (HIS) mice with dextran sodium sulfate (DSS) 
to induce innate gut inflammation. NOD-SCID common gamma chain (γc)

-/- (NSG) mice, which 
lack T, B, NK cells, and ILCs were used as recipient mice. Newborn NSG mice were sub-
lethally irradiated and injected with human CD34+CD38- hematopoietic stem cells (HSCs) 
isolated from human fetal liver, which resulted in appearance of human immune cells in these 
mice, as described previously.41 Evaluation of lamina propria mononuclear cells (LPMCs) of 
HIS-mice 2 months after injection with HSCs revealed a reconstitution of human CD45+ 
cells in the colon that varied from 15 to 30% of the total colonic mononuclear leukocytes 
(Supplementary Table 1). By gating on human CD45+ lymphocytes that lacked lineage 
markers and expressed CD127, we detected human ILCs. Almost all of these cells expressed 
c-Kit and the majority of these cells expressed NKp44 (Figure 6a). Thus the composition 
of the ILC pool in HIS mice is similar to that in non-inflamed human gut (Figure 5a, 6a). To 
examine the consequences of gut inflammation on the composition of human ILCs in the gut of 
HIS mice we challenged 2 months old HIS mice with DSS for 7 days. This treatment triggered 
an acute inflammatory response, as demonstrated by shortening of the colon and wasting-
disease which was accompanied by expansion of the total pool of human CD45 cells as 
compared to control HIS mice (Figure 6b). Moreover substantial inflammation was observed 
upon inspection of the intestine of DSS-treated but not in control HIS mice as reflected by 
the histology score (Figure 6b, lower left). These data indicated that the human immune cells 
responded to the mucosal barrier damage and bacterial influx in the intestine evoked by DSS. 
However the human leukocytes were not responsible for the inflammation because similar 
pathology scores were observed in mice, which were not reconstituted with human HSCs. 
Nonetheless the inflammatory environment induced by DSS resulted in substantially higher 
frequencies of ILC1 cells in the gut as compared to control mice (Figure 6c). The gut-residing 
ILC1 expressed IFNG transcripts similar to those in T cells, but the amounts were lower than 
in NK cells isolated from the gut of the DSS-treated HIS mice (Figure 6b). Collectively these 
data indicate that ILC1 are accumulating as a consequence of acute inflammation in the gut.
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IL-12 induces differentiation of c-Kit+ ILCs into ILC1
In addition to ILC1, ILC2 and NKp44+ ILC3 we identified a c-Kit+NKp44- population, which 
showed low expression of IL23R and IL12RB2 and lacked IL13, IL22, IL17 and IFNG raising 
the possibility that this subset may represent an immature ILC subset capable of acquiring 
features of mature ILC subpopulations. To test this idea, we purified the c-Kit+NKp44– subset 
and stimulated these cells ex vivo with IL-2, a cytokine that acts as a growth and maintenance 
factor for ILCs. Incubation of c-Kit+NKp44– cells with IL-2 resulted in appearance of cells with 
a phenotype similar to ILC1 and NKp44+ ILC3. Expression analysis confirmed that these cells 
indeed were ILC1 and NKp44+ ILC3, as they expressed high amounts of TBX21, IFNG and 
CXCR3, or RORC, respectively (Figure 7a). 
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Figure 8 | RORγt+ ILCs of fetal gut can differentiate into ILC1. a. Flow cytometry analysis of ILC 
populations based on the expression of CRTH2, CD117 and NKp44. Gating on CD45+ lamina propria 
mononuclear cells, followed by gating on Lin- CD127+ ILCs. Plots are representative of 7 independent 
experiments with 1 to 3 donors each. Numbers in gate or quadrant indicate percent of cells. b. Highly 
purified c-Kit+NKp44- ILCs or NKp44+ ILC3 were cultured (8 days) either with IL-2 (100 U/ml) or with 
combinations of either IL-2 (100 U/ml), IL-23, and IL-1β (both 50 ng/ml) or IL-2 (10 U/ml) and IL-12 (50 
ng/ml) and analyzed by flow cytometry. Numbers in quadrants indicate percent cells in representative plots 
of at least 3 independent experiments with 1 to 3 donors each, and are quantified in Supplementary 
Figure 2b,c.
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Figure 8 (continued) | c. Purified NKp44+ ILC3 were stained with a proliferation dye and then 
cultured for 3 days as described in b. Histograms are representative of 3 independent experiments. Filled 
histogram represents non-proliferation control. Numbers in histograms indicate the percentage of non-
proliferating cells, and in quadrants indicate the percentage of non-proliferating cells and is quantified in 
Supplementary Figure 3. d. Gene expression of RORC, TBX21, IFNG in freshly isolated tonsil NKp44+ 
ILC3 and ILC1 populations or stimulated with either IL-2 (100 U/ml) and IL-12 (50ng/ml) or IL-2 (100 U/
ml), IL-23 and IL-1β (both 50 ng/ml). Data represent 1 experiment with 2 donors. Error bars show SEM 
and horizontal bars show means, * P < 0.05.
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Next, we assessed whether c-Kit+NKp44– ILCs could develop into mature ILC1 or ILC3. 
Indeed, culturing purified c-Kit+NKp44– cells for 8 days with IL-2, IL-1β, and IL-23 resulted 
in a clear shift towards NKp44+ ILC3, whereas culturing with IL-2, and IL-12 induced a shift 
towards ILC1 (Figure 7a and Supplementary Figure 2a). Under the latter culture conditions, 
we found, in addition to cells with an ILC1 phenotype, cells with a c-Kit-NKp44+ phenotype. 
These cells might be similar to a very minor population of cells with a same phenotype found 
in freshly isolated tonsils (Figure 1a). Stimulation of the differentiated c-Kit+NKp44– derived 
NKp44+ ILC3 and ILC1 with PMA plus ionomycin resulted in production of IL-22 and IFN-γ, 
respectively, indicating a functional differentiation of c-Kit+NKp44– cells into IL-22+ ILC3 
and ILC1 (Figure 7b). To rule out the possibility that the observed divergence in phenotype, 
induced by IL-23 and IL-1β or IL-12 was a result of preferential outgrowth of contaminating, 
already differentiated cells in the c-Kit+NKp44– subset, we stained c-Kit+NKp44– cells with a 
cell tracking dye, and cultured them under ILC1 or NKp44+ ILC3 favoring conditions without 
feeder cells, and followed these cells over time. After three days of culture cells with an ILC1 
and NKp44+ ILC3 phenotype appeared within the non-proliferating fractions, indicating that the 
appearance of ILC1 or NKp44+ ILC3 was not due to preferential outgrowth of contaminating 
cells, but was the result of differentiation of the c-Kit+NKp44- population (Figure 7c). 

RORγt+ ILCs can differentiate into ILC1 
A fraction of the c-Kit+NKp44– ILCs in tonsils expressed RORγt, raising the question whether 
the ILC1 subset that differentiated under influence of IL-12 could be derived from RORγt+ 
ILCs. As all CRTH2– ILCs in fetal gut express RORγt,4 we purified c-Kit+NKp44– cells from 
fetal intestine, according to the strategy that we also employed for tonsils (Figure 8a), and 
cultured these cells in IL-2 and IL-12 for 8 days. Similar to tonsil cells, we observed that 
c-Kit+NKp44– ILCs acquired the ILC1 phenotype when cultured with IL-2 and IL-12, whereas 
when cultured with IL-2, IL-23 and IL-1β, these cells differentiated into NKp44+ ILC3 (Figure 
8b, top and Supplementary Figure 2b).

To further explore the plasticity of ILCs, we examined whether the RORγt+ fetal gut NKp44+ 
ILC3 could differentiate into the ILC1 subset when cultured with IL-2 and IL-12. Indeed, a 
highly purified fetal gut NKp44+ ILC3 rapidly lost NKp44 and c-Kit expression, indicating 
that they differentiated into ILC1 when cultured with IL-2 and IL-12 (Figure 8b, bottom and 
Supplementary Figure 2c). To exclude that appearance of ILC1 in these cultures was the 
result of proliferating contaminating cells, we labeled purified fetal NKp44+ ILC3 with a cell 
tracking dye, and followed the expression in time when cultured with IL-2 and IL-12. The non-
proliferating fraction of cells did change their phenotype (Figure 8c and Supplementary 
Figure 3), confirming that ILCs have the capacity to change their phenotype upon exposure to 
changes in their local cytokine environment. We obtained similar data when culturing NKp44+ 
ILC3 from tonsil with IL-2 and IL-12 (Supplementary Figure 4). 

The finding that RORγt+ ILC3 cultured in IL-2 plus IL-12 could differentiate into ILC1 raised 
the question whether freshly isolated ILC1 can also differentiate into RORγt-expressing 
ILC3. ILC1 survive poorly when cultured for prolonged periods of time without IL-12, which 
complicates in vitro culturing assays. However, when we cultured ILC1 cells for 3 days in IL-2 
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plus IL-23 we observed that expression of TBX21 was severely reduced but that expression of 
RORC remained low (Figure 8d).

Taken together these data indicate that the appearance of ILC1 in IL-2 plus IL-12 cultures is a 
result of differentiation rather than proliferation of contaminating cells and indicate that IL-12 can 
drive differentiation of IL-22-producing RORγt+T-betdim ILCs into IFN-γ-producing RORγt–T-
bethi ILC subset. Our data with ILC1 in a short-term culture with IL-2 plus IL-23 seem to suggest 
that ILC1 cells also have the potential to change its transcription factor expression profile. 



CHAPTER 2

46

Discussion

Here we described a distinct CD127+c-Kit-NKp44– innate lymphoid cell type, which differs 
from the currently known RORγt-dependent (ILC3) and GATA3- and RORα-dependent (ILC2) 
ILCs. The ex vivo isolated c-Kit-NKp44- ILC expressed IFNG but low amounts of IL13, and no 
IL22, nor IL17. In addition, these ILCs expressed high amounts of the transcription factor T-bet 
and its downstream targets, CXCR3 and CCL3, and expressed very low amounts of RORγt. 
The c-Kit-NKp44- ILCs were distinct from NK cells as they lacked IL-15Rα and were devoid of 
CD16, CD94, NKp46, CD56, Killer Immunglobulin-like receptors, granzyme B and perforin. 
C-Kit-NKp44- cells were also distinct from c-Kit+ immature NK (iNK) cells,36 because they 
expressed high levels of IL-7Rα, which is not present on iNK cells33 and lacked c-Kit. In addition, 
the c-Kit-NKp44- ILCs were different from the recently described thymus-dependent IL-7Rα+ 
NK cells since these latter cells expressed CD56, which is in contrast to c-Kit-NKp44- ILCs.42 
Thus IFN-γ-producing c-Kit-NKp44- ILCs were distinct from NK cells and can be considered 
as the innate equivalent of the Th1 subset, and as such we designated these cells ILC1. 

Strikingly, we observed that inflamed intestinal lamina propria of patients suffering Crohn’s 
disease had elevated proportions of ILC1, which is in agreement with a previous report 
indicating that CD56- ILCs that include IFN-γ producing cells is overrepresented in inflamed 
intestine of Crohn’s disease patients.20 Consistent with another report20 we also detected 
CD56- IL-17A-expressing ILCs in inflamed tissues of a few Crohn’s disease patients. However, 
in contrast to ILC1, these IL17A-expressing cells were c-Kit+. The elevated proportions of 
ILC1 may be a direct consequence of acute inflammation rather than a bystander effect of a 
long-term ongoing inflammation as suggested by our experiments with DSS-treated HIS mice. 

IL-17 and IFN-γ producing IL-23-responsive ILCs were described to be potent inducers of 
gut inflammation in an innate mouse model of colitis and neutralization of IFN-γ was sufficient 
to ameliorate disease progression.19 Elevated amounts of IFN-γ are also present in the lamina 
propria of patients with Crohn’s disease.39,43 In line with these findings, clinical trials with 
antagonistic antibodies against IFN-γ (fontolizumab) led to decreased amounts of C-reactive 
protein, a marker of inflammation,39 although in this small trial no significant improvement in 
clinical response, as determined by the subjective Crohn’s disease activity index (CDAI) was 
found for fontolizumab versus placebo. 

Also, antibodies against the p40 component of IFN-γ-inducing cytokine IL-12 failed to 
demonstrate clear therapeutic efficacy of neutralizing IL-12ref. 44 arguing against a prominent 
role of the IL-12/IFN-γ axis in Crohn’s disease. However, interpretation of the results of this 
latter trial is confounded by the fact that antibodies against p40 also target IL-23, which shares 
p40 with IL-12. IL-23 induces IL-17, which might be protective in Crohn’s disease since in 
these patients anti-IL-17 therapies appear to slightly exacerbate disease activity.45 Antibodies 
against the p35 chain that exclusively target IL-12 might be tested to further examine the role 
of the IL-12 and IFN-γ in Crohn’s disease. 

We also identified in various tissues CD127+c-Kit+NKp44- ILCs, which did not express IL-13, 
IL-17, IL-22 nor IFN-γ ex vivo. The c-Kit+NKp44- population contained precursors for both 
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ILC3 and ILC1, as c-Kit+NKp44 ILCs differentiated to IL-22-producing ILC3 in the presence 
of IL-2 and IL-23, and to IFN-γ-producing ILC1 in the presence of IL-2 and IL-12. Differentiation 
occurred before proliferation was manifest, indicating that the observed changes in phenotype 
and cytokine expression profile was not a consequence of outgrowth of a small contaminating, 
already differentiated, cell population. We also observed that highly purified NKp44+ ILC3 
from both fetal gut and tonsil were able to differentiate into ILC1 in response to IL-2 and IL-
12 by first losing c-Kit and then NKp44. This data indicated that at least a proportion of ILC1 
are derived from RORγt+ ILC3, which is consistent with observations that ILC3 in RORγt-fate 
mapped mice eventually lose RORγt and converted into IFN-γ-producing cells without losing 
the fate marker.21 A phenotypic shift from RORγt+ IL-17 and IL-22 producing cells to RORγt- 
IFN-γ-producing cells is not without precedent, as also with T cells such shifts have been 
observed.46,47 Conversely, freshly isolated ILC1 rapidly downregulated TBX21 upon short time 
incubation in IL-2 and IL-23, although expression of RORgt remained low when compared to 
NKp44+ ILC3 incubated with IL-2 plus IL-23. Whether a conversion of ILC1 into T-bet negative 
ILCs occurs in vivo remains to be determined. 

Our data indicate a high degree of plasticity among the ILC populations as was already 
suggested by other recent studies.21,34 How the plasticity amongst ILCs is regulated remains 
to be established but T-bet might be a central regulator. Recently it was reported that IL-17-
producing ILCs were involved in pathogenesis in mice deficient for Tbx21 and Rag1 that 
develop colitis resembling human ulcerative colitis.48 In the latter study it was also found that 
T-bet positively regulated IFN-γ, and strongly reduced the capacity of ILCs to produce IL-17. 
In another recent study T-bet was found to be essential for differentiation of NKp46+ ILC3.49 It 
was also shown that IL-12 but not IL-23 induced NKp46+ ILC3 to produce IFN-γ. Our results 
extend these results by showing that IL-12 results in a rapid downregulation of RORγt and 
upregulation of T-bet combined with loss of c-Kit and NKp44. Thus tunable expression of 
T-bet emerges as an important regulator of ILC effector functions.

In summary we demonstrated here the existence of ILC1 capable of producing high amounts 
of IFN-γ, which were distinct from NK cells. At least part of these cells differentiated from 
ILC3 under the influence of IL-12. We hypothesize that there is also an ILC1 population that 
develops independent from the transcription factor RORγt. Cell fate mapping experiments in 
mice would be needed to verify this hypothesis. Because no ILC1 were present in the fetal gut 
we speculate that ILC1 develop following colonization of the gut with commensals and that 
ILC1 may be involved in the early innate immune response against certain bacteria such as 
Salmonella.49 Since ILC1 accumulated in inflamed tissues in Crohn’s disease these cells may 
contribute to the pathogenesis of this disease.
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Supplementary tables and figures
Supplemental table 1| % of human CD45+ cells in colon of HIS mice

Exp
#

hCD45 
(% of 
hCD45+ 
mCD45)

hCD3 (% 
of CD45)

hCD127+ 
lin-  (% of 
hCD45)

ckit+NKp44- 
 (% of 
hCD127+ 
lin- )

ckit+NKp44+ 
(% of 
hCD127+lin- )

ckit- NKp44-  

(% of 
hCD127+ 
lin- )

CD14 
(% of 
hCD45)

1 12 34.7 -  36 3.2 -  4.1 48.3 - 51 48.8 -  66.9 0 -  3

2 29.3  -  33.1 29.3 - 56.8 4.8 - 5 6.1 -  7.3 85.2 -  86.1 2.3 -  2.8 7.9

3 24 53.4 3.4 53 30.8 11.5 8.8

4 28 54.6 1.6 50 40 5.3

5 15.8 4.2 5.8 86.9 2.4

6 20 -  25 4.3 10.9 84.2 2.2

Percentage of human (h)CD45+ cells, hCD3cells, hCD14cells, and hILCs in colon of HIS 
mice after a ficoll density gradient purification step. Table represents percentage of total CD45+ 

cells = (human + mouse CD45+cells) incolon of NSG mice that are reconstituted with human 
hematopoietic stem cells .Data are from 6 experiments with 2 -  4 pooleddonors, each.

Supplemental table 2 | Histological scoring

score 0 1 2 3 4

Area involved 0% 1 - 10% 10 - 25% 25 - 50% >50%

Follicles Normal
(0 - 1)

Minimal
(2 - 3)

Mild
(4 - 5)

Moderate
(6 - 7)

Severe
(>7)

Edema Absent Minimal Mild Moderate Severe

Fibrosis Absent Minimal Mild Moderate Severe

Erosion/ulceration 0% 1 - 10% 10 - 25% 25 - 50% >50%

Cryptloss 0% 1 - 10% 10 - 25% 25 - 50% >50%

Granulocytes Normal Minimal
increase

Mild
increase

Moderate
increase

Severe
increase

Mononucl.cells Normal Minimal 
increase

Mild 
increase

Moderate 
increase

Severe 
increase

Histology score parameters The total inflammation score was determined by the average score of the 
following criteria: area involved, the number of follicle aggregates, oedema, fibrosis, hyperplasia, ero-
sion/ulceration, crypt loss and infiltration of granulocytes and mononuclear cells.
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Supplemental table 3 | Sequences of real-time PCR primers designed in house

mRNA Primer Sequences (5’ - 3’)

β-actin Forwardprimer CACCATTGGCAATGAGCGGTTC

Reverseprimer AGGTCTTTGCGGATGTCCACGT

IL13 Forwardprimer ATTGCTCTCACTTGCCTTGG

Reverseprimer GTCAGGTTGATGCTCCATACC

IL23R Forwardprimer AACAACAGCTCGGCTTTGGT

Reverseprimer GGAATATCTGGCGGATATCC

AHR Forwardprimer CTTAGGCTCAGCGTCAGTTA

Reverseprimer GTAAGTTCAGGCCTTCTCTG

RORC Forwardprimer AATCTGGAGCTGGCCTTTCA

Reverseprimer CTGGAAGATCTGCAGCCTTT

CCL3 Forwardprimer ACTTTGAGACGAGCAGCCAGTG

Reverseprimer TTTCTGGACCCACTCCTCACTG

CXCR3 Forwardprimer ACGAGAGTGACTCGTGCTGTAC

Reverseprimer GCAGAAAGAGGAGGCTGTAGAG

IL12RB2 Forwardprimer AGACCTCAGTGGTGTAGCAGAG

Reverseprimer TGATGACCAGCGGTTCAGGATC

IL12RB1 Forwardprimer TGAGATTCTCGGTGGAGCAGCT

Reverseprimer CTGTAGTCGGTAAGTGACCTCC

IL1R1 Forwardprimer GTGCTTTGGTACAGGGATTCCTG

Reverseprimer CACAGTCAGAGGTAGACCCTTC
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Supplemental figure 1 | Differentiation of ILC1 and NKP44+ ILC3. a. Differentiation of tonsil ck-
it+NKp44- derived ILCs towards the ILC1 subset and NKp44+ ILC3 subset when cultured in IL- 2 and 
IL-12 or IL-2, IL-23 and IL- 1β,  respectively (N = 5; ** P <0.01). b. Differentiation of fetal gut ckit+NKp44- 
derived ILCs towards the ILC1 subset and NKp44+  ILC3 subset when cultured in IL-2 and IL-12 or IL-2, 
IL-23 and IL-1β, respectively (N = 3; ** P <0.01). c. Differentiation of fetal gut NKp44+ ILC3 derived ILCs 
towards the ILC1 subset and NKp44+  ILC3 subset when cultured in IL-2 and IL-12 or IL-2, IL-23 and 
IL-1β, respectively (N = 3; ** P <0.01).
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Supplemental figure 2 | Histological Scoring. Histological scoring of: area involved, the number 
of follicle aggregates, oedema, fibrosis, hyperplasia, erosion/ulceration, crypt loss and infiltration of 
granulocytes and mononuclear cells in huminzed immune system (his) mice vs. non- reconstituted control 
mice. Mice are treated for 7 days with 3% DSS. Each dot represents 1 mouse.

Monocytes

Crypt Loss Granulocytes

ErosionFibrosis

Area Edema
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Supplemental figure 3 | Differentiation of non- proliferating fraction of NKp44+ ILC3 from fetal 
gut differentiate into ILC1. Quantification of the fetal gut non-proliferating fraction of NKp44+ ILC3 de-
rived ILCs towards the ILC1 subset when cultured in IL-2 and IL-12 or IL-2, IL-23 and IL- 1β, respectively 
(N = 3; ** P <0.01)
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β

Supplemental figure 4 | NKp44+ ILC3 from tonsil differentiate into ILC1 under influence of  IL- 12.  
ILC3 from tonsil differentiate into ILC1 under influence of IL-2 and IL-12. Freshly purified ILC3 from tonsil 
are cultured for 8 days either alone or with combinations of IL-2 and IL-12, or IL-23 and IL-1β, followed 
by flow cytometry analysis of ckit and NKp44. Numbers in quadrants indicate percent cells in each. Data 
shown is representative of 3 experiments.
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Abstract

Human RORC+ lymphoid tissue inducer cells are part of a rapidly expanding family of innate 
lymphoid cells (ILCs) that participate in innate and adaptive immune responses as well as 
in lymphoid tissue (re) modeling. The assessment of a potential role for innate lymphocyte-
derived cytokines in human homeostasis and disease is hampered by a poor characterization 
of RORC+ innate cell subsets and a lack of knowledge on the distribution of these cells in 
adults. Here we show that functionally distinct subsets of human RORC+ innate lymphoid cells 
are enriched for secretion of IL-17a or IL-22. Both subsets have an activated phenotype and 
can be distinguished based on the presence or absence of the natural cytotoxicity receptor 
NKp44. NKp44+ IL-22 producing cells are present in tonsils while NKp44— IL-17a producing 
cells are present in fetal developing lymph nodes. Development of human intestinal NKp44+ 
ILCs is a programmed event that is independent of bacterial colonization and these cells 
colonize the fetal intestine during the first trimester. In the adult intestine, NKp44+ ILCS are 
the main ILC subset producing IL-22. NKp44— ILCs remain present throughout adulthood 
in peripheral non-inflamed lymph nodes as resting, non-cytokine producing cells. However, 
upon stimulation lymph node ILCs can swiftly initiate cytokine transcription suggesting that 
secondary human lymphoid organs may function as a reservoir for innate lymphoid cells 
capable of participating in inflammatory responses. 
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Introduction

There is an increasing awareness that early innate response involve several types of RORC+ 
and RORC— lymphoid-like cells that combine aspects of innate and adaptive immunity 
including the production of cytokines traditionally associated with adaptive immune cells. 
These innate cells are collectively referred to as innate lymphocytes (ILCs) and are on the 
one hand important in early immunity to pathogenic bacteria and helminthes as well as tissue 
integrity after infection, while these cells on the other hand can be part of pathology during 
experimental colitis and are specifically expanding in Crohn’s disease patients and allergic 
rhinosinusitis patients.1-7

The best studied population of RORC+ ILCs are lymphoid tissue inducer cells (LTi cells) 
that are present in secondary lymphoid organs and whose prime function is to control 
fetal development of lymph nodes and Peyer’s patches in mouse and man.8,9 Even though 
lymphoid organogenesis occurs in utero, cells that phenotypically resemble LTi cells have 
been found in adult mice.10,11 Similar to fetal LTi cells, adult cells express molecules involved 
in LN development such as lympotoxina1b2, (LT) and TNF-α and depend on expression of 
Rorgt and Id2 for their development.11-14 Although it remains to be determined to what extent 
adult LTi cells are similar to their fetal counterparts in terms of the ability to induce lymphoid 
organs, adult LTi cells were shown to have additional functions in the support of adaptive 
immune responses by facilitating memory T cell generation in the spleen.15,16 In humans, 
ILCs that resemble the mouse LTi cells are present in developing fetal lymph nodes.8 In adult 
mice and humans, RORC+ ILCs are found in secondary lymphoid organs, in the skin and 
in the intestines. In mice, RORC+ ILCs are essential for the first wave of defense against 
attaching and effacing intestinal pathogens like Citrobacter rodentium.4,17 IL-22 produced by 
ILCs activates the epithelium via the IL-22 receptor to produce antimicrobial products.4,17,18 In 
humans, several mucosal ILC subsets that produce IL-22 were described. We have previously 
identified a population of CD56+RORC+ ILCs in the tonsil that constitutively produce IL-22.
ref.8 At the same time, a population of NKp44+RORC+ ILCs were described in tonsils, Peyer’s 
patches and small intestines and named NK22.ref. 17 Clonal analysis of tonsil-derived RORC+ 
ILCs has since shown that CD56+RORC+ ILCs and NKp44+ NK22 cells are the same 
population of ILCs.19

NKp44 belongs to a family of activating receptors found on human NK cells. These receptors 
are collectively termed Natural Cytotoxicity Receptors (NCRs) and next to NKp44 include 
NKp30 and NKp46.20 All three are Ig-like transmembrane receptors that convey activating 
signals to NK cells. NKp46 and NKp30 are expressed constitutively, while expression of NKp44 
is induced upon NK cell activation. NKp46 is also expressed on mouse NK cells, as well as 
on mouse ILCs in the intestines. NKp30 and NKp44 are not expressed in Mus. Musculus.20,21 

Besides production of IL-22, RORC+ ILCs in mice and man have been reported to produce 
IL-17a. In man, RORC+ ILCs in fetal lymph nodes8 and inflamed intestines22 contain IL-17a 
transcripts and in mice, stimulated splenic RORC+ ILCs and RORC+ ILCs from the small 
intestines were shown to produce IL-17a.23,24
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In summary, RORC+ ILCs from tonsils and fetal lymph nodes differ strikingly in cytokine 
production: tonsil ILCs produce IL-22 while fetal lymph node ILCs contain only transcripts for 
IL-17a.ref.8 Whether in vivo IL-17 and IL-22 are produced by the same population of cells or by 
different ILC populations is still subject to debate.25,26 Clarifying the cellular sources of these 
functionally distinct cytokines will increase our understanding of ILC biology and activation. In 
this report we determined the cellular source of ILC-derived IL-17a and IL-22 and show that 
these cytokines are preferentially transcribed by distinct subsets of ILCs located in peripheral 
or mucosal lymphoid organs respectively. 

Methods

Human tissues
The use of all human tissues was approved by the Medical Ethical Commission of the 
Erasmus University Medical Center Rotterdam, and use was contingent on informed consent. 
Fetal tissues were obtained from elective abortions and gestational age was determined 
by ultrasonic measurement of the diameter of the skull or the femur and ranged from 7 to 
22 weeks gestation. Tonsils were obtained from routine pediatric tonsillectomies. Adult 
hepatic and inguinal lymph nodes were collected post-mortem during multi-organ donation 
procedures. Adult small intestine, ileum, was collected as residual material after intestinal 
surgery for colon carcinoma. Healthy ileum was obtained from a clear distance from the 
tumour. Patients undergoing radiotherapy or chemotherapy were excluded. Informed consent 
was obtained from all patients, according to the Medical Ethical Commission of the Academic 
Medical Center, Amsterdam, the Netherlands.

Cell preparation
Fetal lymph nodes were dissected from the mesentery using dissecting microscopes, and cell 
suspensions were prepared by digestion with 0.5 mg/ml collagenase type IV (Sigma, St. Louis, 
MO) in PBS for 30 min at 37°C, while stirring continuously, and subsequently filtered through 
a 70 mm nylon mesh. Tonsils and adult lymph nodes were cut into small pieces and cell 
suspensions were prepared by disrupting the tissue with a GentleMacs (Miltenyi Biotech) in 
the presence of 0.5 mg/ml collagenase type IV (Sigma, St. Louis, MO). Mononuclear cells were 
isolated from ficoll gradients. Tonsils were further enriched for ILCs by labeling with CD117 
microbeads (Miltenyi Biotech) and positive selection using MidiMacs (Miltenyi Biotech).

Adult intestinal ILCs were isolated as previously described.7 Ileum was incubated with HBSS 
(Gibco) containing DTT (154 μg/mL), 0.1% β-mercaptoethanol and 5mM EDTA at 37°C to 
eliminate mucus and epithelial cells. Thereafter mucosa was cut into small pieces and digested 
for 30 minutes at 37°C with Liberase TM (125 μg/mL) and DNaseI (200μg/mL) (Roche). Cell 
suspensions were filtered through a 70-μm nylon mesh and lamina propria mononuclear cells 
(LPMC) were isolated by Ficoll-Paque PLUS (GE, Healthcare). 



Functional differences between RORC+ ILCs

61

3

Flow cytometry
The following antibodies were used: CD117-PercP.Cy5.5, NKp44-AlexaFluor647, NKp46-
AlexaFluor647, NKp30-Pe (Biolegend, San Diego, CA); CD127-APC-eFluor780, CD45-
PeCy7, RORgt-Pe (eBioscience, San Diego, CA);  CD56-Pacific Blue, CD69-Pe, CD19-
PeDY590, CD3-PeDY590, CD14-PeDY590 and CD34-PeDY590 (Exbio, Praha, CZ). Flow 
cytometry was performed on a BD LSRII and cell sorting on a BD ARIA (Becton Dickinson). 
Analysis were performed using FlowJo software (Tree Star Inc., Stanford, CA)

Cell culture 
Sorted ILC subsets were cultured overnight in the presence of IL-7 (Peprotech) and SCF 
R&D Systems) (both at 10 ng/ml) in the presence or absence of PMA (50 ng/ml; Sigma) and 
Ionomycin (100 ng/ml; Sigma) or for 3 days with IL-7, SCF and either IL-23 or IL-1b. Cells 
were cultured in 200ml DMEM supplemented with 10% FCS (Hyclone). IL-17a and IL-22 
production was measured using the DuoSet ELISA development kit (R&D systems). ELISAs 
were performed according to the manufacturers’ instructions.

PCR
From fetal samples, adult lymph nodes and tonsil, RNA was extracted using the RNA-XS 
kit (Machery Nagel) followed by reverse-transcription with random hexamer primers. For 
quantitative PCR, a Neviti Thermal Cycler (Applied Biosystems) and DyNAmo Flash SYBR 
Green qPCR kit (Finnzymes) were used, with the addition of MgCl2 to a final concentration of 
4 mM. All reactions were done in duplicate and are normalized to the expression of GAPDH 
(glyceraldehyde phosphate dehydrogenase). Relative expression was calculated by the 
cycling threshold (CT) method as 2-∆t.

Primers used were:

•	 GAPDH (Accession: NG_007073.2) FW GTC GGA GTC AAC GGA TT; Rev AAG CTT 
CCC GTT CTC AG 

•	 IL22 (Accession: NM_020525.4) FW CCC ATC AGC TCC CAC TGC; Rev GGC ACC 
ACC TCC TGC ATA TA 

•	 IL17A (Accession: NM_002190.2) FW GAA GGC AGG AAT CAC AAT C; Rev GCC 
TCC CAG ATC ACA GA 

For cDNA synthesis of the adult ileum samples, the high-capacity cDNA archive kit (Applied 
Biosystems) was used. PCR was performed using the SYBR Green I master mix (Roche) for 
LightCycler 480 Instrument II (Roche).

Quantification of expression levels was performed with LinRegPCR software.27 All reactions 
were performed in duplicate were normalized using 18S rRNA expression levels and expressed 
in arbitrary units.

Specific primers were as follows:

•	 18S rRNA FW: AAT CTG GAG CTG GCC TTT CA; Rev CTG GAA GAT CTG CAG 
CCT TT
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Statistical analysis
Samples were analyzed by Mann-Whitney U tests in SPSS PASW 17.0.2. P values < 0.05 
were considered significant.

Results 

Differential NCR expression on tonsil- and fetal LN-derived ILCs
We hypothesized that expression of Natural Cytotoxicity Receptors could be used to 
distinguish ILC subpopulations biased towards production of either IL-17a or IL-22. To test 
this we first compared the ex-vivo expression of NKp30, NKp44 and NKp46 on freshly isolated 
human ILCs from fetal lymph nodes versus tonsils. The following phenotypic definition was 
used for ILCs: lineage (CD3; CD19; CD14; CD34) negative cells expressing intermediate 
levels of CD45 and high levels of both CD127 (IL7Rα) and CD117 (c-Kit). Cells within this 
gate were uniformly RORC positive (Figure 1a). In fetal lymph nodes, the majority of RORC+ 
ILCs lacked expression of NKp46 (Figure 1b). Approximately half of the cells expressed 
NKp30 and a very small fraction of these NKp30+ ILCs co-expressed NKp44 (Figure 1b). 
In contrast, the majority of tonsil-derived RORC+ ILCs expressed NKp44 as well as NKp30. 
In addition, a substantial fraction of tonsil RORC+ ILCs expressed NKp46 (Figure 1b). The 
biggest differences in NCR expression between fetal lymph node and tonsils were observed 
for NKp44 and upon enumeration the percentage of NKp44-expressing RORC+ ILCs was 
indeed significantly increased in tonsils compared to fetal lymph nodes (Figure 1c). These 
data show that the relative distribution of NCR-positive versus NCR-negative ILCs is different 
between tonsils and fetal lymph nodes and follows the pattern described for IL-22.ref.8

Next, we assessed the proportion of CD56 expressing ILCs in fetal lymph nodes and tonsils. 
The percentage of CD56+RORC+ ILCs was low in fetal lymph nodes, but was increased in 
tonsils where on average half of the RORC+ ILCs expressed CD56 (Figure 2a). This implies 
that CD56 expression follows a pattern similar but not identical to NKp44, and indeed in 
tonsils only half of the NKp44+ ILC population expressed CD56 (Figure 2b). In summary, 
NKp44, and not CD56, is the most prominent cell surface marker differentiating between 
RORC+ ILCs from fetal lymph nodes and adult tonsils.
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Figure 1 | NCR expression on ILCs from fetal LN and tonsil. a. Lineage-negative cells in fetal lymph 
nodes, fetal spleen and tonsil labeled for CD117 and CD127 are RORC positive. Shaded histogram 
indicates isotype control staining (representative example of 3 independent experiments). b. Flow 
cytometric analysis of NKp30 (P = 0.07), NKp44 (P = 0.00) and NKp46 (P = 0.03) expression on ILCs 
and fetal lymph nodes and tonsil c. Percentage of NKp30, NKp44 and NKp46 expressing RORC+ ILCs in 
fetal lymph nodes and tonsil (n > 5; Average +/- SD).
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NKp44 expression allows identification of IL-17 and IL-22 biased ILCs
On NK cells, NKp44 is only expressed upon activation. In addition, production of IL-17a in T 
cells is restricted to activated or memory cells.28 This led us to hypothesize that ILCs which con-
tain transcripts for either IL17A or IL22 might also be cells with an activated phenotype. To test 
this hypothesis, we analyzed the expression of surface proteins known to be regulated during 
cellular activation on RORC+ ILCs from fetal lymph nodes and tonsils. The early activation mar-
ker CD69 was expressed on part of RORC+ ILCs, and the combination of CD69 with NKp44 
revealed discrete ILC subpopulations (Figure 3a). In fetal lymph nodes, where the majority of 
cells lack expression of NKp44, CD69 divided the ILC population into a CD69— and a CD69+ 
population. In tonsils, NKp44+ ILCs were most abundant, and all NKp44+ cells co-expressed 
CD69. In addition, a small population of CD69+NKp44— cells was present (Figure 3a). 

We next set out to determine the presence of IL22 and IL17A transcripts in these ILC 
subpopulations. To this end, the NKp44— ILCs were sorted from fetal lymph nodes and 
separated in CD69— and CD69+ populations. From tonsils, NKp44+ ILCs were purified and 
divided in CD69— and CD69+ fractions. Transcripts for IL17A and IL22 were determined 
without ex-vivo stimulation. Within the fetal lymph nodes, IL17A transcripts were enriched 
within the CD69+NKp44— population (Figure 3b, top right). IL22 transcripts were very 
low to absent in the fetal lymph nodes (Figure 3b, top left). In tonsil RORC+ ILCs, IL22 
transcripts were easily detectable within the CD69+NKp44+ population as expected17 but 
were much lower in the NKp44— population (Figure 3b, bottom left). Transcripts for IL17A 
were undetectable in tonsil ILCs (Figure 3b, bottom right).
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In order to assess whether the divergent cytokine patterns observed directly ex-vivo are 
maintained after in-vitro stimulation we isolated tonsil NKp44+ and NKp44— ILCs and 
stimulated these overnight with PMA and ionomycin. Similar to freshly isolated ILCs, overnight 
stimulation induces IL-22 secretion from NKp44+ ILCs, but not NKp44— ILCs (Figure 3c), 
confirming the cytokine bias seen directly ex-vivo. The IL22 induction in NKp44+ ILCs by 
PMA/ionomycin stimulation was observed in all donors analyzed, but did however show a high 
degree of variability.

These findings imply that tonsil-derived NKp44 positive ILCs preferentially transcribe IL-22, 
while IL-17 is preferentially transcribed by fetal lymph node-derived NKp44+CD69+ ILCs, 
enriched within the ILCs that lack expression of NKp44, but do express CD69. 

Human mucosal NKp44+ ILCs are developmentally programmed
In the mouse, NKp46+ ILCs develop in the absence of microbiota, and appear in the intestines 
after birth.5,25,29 Since fetal human intestines are not yet colonized by bacteria or exposed 
to ingested antigens,30-32 this allowed us to asses the development of human fetal NKp44+ 
ILCs in the absence of external stimuli. We analyzed ILCs in first and second trimester fetal 
small intestines and determined their expression of CD69 and NKp44. First trimester small 
intestinal-derived ILCs (7 wks gestation) did not express CD69 or NKp44 and resembled 
putative LTi cells (Figure 4a). CD69+NKp44+ ILCs appeared during late first trimester, 
between weeks 7 and 10 of gestation and with increasing age replaced the LTi-like cells. 
From week 12 onwards, the majority of ILCs in the small intestines were expressing both 
CD69 and NKp44 (Figure 4b). This was specific for the fetal small intestines and was not 
found in paired mesentery samples containing developing lymph nodes (Figure 4c). Since 
our analysis of NKp44+ ILCs from tonsils had shown IL22 transcription in these cells, we 
also probed fetal intestine-derived NKp44+ ILCs for IL22 transcripts. We consistently found 
low levels of IL22 transcripts in NKp44+ ILCs from second trimester fetal small intestines  
(Figure 4d). It was technically impossible to purify sufficient NKp44— ILCs from fetal intestines 
as a comparison. Therefore, CD56+CD127+ NK cells sorted from fetal lymph nodes were 
used as a negative control. These data show that human NKp44+ ILCs develop in-utero in the 
absence of microbial colonization and can be found in the small intestine.

To be able to compare intestinal NKp44+ and NKp44— ILCs we next isolated these cells from 
non-affected adult illial mucosa acquired during resection procedures for colon cancer. In the 
adult human intestine, the majority of ILCs express NKp44 (Figure 4e). In line with our data 
from tonsil-derived ILCs, intestinal NKp44+ ILCs preferentially transcribe IL22, while NKp44— 
ILCs only contain very low levels of IL22 trancripts (Figure 4f).

Resting ILCs are present in adult non-inflamed human lymph nodes
The presence of IL-17 transcribing ILCs in fetal human lymph nodes raised the question whether 
these cells might also be found in adult lymph nodes. Therefore we determined the presence 
of RORC+ ILCs in adult peripheral non-inflamed lymph nodes. Lymph nodes were collected 
during multi-organ donation procedures and were liver-draining hepatic lymph nodes unless 
stated otherwise. Donor age ranged from 24 – 68 years. In adult lymph nodes a population 
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of Lineage— CD45int CD117+ CD127+ ILCs was found that uniformly expressed RORC  
(Figure 5a). Based on expression of NCRs, adult LN-derived RORC+ ILCs resembled ILCs 
from fetal lymph nodes rather then from tonsils in that they were mostly negative for NKp46 
and NKp44 and only a part of the cells expressed CD56 and NKp30 (Figure 5a and 5b). 
There was no difference in the percentage of NKp30 or NKp44 expressing ILCs between fetal 
and adult LN, while slightly more adult ILCs expressed NKp46 (Figure 5b). These data show 
that NKp30 is the only NCR that is consistently expressed on approximately half of all ILCs, 
regardless of whether they were isolated from fetal LN, adult LN or tonsil. 

Upon staining for CD69, the presence of CD69+ and CD69— ILCs became apparent, very 
much alike the fetal LN-derived ILCs. This phenotype was not restricted to hepatic lymph 
nodes as a similar distribution of NCR was seen in adult inguinal nodes (Figure 5c). To 
determine cytokine production by the ILCs from adult lymph nodes, total NKp44— ILCs were 
purified and analyzed for IL22 and IL17A transcripts directly ex-vivo. Transcript levels for 
these cytokines were compared to the levels found in NKp44— and NKp44+ ILCs from tonsil. 
Strikingly, adult lymph node ILCs lacked detectable IL22 or IL17A transcripts (Figure 5d). 
These data suggest that, in contrast to fetal lymph node-derived ILCs, adult non-inflamed 
lymph node–derived ILCs are not actively transcribing detectable levels of IL17A in-vivo. 

To test whether these peripheral ILCs were biased towards the production of either IL17A or 
IL22 upon activation, we stimulated adult lymph node ILCs overnight with PMA and ionomycin 
(Figure 6). After overnight stimulation we could detect low levels of both IL17A and IL22 
transcripts in adult ILCs. Induction of IL-17 was specific for adult lymph node ILCs as tonsil-
derived ILCs did not contain IL17A transcripts after stimulation (Figure 6a). However, the 
levels of IL17A transcripts were much lower then those found in freshly isolated fetal LN-
derived CD69+ ILCs. Even more so, the IL22 transcripts found in adult ILCs after overnight 
stimulation were very low in comparison to the levels found in either stimulated or unstimulated 
tonsil ILCs. These findings indicate that throughout adulthood human lymph nodes contain 
a resting ILC population that is characterized by the absence of NKp44 and the absence of 
active transcription of IL17A or IL22. 

Finally, IL-17a and IL-22 protein levels produced by adult lymph node-derived NKp44— ILCs 
stimulated with physiological stimuli were determined by ELISA. Unfortunately, the scarcety of 
adult human tissue precluded the analysis of sufficient donors to draw statistical conclusions. 
This notwithstanding, in two independent donors 3 day culture in the presence of either IL-23 
or IL-1β did induce detectable levels of IL-22 protein (Figure 6 c). These culture conditions did 
not induce IL-17a secretion to levels detectable by our ELISA (detection limit = 31 pg/ml)(data 
not shown). This suggests that even though low level transcription of IL17A can be initiated, no 
detectable protein is secreted. The reason for this is presently unknown. These data suggest 
that resting adult lymph node-derived ILC retain the capacity to secrete IL-22 upon in vitro 
stimulation with IL-23 or IL-1β. Further work is needed to substantiate these findings.
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Figure 5 | NKp44— ILCs in adult non-inflamed lymph nodes. a. Flow cytometric analysis of ILCs from 
adult hepatic lymph nodes for expression of RORC, NKp44, NKp30, NKp46 and CD56 (representative 
example of 3 independent experiments). b. Flow cytometric analysis of CD69 and NKp44 expression on 
ILCs from adult hepatic and inguinal lymph nodes (representative example of at least 3 independent ex-
periments). c. Percentage of NKp30, NKp44 and NKp46 expressing RORC+ ILCs in fetal lymph nodes, 
adult lymph nodes and tonsil (representative example of at least 3 independent experiments) d. PCR 
analysis for IL17a and e. IL22 transcripts of sorted ILCs from adult hepatic lymph nodes compared to 
NKp44— and NKp44+ ILCs from tonsil (Adult LN vs NKp44— P = 0.02; adult LN vs NKp44+ P = 0.02; n = 4).
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Discussion

RORC+ ILCs are increasingly recognized as important mediators of early innate immunological 
defenses against mucosal pathogens and as essential for safeguarding tissue integrity during 
infections. Both effects are mediated by ILC-derived cytokines, and especially IL-22 and IL-17a 
have been studied in this respect. In mice, IL-22 secreting ILCs mediate the innate response 
to Citrobacter rodentium and IL-22 is an important mediator of epithelial homeostasis.33 
Conversely, IL-17a producing ILCs are pathogenic in a T cell-independent mouse model of 
intestinal inflammation.1 Most importantly, the balance between IL-22 and IL-17a secreting 
ILCs was shown to be skewed towards IL-17a in patients with Crohn’s disease, suggesting 
that ILC-derived cytokines might be involved in human disease.22
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The systematic analysis of ILC subsets in humans and the detection of any changes in subset 
distribution as a result of disease are hampered by the poor characterization of functionally 
distinct human ILCs. In this study we show that expression of the NCR NKp44 is a good 
predictor for ILCs that are actively transcribing IL-22, and that these cells are mainly found 
in mucosal tissues. In contrast, our data suggest that throughout adulthood, non-inflamed 
lymph-nodes may function as a reservoir of resting, RORC+ non-cytokine secreting ILCs that 
lack NKp44 expression, yet retain the capacity to secrete IL-22 after appropriate cytokine 
activation in vitro.

Production of IL-17a by T cells is normally tightly controlled to avoid unwanted or excessive 
inflammation34 and the fact that freshly isolated CD69+NKp44— ILCs in non-inflamed lymph 
nodes lack IL17A transcripts suggests that similar levels of restraint are operational for ILCs. 
Unraveling the exact signals that can either induce or inhibit ILC activation is needed to 
understand regulation and control of innate IL-17 secretion.

IL-17a has been associated with several human diseases18 and ILC-derived IL-17a has been 
reported in experimental models of colitis.1 In addition, an increase in IL-17 producing ILCs has 
now also been found in the intestines of some Crohn’s disease patients.22 The IL-17 producing 
ILCs in Crohn’s disease patients were mainly found within the CD56— ILC fraction, while the 
CD56+ ILCs were more prominent producers of IL-22.ref.22 Our current data would predict 
that a dissection based on NKp44 expression, rather then expression of CD56, could further 
enhance the exact enumeration of IL-22 vs. IL-17a producing ILCs in humans. 

The biological functions of IL17a produced by fetal LN-derived ILCs remain enigmatic. 
Development of lymphoid organs has many similarities to a controlled inflammation and the 
inflammation-related cytokine IL-17a would fit that concept.35,36 However, IL-17a is unlikely to 
have an essential function during organogenesis as IL-17Rα deficient mice display no gross 
abnormalities in LN development (KH and TC, unpublished observations), suggesting that IL-
17a serves another yet to be determined function. 

In-vivo, distinct subsets of RORC+ ILCs seem biased towards either IL17A (CD69+NKp44— 
ILCs) or IL22 (CD69+NKp44+ ILCs) transcription. It is not clear whether these subsets belong 
to different ILC lineages, or whether they represent different activation or differentiation states 
of cells within a single lineage. In mice, conflicting data exists on the relationship between 
NKp46+ and NKp46— ILCs. Genetic approaches indicated that these two cell types belong 
to separate lineages and do not have a precursor-progeny relationship.25 Conversely, transfer 
of purified populations of ILCs showed that NKp46— cells could give rise to NKp46+ ILCs 
in-vivo.26 In humans, these relationships are even less clear. After in-vitro culture, freshly 
isolated NKp44— fetal LN-derived ILCs acquired NKp30, NKp44 and NKp46.ref.8 In-line with 
this, the adult-lymph node-derived ILCs also upregulate NKp44 when cultured (KH and TC, 
unpublished). Whether the observed IL-22 production by lymph node ILCs is functionally 
linked to this expression of NKp44 is currently under investigation. Our current results indicate 
that in ex-vivo isolated ILCs, NKp44 predicts for IL-22 production whereas in mice NKp46 is 
a marker for IL-22 producing ILCs, again adding to the complexity of comparing data gathered 
in human and mouse studies.
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NKp44+ ILCs are preferentially found in mucosal tissues like tonsil and the intestines (this 
report and17). Within this mucosal environment NKp44+ ILCs constitutively produce IL-22 that, 
based on mouse models, acts on intestinal epithelial cells and conditions these cells to cope 
with the hostile environment to which they are exposed.4,5,33 

Here we show that the appearance of ILCs in the human intestine is developmentally 
programmed and NKp44+ ILCs are present from early second trimester. In mice NKp46+ 
ILCs is also a programmed event independent of microflora, yet these cells only appear after 
birth.25,29 The observed differences between mouse and man in this respect might be due 
to the longer pregnancy in humans. NKp44+ ILCs in the developing human intestine initiate 
low level IL22 transcription during second trimester pregnancy. However, these IL22 levels 
are much lower then those found in NKp44+ ILCs from pediatric tonsils or adult intestines. 
Current it is unknown whether this difference reflects a role for microbial colonization of the 
intestines in inducing a postnatal increase in IL-22 levels. This would be different from the 
observations done in mice, where microbial colonization was not essential for IL-22 induction 
but actually induces a decrease in intestinal IL-22 postnatal.23,25,29 Again, an alternative and 
perhaps more likely explanation is that due to the longer gestation time in humans compared 
to mice, the low levels of IL22 transcription found during the second trimester will steadily 
increase throughout the third trimester, reaching levels comparable to postnatal ILCs just 
before birth. Even thought the intestines are culture sterile, they are by no means devoid of 
potential immune stimuli such as TLR ligands and cytokines and these could still be a factor in 
ILC development and activation.31,32

NKp44— ILCs reside within peripheral lymph nodes throughout life but in the absence 
of activating signals do not transcribe detectable levels of IL17A or IL22. However, upon 
stimulation NKp44— ILCs can produce at least IL-22, and also initiate low level IL17A 
transcription. This raises the hypothesis that secondary lymphoid organs are a reservoir 
for ILCs that can participate in inflammatory responses in an antigen independent manner. 
Detailed analysis of human lymph node biopsies from inflammatory diseases or the study of 
relevant animal models is needed to determine the contribution of LN-derived ILCs to systemic 
immune responses. 
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Abstract

Background
Monitoring of remission induction therapy for active Crohn’s disease (CD) is hampered by the 
lack of objective markers for therapy response. This also impedes development of new drugs 
since only subjective markers for therapeutic response can be used in clinical trials. Therefore, 
measurements of objective biomarkers are best applicable in peripheral blood. Biomarkers 
should differentiate therapy response from non-response, preferably early during therapy. 
This study aimed to identify biomarkers in peripheral blood distinguishing responders from 
non-responders at an early stage of remission induction therapy.

Methods
Whole blood RNA was obtained before therapy and after 3, 7, 14 and 56 days of remission 
induction from 10 responders and 10 non-responders. To identify a biomarker for therapy 
response in general and not for a specific treatment, both anti-TNF-α and prednisone 
remission induction strategies were included. Response was defined by ≥ 20% improvement 
in CDEIS at colonoscopy after 8 weeks of therapy. Differential gene expression profiles 
between responders and non-responders during induction therapy were determined using a 
linear model and a moderated F-test to compare baseline with all other time points (P < 0.05). 
Paired comparisons between baseline and any of the other time points were assessed using 
a moderated t test (P < 0.01).

Results
Before the start of therapy, 133 probesets were differentially expressed (P<0.001) between 
responders and non-responders, including ATG16L2. Furthermore, after one week of induction 
therapy, 62 gene expression profiles could differentiate non-responders from responders  
(P < 0.01). The most differentially expressed genes comprise FLG2, CNOT4, ANK1, MICAL2, 
FHL2, IGF2BP2, S100A6 and MAPK8IP3. When taking the diagnostic accuracy into account, 
MICAL2, FLG2, IGF2BP2 and FHL2 remain interesting candidate biomarkers to predict 
response after one week of therapy.

Conclusions
Here we describe the first study on gene expression profiles from peripheral blood distinguish-
ing non-responders from responders to CD remission induction therapy. These early gene 
expression profiles are candidates to be prospectively validated in an independent cohort as 
biomarkers for non-response to remission induction.
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Introduction

Crohn’s disease (CD) is a chronic relapsing and remitting inflammation of the gastro-intestinal 
tract.  When patients complain of diarrhoea, pain, fatigue and/or malaise, the treating physician 
should consider a flare of CD. However, symptoms may be due to other causes, such as 
irritable bowel syndrome (IBS) or enteric infections. Current guidelines underscore that 
clinicians can often poorly judge disease activity, therefore markers for objective disease are 
needed to confirm a flare of CD, before novel therapies are initiated.1 Objective markers include 
inflammatory markers in peripheral blood, such as C-reactive protein (CRP), faecal calprotectin 
and colonoscopy. Intensifying the current treatment or starting a novel therapy as remission 
induction is indicated when active disease is objectified. Nevertheless, monitoring of response 
to induction therapy is hampered by the lack of objective markers for therapy response. 
Normalization of CRP levels has been shown to correlate with long-term therapy response, 
however only 20%–25% of CD patients show increased levels of CRP, notwithstanding active 
intestinal inflammation.2, 3 Subjective disease activity scores, such as the CD Activity Index 
(CDAI) have been considered to be “gold standard” to evaluate therapy efficacy in clinical trials.4 
Nevertheless, in the SONIC trial steroid-free remission was achieved more often in patients 
with endoscopic inflammation before the start of infliximab and/or azathioprine, than for those 
who were treated based on an increase of the CDAI, indicating a considerable false positive 
rate of the CDAI when it comes to luminal disease activity.5, 6 Furthermore, a recent post-hoc 
study showed that the CDAI, reflecting a subjective impression on patient’s clinical symptoms, 
did not accurately predict endoscopic remission or correlate with CRP levels.6 Recently, the 
EXTEND trial was the first to prospectively assess mucosal healing as primary end point.7 
However, consecutive colonoscopies to visualize healing of the mucosa or amelioration of the 
CD Endoscopic Index of Severity (CDEIS) as an objective marker of therapy response may be 
applicable in clinical trials but not in daily clinical practice.8 Still, it is important to assess the 
outcome of an induction therapy as early as possible, to limit disease progression and prevent 
unnecessary side effects and costs of therapeutics. Therefore, we aimed to identify objective 
biomarkers in peripheral blood, reflecting early response to remission induction therapy. CD 
patients starting remission induction therapy for active disease were observed throughout the 
first 8 weeks of induction therapy. After 8 weeks of remission induction therapy the CDEIS 
was obtained during a second colonoscopy and patients were classified as responders or 
non-responders according to their individual changes in CDEIS. Consecutive blood samples 
were obtained before start and after 3, 7, 14 and 56 days. From these time series gene 
expression profiles with differential expression between responders and non-responders 
could be identified. In this study, we suggest novel peripheral blood biomarkers to identify 
non-responders early during induction therapy.  
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Methods

Patients
All CD patients scheduled for colonoscopy due to clinical symptoms suggesting active disease 
were asked for informed consent between 2009 and 2012. Patients were included when both 
active disease was observed during colonoscopy and/or imaging by MRI, and new remission 
induction therapy was initiated. Since we aimed to identify biomarkers for therapy response in 
general, and not only for one specific drug, patients were allowed to participate when starting 
anti-TNF-α (infliximab or adalimumab) or prednisone.

Tissue collection
Before colonoscopy, blood for RNA isolation, plasma, CRP, leucocytes and albumin, the CDAI 
and IBDQ were obtained from every patient. During colonoscopy the CDEIS was obtained 
and biopsies were collected from inflamed and non-inflamed regions of the intestine. After 
the start of induction therapy at 3, 7, and 14 days blood for RNA isolation, plasma, CRP, 
leucocytes and albumin was obtained. After 8 weeks patients again completed the CDAI and 
IBDQ, and donated blood. Furthermore a second colonoscopy was performed after 8 weeks 
of induction therapy including scoring of the CDEIS and collection of biopsies of inflamed and 
non-inflamed regions, when applicable.

Identification of top 10 responders and non-responders
Response to the induction therapy was determined primarily by the changes in CDEIS 
and secondly by CRP after 8 weeks of therapy. Furthermore, CDAI and IBDQ scores were 
obtained before and after 8 weeks. The CDEIS was considered to be “gold standard”, however 
patients classified as “responders” should show at least 20% improvement on all activity 
scores. Patients were classified to be “non-responders” when CD activity scores remained 
equal or deteriorated after 8 weeks of therapy. Individual fold changes were calculated by 
dividing patient’s activity score after 8 weeks (e.g. CDEIS) by the corresponding score at 
baseline. Thereby fold changes above 1 reflect deterioration of disease when focussing on 
CDEIS, CRP or CDAI and fold changes below 1 reflect amelioration of disease. Contrariwise, 
the IBDQ score increases when quality of life improves, hence fold changes above 1 reflect 
improvement of IBDQ and fold changes below 1 reflect declined quality of life. 

RNA extraction
In PAXgene tubes containing RNA stabilizing solution (Qiagen, Venlo, the Netherlands) 2,5 ml of 
peripheral blood was collected. PAXgene blood tubes were incubated at room temperature for 
24 hours to ensure lysis of blood cells. Total RNA should be stable for up to 3 days at 18–25°C, 
which makes this an applicable tool for clinical practice.9, 10 After 24 hours at room temperature, 
PAXgene tubes were stored in -20°C for 24 hours to ensure the tubes would not burst when 
stored directly in the -80°C, followed by storage in a -80°C freezer up to the isolation of total 
RNA. Total RNA was isolated with PAXgene Blood miRNA Kits (Qiagen, Venlo, the Netherlands) 
using the automated method, according to the manufacturer’s protocol. In brief, PAXgene 
tubes were centrifuged after which the nucleic acid pellet was washed and resuspended into 
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optimized buffers together with proteinase K for protein digestion. Next, additional centrifugation 
through a column was performed to homogenize the cell lysate and remove residual debris. For 
binding conditions, ethanol was added and during a brief centrifugation in a spin column, only 
RNA bound the silica membrane as contaminants are lost. To exclude remnant contaminants, 
the column was treated with DNase I and washed several times, after which RNA was eluted 
and heat-denatured. Quality of the RNA was ascertained by analyses of all samples with the 
2100 Bioanalyzer Instrument (Agilent Technologies, Santa Clara, California, United States). 
The RNA Integrity Number (RIN) and RNA concentration was determined by using Agilent RNA 
6000 Nano Kits (Agilent Technologies, Santa Clara, California, United States). Samples which 
had a RIN of at least 8.0 were used for microarray analysis. 

Microarray experiment and pre-processing
Microarray labelling and hybridization were performed at the Microarray Department, University 
of Amsterdam according to the manufactures instructions. To avoid confounding with the time 
point of blood collection, samples were randomly allocated to the Affymetrix Human Genome 
U133 Plus 2.0 Arrays (Affymetrix), which comprised 54,675 probe sets covering the whole 
genome. Analyses were carried out with Bioconductor packages in the statistical software 
package R (version 3.0.0). Raw data were extracted from the CEL files using the package affy. 
Data was normalized and summarized at the probeset level using robust multiarray averaging 
(RMA) with default settings (function rma, package affy). In total 21,215 probesets without 
presence call (function mas5calls, package affy) on at least one array were excluded. The 
package ArrayQualityMetrics was used to assess the quality of the microarray data both 
before and after normalization. Based on the quality control, one array at the 8-week time point 
was left out and remaining arrays were renormalized. Probesets were annotated using the 
package hgu133plus2.db 

Statistical analyses
Genes that respond differently to medication in responders versus non-responders were 
determined using a linear model with a fixed main effect for group (responder/non-responder), 
and nested interactions of group with patient and time points. Significant differences in response 
were determined using the appropriate contrast and a moderated F-test to compare time point 
0 versus all other time points (P < 0.05, package limma). Significant differences in response for 
the pairwise comparisons between time point 0 and any of the other time points were assessed 
using a moderated t test (P < 0.01, package limma). Genes that are differentially expressed 
between responders and non-responders at time point 0 were determined by extracting the 
appropriate contrast from a linear model with a fixed main effect for each combination of group 
and time point (P < 0.001, moderated t-test). Resulting p-values were corrected for multiple 
testing using the Benjamini-Hochberg False Discovery Rate adjustment, such that a corrected 
P-value < 0.05 controls the expected false discovery rate to be less than 5%. Diagnostic 
accuracy of selected genes was evaluated by determining the area under the receiver operating 
characteristic curve (AUC, pROC package). De Long’s method for calculating AUC variance 
was used for the calculation of AUC 95% confidence intervals.
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Ethical considerations
All patients gave informed consent before participation. The study protocol was approved by 
the Academic Medical Center’s ethical committee.

Results

Patient characteristics
As depicted in Figure 1, seventy-seven CD patients were recruited and gave informed con-
sent. All patients had consulted their treating physician with symptoms of active disease. All 
patients completed v and IBDQ questionnaires and CRP and CDEIS were obtained. Only 
70.1% of patients showed signs of active inflammation at colonoscopy (CDEIS > 3) or MRI. 
Twenty-nine patients started a novel therapy for remission induction such as prednisone or 
anti-TNF-α. The other 25 active patients were excluded due to other treatment strategies, 
including experimental treatment in clinical trials (3 patients), IBD-U (5 patients), need for 
surgery due to stricturing disease (2 patients), or the start of thiopurines or methotrexate 
(7 patients), or dose escalation of current treatment (2 patients). Six patients withdrew 
their consent after the first colonoscopy due to the prospect of the second colonoscopy 
that would be performed after 8 weeks of therapy. From the 29 patients starting remission 
induction, 7 patients started infliximab, 13 patients started adalimumab, and 9 patients started 
corticosteroids. Four patients had to discontinue therapy due to adverse events, including one 
patient suffering from serum sickness after the second infliximab infusion. After 8 weeks of 
remission induction therapy, all disease activity scores were repeated (CDAI, IBDQ, CDEIS 
and CRP) and individual fold changes were calculated. CDEIS was considered to be ‘gold 
standard’ reflecting response to therapy most accurately. Five patients showed some response 
to induction therapy however not fulfilling the criteria of response (improvement in all activity 
scores) or non-response (deterioration or no change in all activity scores). Therefore these 
patients were excluded from further analyses. 

RNA was isolated from peripheral blood, which was obtained at 5 time points during in-
duction therapy (before and at 3, 7, 14, and 56 days of therapy) from 10 responders and 
10 non-responders. Most samples showed sufficient quality of the RNA according to the 
RIN, however RNA from one non-responder patient did not meet the RIN criteria at several 
time points and was therefore excluded from analyses. This led to a final cohort of 10 
responders and 9 non-responders. No significant differences were present between the 
baseline characteristics of the two groups (Table 1). Individual fold changes in CD activity 
scores of the included patients are depicted in Figure 2. Patients were classified according to 
their fold change in CDEIS thus all responders showed improvement of the CDEIS, whereas  
non-responders remained equally or deteriorated. CRP levels at baseline varied widely, as 
shown in Table 1, which is one of the reasons that CRP fold changes did not differentiate 
responders from non-responders like the CDEIS. Similarly, the median CDAI and IBDQ 
were different between responders and non-responders (defined by CDEIS), however these 
subjective questionnaires did not differentiate the two groups like the CDEIS did.
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Gene expression between responders and non-responders before the start of therapy
At baseline, 133 probesets showed differential expression between responders and non-
responders (P < 0.001). Table 2 lists the 10 most differentially expressed genes before the 
start of therapy, which differentiate responders from non-responders by at least 1.5 fold change.

Top 10 Responders Top 10 Non-responders 

Minimal response 5 

Completed 8 weeks  
of induction therapy 

25 

Discontinuation due  
to adverse events 4 

Start induction therapy with 
prednisone or anti-TNF 

29 

Thiopurines or MTX 7  
Withdrawal consent 6  
IBD-U 5  
Clinical trials 3 
Need for surgery 2  
Dose escalation 2  

Active disease at  
 endoscopy and/or MRI 

54 

Patients with  
symptoms  

of active disease  
and informed consent 

77 

No signs of active  
disease at endoscopy   
and/or MRI 23 

Figure 1 | Flow chart of patient inclusion
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Figure 2. Disease activity score fold changes in responders and non-responders 
 

Figure 2 | Disease activity score fold changes in responders and non-responders. Division of 
the activity score after 8 weeks by the score at baseline resulted in fold changes. Thereby fold changes 
represent individual changes after 8 weeks of therapy. Patients were classified as responders when they 
showed CDEIS fold change < 1, whereas patients were classified non-responders when CDEIS fold 
change was ≥ 1. CDEIS = Crohn's Disease Endoscopic Index of Severity; CRP = C-Reactive Protein; 
IBDQ = Inflammatory Bowel; Disease Questionnaire; CDAI = Crohn's Disease Activity Index.

Table 1 | Baseline patient characteristics of responders and non-responders 

Responders Non-Responders P-value

Age at inclusion 
Mean (SD)

38.8 (9.5) 36.4 (13.0) 1.00

Gender 
(n Female)

3 5 0.26

Disease duration (months)  
(median, IQR)

99.5 (54–208) 121 (22–215) 1.00

CDEIS  
(median, IQR)

9.4 (7.7–14.9) 8.4 (3.2–18.0) 1.00

CRP 
(median, IQR)

8.9 (3.7–24.1) 5.7 (2.8–31.5) 1.00

Leucocytes (10E9/L)
(median, IQR)

8.9 (7.1–10.4) 7.7 (6.1–8.8) 0.17

ESR
(median, IQR)

26 (6–32) 12 (4–32.5) 1.00

CDAI 
(median, IQR)

182 (114–247) 169 (112–238) 1.00

IBDQ 
(median, IQR)

162 (133–170) 150 (125–168) 0.62

Induction therapy (n)
- Anti-TNF-α (ADA/IFX)  
- Prednisone

 
7  (6/1)  
3 

 
5   (3/2)  
4

0.66

CDEIS = Crohn's Disease Endoscopic Index of Severity; CRP = C-Reactive Protein; ESR = Erythrocyte 
sedimentation rate; CDAI = Crohn's Disease Activity Index; IBDQ = Inflammatory Bowel Disease 
Questionnaire; Anti-TNF-α = anti-tumor necrosis factor-alpha; ADA = adalimumab; IFX = infliximab.
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Table 2 | Ten genes most differentially expressed before the start of therapy

Genes Fold change P-value FDR

ATG16L2 1.64 9.09E-06 0.17

ARHGAP9 1.59 6.79E-05 0.21

MAP3K2 1.68 7.12E-05 0.21

GMFG 1.55 7.39E-05 0.21

RICTOR 1.87 8.09E-05 0.21

ARHGDIB 1.65 9.04E-05 0.21

ANK1 -1.67 1.69E-04 0.21

SLC44A2 1.52 2.04E-04 0.21

FOSL2 1.61 2.07E-04 0.21

IGF2BP2 2.00 2.12E-04 0.21

Fold change: fold changes (responders/non-responders); FDR: false discovery rate.

Genes differentially expressed between responders and non-responders during 
induction therapy

Testing for differences in gene expression between responders and non-responders during 
the first eight weeks of remission induction therapy revealed 705 differentially expressed 
probesets (P < 0.05). Figure 3 depicts a heatmap of the differences in fold changes between 
responders and non-responders of the 62 differentially expressed genes (P < 0.01). 

Of the 62 differentially expressed genes, 15 genes were differentially expressed between re-
sponders and non-responders after 3, 7 and 14 days of therapy, 47 genes were differentially 
expressed at two consecutive time points: 14 genes at 3 and 7 days and 33 genes at 7 and 
14 days (Figure 4). To illustrate the individual profiles of gene expression and the fold changes 
during treatment, the most differentially expressed genes are depicted per time frame (Figure 5).
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Figure 3 | Heatmap of the 62 differentially expressed interaction genes between responders and  

non-responders (P < 0.01). To calculate fold changes, baseline differences were set to zero and 
differences in fold changes after 3, 7 and 14 days between responders and non-responders are shown. 
The upper panel shows increased expression in responders as compared to non-responders. The lower 
panel reflects a decreased expression in responders versus non-responders. 
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Figure 4. Venn diagram of the 62 differentially expressed interaction genes between 
responders and non-responders (P < 0.01)  

Figure 4 | Venn diagram of the 62 differentially expressed interaction genes between responders 
and non-responders (P < 0.01). This Venn diagram shows differentially expressed interaction genes 
between responders and non-responders (P < 0.01). Biomarkers relevant for clinical practice should have 
a similar profile in at least two consecutive time points. Therefore three groups were differentiated: genes 
differentially expressed after 3 and 7 days; genes differentially expressed after 3, 7 and 14 days; genes 
differentially expressed after 7 and 14 days.

Fillagrin-2 (FLG2) and carbon catabolite repression (CCR)4-negative on TATA-less tran-
scription complex, subunit 4 (CNOT-4) are most differentially expressed after 3 and 7 days 
of therapy (P = 5.2E-04 and P = 6.4E-04, respectively). Non-responders start with higher 
expression levels of FLG-2 at baseline (Figure 4a) and can be identified by a decrease in 
fold change after 3 and 7 days of therapy (Figure 4b). On the contrary, non-responders start 
at lower expression of CNOT4 and increase after 3 and 7 days of therapy. After 8 weeks of 
therapy (56 days) no difference is present (Figure 5a).

After 3, 7, and 14 days ankyrin 1, erytrocytic (ANK1) and microtubule associated mo-
no-oxygenase, calponin and LIM domain containing 2 (MICAL2) were most differential-
ly expressed between responders and non-responders (P = 2.2E-04 and P = 6.7E-04, re-
spectively). As depicted in Figure 5b, this was partly due to a significant difference at 
baseline (both genes were expressed at higher levels in non-responders). Furthermore,  
four-and-a-half LIM domain protein 2 (FHL2) and Insulin-like growth factor 2 mRNA-bin-
ding protein 2 or p62 (IGF2BP2) show differential profiles. Non-responders mostly start at 
higher levels than responders and then their expression of FHL2 and IGF2BP2 is lowered  
(P = 6.8E-04 and P = 3.7E-03, respectively) at 3, 7, and 14 days. No difference is present 
after 8 weeks of therapy (Figure 5c).

Calcyclin (S100A6) is differentially expressed after 7 and 14 days of therapy. Non-responders 
show lower expression at baseline and increase their S100A6 expression after 7 and 14 
days, as compared to responders, who lower their expression (P = 9.0E-04). Also mitogen-
activated protein kinase 8 interacting protein 3 (MAPK8IP3) increases in non-responders after 
7 and 14 days of therapy (P = 9.9E-04). These differences were still present after 8 weeks of 
therapy (Figure 5d).

Since FLG2 is a protein-coding transcript, we measured levels of FLG2 in plasma samples of 
responders and non-responders. In analogy with decreased transcript levels after 7 days of 
therapy, non-responders show a decrease in their FLG2 protein levels in plasma (P < 0.02). 
Responders show no differential levels of FLG2 in plasma after 7 days (data not shown). 
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Sensitivity and specificity of differentially expressed genes 
To identify a biomarker with diagnostic accuracy, the true positive rate (sensitivity) and false 
positive rate (specificity) should be taken into account. The area under the curve (AUC) is 
a measure of how well a parameter distinguishes non-responders from responders. The 
top 15 AUC’s of the 62 differentially expressed genes (P < 0.01) are listed in Table 3. At 7 
days of therapy, MICAL2 appears to have the best diagnostic accuracy with an AUC of 0.96  
(0.88 - 1.00), followed by FLG2 (AUC of 0.95 (0.84 - 1.00)), IGF2BP2 (AUC of 0.93 (0.80 
0 1.00)), and FHL2 (AUC of 0.91 (0.76 - 1.00)). Supplementary Figure 1 shows Receiver 
Operating Characteristic (ROC) curves of the sensitivity plotted in function of 1 minus the 
specificity for different cut-off points: 3 days, 7 days, and 14 days. 

Table 3 | Fifteen most accurate diagnostic genes to identify non-responders after 7 days of 
therapy 

Genes P - value
AUC day 3  
(95% CI)

AUC day 7
(95% CI)

AUC day 14
(95% CI)

MICAL2 6.7E-04 0.89  (0.73 -1.00) 0.96  (0.88 -1.00) 0.83  (0.60 -1.00)

FLG2 5.2E-04 0.83  (0.60 -1.00) 0.95  (0.84 -1.00) 0.83  (0.63 -1.00)

ZC3H3 1.1E-02 0.87  (0.66 -1.00) 0.95  (0.83 -1.00) 0.83  (0.63 -1.00)

IGF2BP2 3.7E-03 0.81  (0.55 -1.00) 0.93  (0.80 -1.00) 0.83  (0.61 -1.00)

FHL2 6.8E-04 0.90  (0.71 -1.00) 0.91  (0.76 -1.00) 0.90  (0.76 -1.00)

ZFAS1 1.4E-02 0.89  (0.72 -1.00) 0.91  (0.76 -1.00) 0.90  (0.74 -1.00)

SCAF11 2.2E-02 0.84  (0.63 -1.00) 0.91  (0.75 -1.00) 0.75  (0.48 -1.00)

LINC00273 6.7E-04 0.90  (0.75 -1.00) 0.91  (0.73 -1.00) 0.81  (0.61 -1.00)

ARHGDIB 2.3E-03 0.78  (0.51 -1.00) 0.89  (0.72 -1.00) 0.79  (0.55 -1.00)

FECH 1.7E-03 0.90  (0.75 -1.00) 0.89  (0.71 -1.00) 0.75  (0.50 -1.00)

ANK1 3.1E-03 0.84  (0.64 -1.00) 0.89  (0.72 -1.00) 0.79  (0.56 -1.00)

CNOT4 6.4E-04 0.90  (0.75 -1.00) 0.89  (0.73 -1.00) 0.64  (0.36 -1.00)

RPIA 3.2E-02 0.84  (0.63 -1.00) 0.89  (0.68 -1.00) 0.75  (0.49 -1.00)

RPL35A 1.9E-02 0.90  (0.74 -1.00) 0.89  (0.71 -1.00) 0.84  (0.61 -1.00)

ADIPOR1 5.0E-03 0.81  (0.55 -1.00) 0.89  (0.70 -1.00) 0.83  (0.60 -1.00)

AUC: area under the ROC curve, after 3, 7 or 14 days of therapy; 95% CI: 95% confidence interval.

Figure 5 (as shown on the right) | Expression profiles and fold change profiles of most differ-
entially expressed genes. a. Expression profile and fold changes of FLG2 and CNOT4 which are most 
differentially expressed after 3 and 7 days of therapy (P = 5.2E-04 and P = 6.4E-04, respectively).  
b. Expression profile and fold changes of ANK-1 and MICAL2 which are most differentially expressed 
after 3, 7 and 14 days of therapy between responders and non-responders (P = 2.2E-04 and  
P = 6.7E-04, respectively). c. Expression profile and fold changes of FHL2 and IGF2BP2 which are 
differentially expressed between responders and non-responders after 3, 7, and 14 days of therapy 
(P = 6.8E-04 and P = 3.7E-03, respectively). d. Expression profile and fold changes of S100A6 and 
MAPK8IP3  which are differentially expressed at 7 and 14 days of therapy between responders and non-
responders. (P = 9.0E-03 and P = 9.9E-03, respectively).
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Discussion

In the present study we investigated the value of gene expression profiles in peripheral blood as 
biomarkers for therapy response to remission induction therapy. Early after the start of therapy 
individual genes show fold change profiles that differentiate responders from non-responders. 
These fold change differences were often accompanied by differential expression between 
responders and non-responders before the start of therapy, but pre-treatment differential 
gene expression was not able to predict non-response to induction therapy, although this 
may be due to the limited number of patients in this cohort. Subsequently, after 7 days of 
induction therapy MICAL2, FLG2, IGF2BP2, and FHL2 seem to be promising biomarkers to 
early identify patients with non-response. 

This is the first study focussing on gene expression changes in peripheral blood during CD 
induction therapy. At baseline a several genes were differentially expressed between responders 
and non-responders. Among them is ATG16L2 that is expression at higher levels in responders 
versus non-responders before the start of therapy. As a homologue of ATG16L1, it was recently 
shown to be a novel candidate for CD in an Asian population.11 Furthermore, in pancreas 
homeostasis, ATG16L2 knockdown models showed increased susceptibility to ER stress.12 
The precise function of ATG16L2 is not elucidated, but it has been suggested to function as 
an adaptor protein involved in autophagy completion.12, 13 ATG16L1 is a well-known mediator 
of autophagy processes and has been associated with CD in (meta-analyses) of genome 
wide association studies.14 When correcting for multiple testing, ATG16L2 expression levels 
at baseline would result in 17% false positives. No individual gene or combination of genes at 
baseline was able to predict response to induction therapy with 100% accuracy. Previously, 
microarray studies have been performed on biopsies to predict (non)response to infliximab 
treatment. Class prediction analysis revealed a top 5 differentially expressed genes predicting 
response with 100% accuracy: TNFAIP6, S100A8, IL-11, G0S2, and S100A9.15 These genes 
might reflect the patient’s inflammatory state rather than changes due to (non)response to 
therapy. The top 5 genes identified in biopsies were not differentially expressed in the present 
cohort focussing on peripheral blood samples of patients before or early during induction 
therapy. Biomarkers in peripheral blood would provide an attractive method for early diagnosis 
of non-response. Early transcriptional changes have been described in perturbation–response 
experiments, suggesting that most attention should be given to early time points since that is 
when the transcriptional response occurs. 16, 17 Nevertheless, for capturing gene expression 
patterns, a late time point is essential in order to differentiate between transient and sustained 
responses.18 Therefore, individual fold changes at early time points may predict response more 
accurately than baseline levels at itself. To include sustained response, gene expression after 
8 weeks was included in this study.

After 3, 7, and 14 days of induction therapy, 62 genes showed differential expression profiles 
of which two genes belong to the same family. Genes differentially expressed in peripheral 
blood between responders and non-responders, are not necessarily expressed in the intestine 
of CD patients. These genes may reflect several mechanisms, such as general inflammatory 
state differences, metabolic changes or mechanisms of therapy response. 
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As early as 3 and 7 days after start of therapy, FLG2 and CNOT4 are differentially expressed 
compared to baseline. FLG2 proteins are important in the maintenance of epithelial homeostasis 
and barrier functions.19 Genetic FLG2 variations have been associated with persistent atopic 
dermatitis.20 The RING finger protein CNOT4 is a component of the CCR4-NOT complex, 
which is evolutionarily conserved. The CNOT4 complex is a regulator of transcription and is 
important for multiple cellular functions.21 

Including all three early time points (3, 7, and 14 days) 15 genes were differentially expressed 
between responders and non-responders, including a top 4: ANK1, MICAL2, FHL2 and 
IGF2BP2. These were all differentially expressed at baseline and thereby consecutive fold 
changes after 3, 7, and 14 days discriminated response from non-response. 

The ANK1 protein belongs to the ankyrin family which contains structural adaptor proteins 
that form key components of the spectrin-actin cytoskeleton. They consist of three domains, 
an N-terminal binding, a spectrin binding and a C terminal regulatory domain. They link 
transmembrane proteins to the cytoskeleton and play a role in cell motility, activation and 
proliferation.22 ANK1 is involved in hereditary spherocytosis, where loss of membrane surface 
area leads to impaired deformability due to defects in the membrane proteins ankyrin.23

MICAL2 belongs to a family of signal transduction proteins with domains that interact with 
the cytoskeleton. Similar to FHL2, MICAL2 contains a LIM domain that can perform various 
functions.24 The LIM domain is a cysteine-rich zinc-binding protein-protein interaction motif. It 
participates in cell survival, transcription and signal transduction.25 Recently MICALS and their 
antagonist have been shown to regulate actin disassembly and assembly respectively. MICAL 
enzymes perform redox enzymatic reactions, which are utilized by macrophages during cellular 
activation by stimulating MsrB1 expression, as a part of innate immunity.26

FHL2 belongs to a large family of LIM domain-containing proteins that are involved in 
modulation of several signalling pathways, including cell differentiation and growth control. In 
blood, FHL-2 is expressed in mononuclear cells and platelets (source: www.genecards.org). 
It has been described to play a role in the immune response by enhancement of the cellular 
innate immune response to influenza A virus infection.27 FHL2 overexpression increases 
IL-6 secretion in skeletal myoblasts.28 FHL2 upregulation in human liver specimens showed 
significant association with increasing inflammation score and cirrhosis.29 Furthermore, 
stimulated by transforming growth factor (TGF)-β1, FHL2 was shown to be highly expressed 
in primary and metastatic colon cancer but not in normal tissues. FHL2 appeared critical for 
cancer cell adhesion to extracellular matrix, migration and invasion by stimulating vimentin and 
matrix metalloproteinase-9 (MMP9) expression and causing a loss of E-cadherin. Hence, FHL2 
might be an important mediator for invasion and/or metastasis of colon cancer.30 Finally, FHL-
2 regulates CCL-19 induced dendritic cell migration.31 Stimulation with TNF- downregulates 
FHL2 in synovial fibroblasts isolated from different RA-patients (personal communication Prof. 
D. Baeten). IGF2BP2 functions by binding to the 5’ UTR of the insulin-like growth factor 2 
(IGF2) mRNA and thereby regulates its translation.32 This gene was differentially expressed 
between responders and non-responders after 7 days of therapy. IGF2 is a mitogen for 
various cell types and indispensable for normal embryonic growth. In blood cells IGF2BP2 
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is expressed in mononuclear cells and platelets (source: www.genecards.org). Recently 
IGF2BP2 was suggested as a new prognostic marker in a hepatocellular carcinoma as it 
induces a steatotic phenotype when overexpressed in mouse livers. In this HCC model, 
IGF2BP2 leads to IGF2-independent anti-apoptotic actions, facilitated via phosphorylation 
of ERK1/2.33 Potentially, the decrease of IGF2BP2 in non-responders could reflect a different 
state of apoptosis early during therapy. 

After 7 and 14 days of therapy 33 genes were differentially expressed between responders 
and non-responders. Both S100A6 and MAPK8IP3 are expressed at lower levels in non-
responders (baseline) and increase during remission induction, whereas responders show 
a reversed profile. MAPK8IP3 (or JSAP1) functions as a scaffold protein in the JNK cascade 
modulating cell migration.34, 35 In addition, it was shown to associate with TLR4 resulting in 
LPS mediated JNK activation.36

S100A6, also known as calcyclin, codes for proteins of the S100 family. Also FLG2, which 
discriminated early response at 3 and 7 days, is part of the S100 family.37 In 1965, these 
proteins were named after their ability to dissolve in a 100% ammonium sulphate solution.38 
S100 proteins bind calcium leading to several potential biological tasks, e.g. regulation of 
protein phosphorylation, modulation of enzyme activity, promotion of cell growth, differentiation 
or apoptosis, participation in calcium homeostasis, preservation of cell shape and motility, 
regulation of coagulation, and induction of pro- and anti-inflammatory responses.39-42 The S100 
family includes calprotectin (S100A8/A9), which is generally accepted as a faecal biomarker 
to identify intestinal inflammation in IBD and especially to differentiate IBD from irritable bowel 
syndrome.43 After anti-TNF-α induction therapy normalization of faecal calprotectin predicts 
sustained clinical remission in the majority of patients.44 A decrease in faecal calprotectin 
has been seen as early as after 2 weeks, however the variation is large with increased levels 
before the next anti-TNF-α infusion.45 In serum, calprotectin was recently identified as a 
complementary marker next to CRP and faecal calprotectin to predict relapse after infliximab 
withdrawal, however serum calprotectin did not correlate with CDEIS.46 S100A6 can function 
via interaction with intracellular target proteins indirectly regulating cell proliferation, apoptosis, 
and motility. Studies with rat neonatal cardiac myocytes demonstrate that S100A6 is induced 
by TNF-α via an NF-kappaB-dependent mechanism, serving a role in homeostasis to limit 
TNF-α-induced apoptosis by regulating p53 phosphorylation.47 These two family members of 
calprotectin (FLG2 and S100A6) may serve as surrogate biomarkers for early therapy response. 

A limitation of this study is the lack of an independent validation cohort that can truly establish the 
value of these newly found biomarkers of early response to induction treatment. Nevertheless, 
since we investigated time series and thereby identified gene expression profiles per patient, 
these potential biomarkers are of interest. Moreover, since response was defined by the most 
objective score available, the CDEIS and patient’s individual changes in CDEIS, we feel that 
these patients represent true response and non-response. In daily clinical practise obtaining 
blood after one week of induction therapy for RNA isolation, from e.g. Paxgene collection tubes, 
that conserve RNA at room temperature overnight, should be easily feasible. Furthermore, 
performing a qPCR on these biomarkers is a technique which is available in most hospitals.
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In conclusion, 62 genes were differentially expressed in the first two weeks of induction 
therapy differentiating responders from non-responders. The best individual predictive value 
of increased fold changes after one week of treatment was observed for MICAL2 and FLG2, 
followed by IGF2BP2 and FHL2. Nevertheless, these biomarkers will only be feasible in clinical 
practice after prospective validation in an independent cohort. 
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 Supplementary figures

Supplementary figure 1 | ROC curves for diagnostic accuracy. a. ROC curves of FLG2, CNOT4, 
MAPK8IP3, and S100A6. Per gene, the area under the curve (AUC) after 3, 7 and 14 days are shown. b. 
ROC curves of ANK1, MICAL2, FHL2 and IGF2BP2. Per gene, the area under the curve (AUC) after 3, 
7 and 14 days are shown.
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Abstract

Background
Adalimumab is an effective therapy for induction and maintenance of Crohn’s disease. 
However, results in clinical trials don’t necessarily reflect daily clinical practice. Therefore, 
we assessed real-life long-term clinical response to adalimumab in a large population-based 
cohort. Furthermore we identified clinical parameters affecting response.

Methods
All consecutive patients in North-Holland starting adalimumab between 2003 and 2011 were 
included, of which medical charts were retrospectively reviewed. Response to induction therapy 
was assessed after 3 months. Sustained benefit of maintenance therapy was calculated from 
Kaplan-Meier survival tables depicting ongoing adalimumab treatment. Regression analyses 
were performed to identify factors predicting response to adalimumab therapy.

Results
In total 438 Crohn’s patients started adalimumab with 92.5% response to the induction 
phase. After 1 year 83.3% showed sustained benefit of maintenance treatment, followed by 
74.0% after 2 years. Nevertheless, only one third of patients were in steroid-free remission at 
the end of their follow-up. Response to induction was negatively affected by longer disease 
duration (OR 1.05; P <0.01), and intestinal strictures (OR 3.73; P = 0.04). Increased levels of 
CRP predicted higher rates of initial response (OR 0.31; P <0.01). Concomitant thiopurines 
in the first 6 months of adalimumab treatment decreased the risk to fail maintenance therapy  
(HR 0.69, P = 0.05). Previous infliximab therapy did not affect response to adalimumab, 
however dose escalation was more often deemed necessary (P < 0.01). 

Conclusion
Adalimumab was successful in the majority of patients, with 10% loss of response per 
subsequent year. Concomitant thiopurines might improve adalimumab maintenance treatment.
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Introduction

In clinical trials adalimumab has been shown to be an effective therapy for remission induction 
and maintenance of moderate to severe Crohn’s disease.1,2  After a year, response to 
adalimumab was shown in 72% of patients, however complete remission was achieved in 
only 36 - 46% of patients.1,3 This humanized antibody is directed against the pro-inflammatory 
cytokine tumour necrosis factor (TNF). Infliximab, a chimeric antibody, was the first anti-TNF 
available for Crohn’s disease to show rapid improvement of symptoms, complete remission 
with endoscopic healing in almost half of Crohn’s patients and a decreased need for surgery.4-8 
Both infliximab naive patients, as well as patients with primary or secondary loss of response 
to infliximab showed a beneficial response to adalimumab.1,9-11 However, the GAIN trial, 
specifically designed to address the issue of response to adalimumab in infliximab failures, 
showed an absolute difference in remission induction of only 14% compared to placebo.12 
Clinical trials usually represent a subset of patients, since patients with high disease activity 
or significant co-morbidity do not meet inclusion criteria for participation. Furthermore, clinical 
trials use complex disease activity scores such as the Crohn’s Disease Activity Index (CDAI), 
whereas in clinical practice we observe an extensive variability in symptoms and endoscopic 
lesions.13 Therefore, the decision to commence, maintain, or discontinue medical treatment 
is usually based on the global physician’s assessment, which constitutes a composite of 
symptoms, laboratory values, as well as endoscopic assessment. Hence, data from clinical 
trials cannot be directly extrapolated into daily clinical practice, and therefore, real-life data on 
efficacy and influential factors are essential to counsel a diverse population of Crohn’s disease 
patients and improve treatment strategies. Since adalimumab was first introduced in 2003 
and registered in 2007, long-term daily practice data on therapy response are still scarce. 
The aim of the present study was to assess long-term response to adalimumab in a large 
population-based cohort reflecting real-life daily clinical practice. Furthermore, we set out to 
identify clinical parameters affecting response to adalimumab.
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Methods

Study subjects
This retrospective cohort comprised all Crohn’s patients who started adalimumab treatment in 
North Holland since its introduction in 2003. North Holland is a province of the Netherlands 
with 2.7 million inhabitants (20% of the Dutch population), with 18 hospitals including 2 tertiary 
referral centres and 16 regional hospitals. All hospitals were members of the so-called North 
Holland GUT club (Society of Gastroenterologists of North Holland). Each hospital could 
identify their patients ever starting adalimumab, through the records of the sole distributor of 
adalimumab in the Netherlands. Since adalimumab was introduced in 2003 in clinical trials, 
patients with a potential placebo treatment were excluded from this cohort. Furthermore, 
patients under treatment but with insufficient documented follow-up were excluded, since the 
outcome of adalimumab therapy could not be ascertained in these patients. Also patients with 
unclassified inflammatory bowel disease (IBD-U) or ulcerative colitis, diagnosed by the usual 
clinical, endoscopic and histological criteria 14  were excluded. If patients were referred to other 
hospitals or were otherwise lost to follow-up, they were censored at the date of last contact. 

Data collection
All medical records were reviewed between January and May 2011 by two investigators (CPP 
and FMT). From all medical charts the following variables were recorded in a standardized 
manner using an Access database, which complied with the patient data protection act 
regulations: patient demographics, disease specific factors, Montreal classification,15,16 

duration of adalimumab therapy, imaging results within 3 months before adalimumab therapy 
(such as strictures reported on MRI or during colonoscopy), C-reactive protein (CRP) 
levels before and during treatment, and type of hospital (tertiary referral centre or regional 
hospital). Furthermore, methotrexate and thiopurines were considered to be concomitant 
immunosuppressive therapies. Both budesonide and prednisone were noted as concomitant 
steroids. Concomitant immunosuppressive therapies and steroids were assessed for the 6 
months preceding start of adalimumab, the first 6 months of adalimumab therapy, and the 
subsequent 6 to 12 months of adalimumab treatment. Crohn’s disease behaviour, noted to be 
the indication to start adalimumab therapy was classified as luminal, fistulizing, both luminal and 
fistulizing or extra-intestinal activity. For patients who were previously treated with infliximab, 
treatment duration and the reason to cease infliximab were documented. Adalimumab therapy 
is initiated by a remission induction phase (160mg and 80mg 2 weeks later), followed by 
maintenance therapy of 40mg every other week. If needed, dose escalation to 40mg every 
week was recorded. Furthermore, the number and type of surgical interventions before and 
after start of adalimumab were assessed. From medical charts, all adverse events noted since 
the start of adalimumab were recorded. Permission to review medical charts was obtained 
from all 18 hospital’s Medical Ethical Committees.
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Endpoints and definitions
The primary endpoint of this study was long-term clinical response to adalimumab therapy. 
Clinical response was defined as ongoing adalimumab treatment at the end of follow-up 
or intended discontinuation whilst in remission or due to pregnancy wish. Response to the 
induction phase was assessed after 3 months of adalimumab treatment. When adalimumab 
was continued after 3 months, response to induction was considered to be favourable. In 
contrast, discontinuation of therapy within 3 months, due to adverse events or insufficient 
response, was recorded as failure of induction therapy. Patients continuing maintenance 
therapy after a favourable response to induction therapy were included for analyses on 
sustained benefit of maintenance therapy. 

Moreover, with regard to a more stringent read-out for therapy efficacy, the number of 
patients in steroid-free remission at the end of their follow-up was assessed. This read-out 
is of importance since patients starting to lose response to adalimumab may have started 
concomitant steroid treatment and thereby clinical response may be overestimated. Steroid-
free remission was achieved when patients were in clinical remission according to the global 
physician’s assessment without concomitant steroids at the end of follow-up. Clinical remission 
was defined as complete cessation of diarrhoea, abdominal pain and closure of all draining 
fistulae. The global physician’s assessment on clinical remission was retrieved from medical 
charts. In case of uncertainty, the treating physician was consulted to ascertain agreement 
of outcome. To correct for length of follow-up, steroid-free remission is shown per category 
of follow-up: until 1 year; 1 to 3 years; 3 to 6 years of follow-up. Furthermore, the influence 
of adalimumab therapy on the subsequent need for abdominal surgeries was investigated.  
Moreover, all adverse events occurring since the start of adalimumab and documented in 
medical charts were assessed. 

The secondary endpoints were concomitant medication, the need for dose-escalation, and 
identification of clinical parameters affecting response. The need for dose-escalation was at 
the discretion of the treating physician. Parameters affecting response to the initial phase of 
adalimumab were assessed separately from the maintenance phase. To assess the influence of 
treatment strategies, the hospital setting (tertiary referral centres versus regional hospitals) was 
investigated. Furthermore the influence of treatment period was investigated. Two treatment 
periods were compared: the first 5 years of adalimumab treatment (2003 – 2007) and the 
subsequent years (2008 – 2011). CRP levels were considered to be elevated above 5mg/L. 

Statistical analysis
Descriptive statistics were reported as frequencies and percentages (%). Normally distributed 
variables were presented as mean with standard deviation (SD), whereas skewed variables 
were presented as median with interquartile range (IQR). Categorical characteristics were 
compared by the Chi-square test, and continuous characteristics were compared using 
Student’s t test. Kaplan-Meier analysis was used to determine adalimumab ongoing therapy. 
From survival tables, the 1- and 2- year clinical response (total cohort of 438 patients) and 
sustained benefit of maintenance therapy (405 patients with response to induction therapy) 
were calculated. The numbers of abdominal surgical interventions before and after adalimumab 
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therapy were compared by non-parametric bootstrap analysis. With this method, samples of the 
same size as the original data set were drawn by sampling with replacement from the observed 
data. A bootstrap analysis with 1000 replications was performed to obtain distribution of 
surgical rate differences. From these bootstrapped distributions the 95% confidence intervals 
(CI) and P-values were calculated. Logistic regression analyses were performed to identify 
factors predicting failure of initial response. Results are presented as odds ratio (OR) for 
failure with 95% CI. Cox proportional hazards regression analyses were performed to identify 
factors predicting failure of response to maintenance therapy. Results are presented as hazard 
ratio (HR) for failure with 95% CI. All variables with a P-value below 0.10 in univariate analysis 
were included in multivariate analysis. CRP levels at the start of therapy were not obtained 
for all patients. Similarly, only a subgroup underwent imaging before start of adalimumab. 
Therefore analyses on CRP levels and presence of strictures as predictive factors of response 
were performed in subgroups. P-values below 0.05 were considered statistically significant. 
Data were analyzed with SPSS® software version 19.0 (SPSS Inc., Chicago, IL, USA), STATA 
version 11.2 (STATA Corp. LP, College Station, TX, USA) and statistical software from the 
R-project for bootstrap.17 

Results

Patient characteristics
In total, 504 IBD patients received at least 1 dose of adalimumab between 2003 and 2011. 
Thirty patients were excluded due to insufficient data to ascertain the outcome. Furthermore, 
36 patients were excluded due to a diagnosis of ulcerative colitis or IBD-U. The final cohort 
thus comprised 438 patients (65.3% female) of whom demographics and clinical parameters 
are listed in Table 1. At the start of treatment, patients had a mean age of 38.5 years (SD 
11.9), and median disease duration of 9.4 years (IQR 5.1  - 17.3). The median follow-up af-
ter the start of adalimumab treatment was 2.0 years (IQR 1.1 - 2.7). The majority of patients 
started adalimumab therapy for active luminal disease (69.6%), 12.6% for fistulizing disease, 
14.2% for both luminal and fistulizing disease and 3.7% for extra-intestinal disease activity. 
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Table 1 | Patient demographics

Patient demographics of the total cohort (n = 438)
Gender (% female) 65.3
Age at start adalimumab (mean years, ±SD) 38.5 (± 11.9)
Disease duration at start (median years, IQR) 9.4 (5.1 - 17.3)

Montreal classification* (%)
Age at diagnosis: A1 / A2 / A3 13 / 76 / 11
Location of disease activity: L1 / L2 / L3 / L4 25 / 28 / 47 / 9

Disease behaviour: B1 / B2 / B3 / p 53 / 24 / 23 / 37

Extra intestinal manifestations (%)
Arthralgia 44
Cutaneous 13
Uveitis / conjunctivitis 5
Oral aphthous lesions 4

Surgeries before start (%)
Small bowel resections 34
Large bowel resections 21
Perianal surgeries 21
Stricture plasty 6

Concomitant medication (%)          
Thiopurines**
   - Continuation of previous treatment 28
   - Only during first 6 months adalimumab 11 
   - Initiation after 6 months adalimumab 2
Steroids***
   - Continuation of previous treatment 20
   - Only during first 6 months adalimumab 11
   - Initiation after 6 months adalimumab 3
Methotrexate
   - Continuation of previous treatment 7
   - Only during first 6 months adalimumab 3
   - Initiation after 6 months adalimumab 2

Previous infliximab therapy (%) 62 (total)
Successful infliximab 7
Failure of infliximab 52
   - Primary non response - 7
   - Loss of response - 20
   - Adverse events - 25
Outcome unknown 3

* Montreal classification:
 - Age at diagnosis: A1: <17 years, A2: 17 – 40 years, A3: >40 years;
 - Maximal location of disease: L1: ileal, L2: colonic, L3: ileocolonic, L4: upper disease;
 - Maximal disease behaviour: B1: non-stricturing, non-penetrating, B2: stricturing, B3: penetrating,  

p: perianal disease.
** Thiopurines: azathioprine / 6-mercaptopurine / 6-thioguanine; *** Steroids: prednisone / budesonide
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Clinical response to adalimumab treatment
Figure 1a depicts a Kaplan-Meier curve of ongoing adalimumab treatment in the total cohort 
of 438 patients. Of the 438 patients starting adalimumab 405 patients (92.5%) showed a 
favourable response during the induction phase. Eighteen patients (4.1%) ceased adalimumab 
therapy in the first 3 months of treatment due to insufficient response and 15 patients (3.4%) 
had to stop adalimumab within 3 months treatment due to adverse events. In total, 53 patients 
(12.1%) had to stop treatment due to adverse events. All adverse events since the start of 
adalimumab are listed in Table 2. After a favourable response to induction therapy, loss of 
response to maintenance therapy was reported in 17.0% of patients at the end of their follow-
up. Figure 1b depicts a Kaplan-Meier curve of ongoing adalimumab maintenance treatment, 
in the 405 patients who continued adalimumab maintenance therapy after a favourable initial 
response. The subsequent estimated sustained benefit of maintenance therapy after 1 year was 
83.3% (95% CI 79.6 - 87.0), followed by 74.0% (95% CI 69.1 - 78.9) after 2 years of therapy.

Figure 1 | Kaplan-Meier curves of ongoing adalimumab treatment. a. Clinical response is depicted 
in a Kaplan-Meier curve of ongoing adalimumab treatment in the total cohort of 438 Crohn’s patients. 
Calculated from survival tables, clinical response of the total cohort was observed in 76.8% of patients 
after 1 year, followed by 68.2% after 2 years and 57.2% after 3 years. b. Clinical response to maintenance 
treatment is depicted in a Kaplan-Meier curve of ongoing adalimumab treatment, only for the 405 patients 
with initial response during the first 3 months of adalimumab therapy. Sustained benefit of maintenance 
treatment was present in 83.3%, 74.0% and 62.0% of patients after 1-, 2-, and 3- years respectively.

a

b
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Table 2 | Adverse events reported since the start of adalimumab treatment (n = 438)

(n)        (%)

General events 
Edema
Arthralgia / Myalgia
Migraine / headache / dizziness / nausea
Fatigue and malaise
Dyspnoea
Loss of vision / loss of taste
Paresthesia extremities
Dysmenorrhoea
Others present in less than 3 patients per event*

103
13
9 / 8
2 / 9 / 6 / 6
8
7
4 / 1
6
4
20

23.5%
2.9%
3.8%
5.2%
1.8%
1.6%
1.1%
1.4%
0.9%
4.6%

Skin reactions
Skin rash / injection site reaction
Itching / injection pain / fear of injection 
Hair loss / alopecia areata
New eczema / increased eczema  
Lichen simplex / M. Andrews-Barber / lupus like reaction 

93
30 / 12
12 / 8 / 1
8
16 / 3
1 / 1 / 1

21.2%
9.6%
4.7%
1.8%
4.3%
0.7%

Infections
Upper respiratory tract infections or sinusitis
Skin infection / cartilage inflammation / toxic dermatitis
Fever episodes
Pneumonia / Pleural TBC
Arthritis / psoriatic arthritis /  tendinitis / coxitis
Shigella / Salmonella enteritis
Herpes zoster / warts
Fungal infection: skin / oral / oesophagus / vagina
Eye infection / stromal herpes keratitis
Gingivitis / peridontitis
Urinary tract infection / Other infectious AE unknown 
Others present in one patient**

90
17
15 / 2 / 3
7
6 / 1
1 / 1 / 1 / 2
1 / 1
5 / 2
1 / 3 / 1 / 2
2 / 1
2 / 2
5 / 3
3

20.5%
3.9%
4.6%
1.6%
1.6%
1.1%
0.5%
1.6%
1.6%
0.7%
0.9%
1.8%
0.7%

Malignancies during ADA treatment, relation unknown
Prostate carcinoma 
Cervical cancer 
Dysplasia cervix with human papillomavirus 
Basal cell carcinoma 
Mantle cell lymphoma (†) 
Possible dysplastic naevi 
Giant cell tumour of the wrist

7
1
1
1
1
1
1
1

1.6%
0.2%
0.2%
0.2%
0.2%
0.2%
0.2%
0.2%

* Dysmenorrhoea, insomnia, lymphopenia, palpitations or tachycardia, abnormal liver test, swollen 
lymph nodes, hypertension, increase hay fever, erectile dysfunction, striae, jaw pain, fainting, increase 
in weight, obstinate behaviour, chest pain, poor wound healing; ** Bacteraemia with central line 
present, auto-immune hepatitis, endocarditis (group B streptococcus). † Patient died.
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Steroid-free remission at the end of follow-up was achieved in 20.3% of patients with a follow-
up length up to 1 year. Furthermore, in the subgroup of patients with a follow-up between 
1 and 3 years, 31.6% of patients were in steroid-free remission, succeeded by 40.4% of 
patients with 3 to 6 years follow-up. The number of abdominal surgical interventions did not 
differ before or after adalimumab therapy for the 405 patients on maintenance treatment 
(before 8.00/100 patient years; after 9.34/100 patient years; 95% CI: -1.29 - 3.88; P = 0.31).

Concomitant medication
Steroids were used by 138 patients prior to the start of adalimumab, which was discontinued in 
52 patients in the first 6 months of adalimumab treatment and in 54 patients in the subsequent 
6 to 12 months of adalimumab treatment. 30 patients had to commence steroids in the first 
6 months. Prior to the start of adalimumab, thiopurines were used by 179 patients (40.9%), 
of whom 124 patients continued in the first 6 months of adalimumab therapy. Concomitant 
thiopurine therapy was initiated in 32 patients in the first 6 months of adalimumab treatment. 

Dose escalation
Up to 40% of patients needed dose escalation during their course of adalimumab treatment, 
after a median period of 5.7 months (IQR 2.8 - 13.6). Dose escalation was more often deemed 
necessary in patients previously treated with infliximab than for infliximab-naïve patients 
(49.8% and 26.8%, P <0.01). This association did not reflect longer disease duration in 
patients previously treated with infliximab (data not shown). 

Clinical parameters affecting response to adalimumab
Other than disease duration (univariate analysis only) (Table 3), none of the parameters 
investigated affected response to induction therapy. A longer duration of disease before the 
start of adalimumab increased the risk to fail induction therapy (OR 1.05; 95% CI 1.02 - 1.09,  
P <0.01). In 197 patients, imaging was performed within 3 months before start of adalimumab 
treatment. In this subgroup, univariate analysis showed that intestinal strictures were associated 
with an increased risk to fail induction therapy (OR 3.73; 95% CI 1.07 - 12.92, P = 0.04). CRP 
levels before the start of therapy were obtained from 344 patients. In multivariate analysis, 
patients with higher CRP levels were more likely to respond to the induction therapy (OR 0.40, 
95% CI 0.17 - 0.91, P = 0.03). 

Regarding maintenance therapy, only concomitant thiopurines in the first 6 months of 
adalimumab therapy decreased the risk of failure in multivariate analysis (HR 0.69, 95% CI 
0.48 - 0.99, P = 0.05) (Table 4 and Kaplan-Meier curves in Figure 2). Both patients that 
were using thiopurines prior to adalimumab and continued thiopurines, and patients who 
commenced thiopurines in the first 6 months of adalimumab, were included in this analysis. 
Two hundred and seventy patients (61.6%) were previously treated with infliximab (Table 1). 
The median time between last infliximab infusion and start of adalimumab was 2.7 months 
(IQR 0.6 - 19.5). Previous failure to infliximab did not influence adalimumab maintenance 
therapy, as is depicted in Figure 3. Though treatment strategies could differ between tertiary 
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referral centres and regional hospitals, this did not influence response to adalimumab therapy. 
Regression analyses on parameters affecting response in the total cohort of 438 patients 
showed similar results as the 405 patients with maintenance treatment (data not shown).

Table 3 | Clinical parameters affecting response to the induction phase of adalimumab treatment 
(n = 438)

Univariate analysis OR for failure  95% CI P-value

Gender (female) 0.80 0.39 – 1.66 0.56

Disease duration (years) 1.05 1.02 – 1.09 <0.01

Age at diagnosis (Montreal)

A1 1.00  reference -

A2 0.69 0.27 – 1.77 0.44

A3 0.59 0.14 – 2.49 0.47

Location of disease (Montreal)*

L1 1.00  reference -

L2 0.91 0.36 – 2.27 0.84

L3 0.66 0.28 – 1.57 0.35

Disease behaviour (Montreal)

B1 1.00  reference -

B2 1.11 0.48 – 2.57 0.80

B3 0.75 0.29 – 1.95 0.56

Tertiary referral centre 1.19 0.58 – 2.47 0.63

Period of treatment 0.31 -0.68 – 1.29 0.54

Concomitant steroids 1.72 0.79 – 3.75 0.18

Concomitant thiopurines 0.66 0.30 – 1.45 0.30

Concomitant methotrexate 0.96 0.28 – 3.30 0.95

Previous infliximab 0.93 0.44 – 1.95 0.84

Previous surgeries 1.52 0.72 – 3.22 0.27

Strictures at imaging** 3.73 1.07 – 12.92 0.04

CRP level >5mg/L at start of 
adalimumab treatment***

0.31 0.14 – 0.71 <0.01

Multivariate analysis OR for failure  95% CI P-value

Disease duration (years) 1.07 0.99 – 1.16 0.08

Strictures at imaging** 3.31 0.94 – 11.66 0.06

CRP level >5mg/L at start*** 0.40 0.17 – 0.91 0.03

* No L4 patients failed the initial phase of adalimumab in this cohort; ** subgroup analyses n=197 

patients;  *** subgroup analyses n=344 patients.
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Table 4 | Clinical parameters affecting adalimumab maintenance treatment in patients with 
initial response to the induction phase (n = 405)

Univariate analysis HR for failure  95% CI P-value

Gender (female) 1.31 0.91 – 1.89 0.14

Disease duration (years) 1.02 1.00 – 1.03 0.09

Age at diagnosis (Montreal)

A1 1.00  reference -

A2 0.81 0.51 – 1.27 0.35

A3 0.71 0.36 – 1.41 0.33

Location of disease (Montreal)

L1 1.00  reference -

L2 1.04 0.65 – 1.66 0.86

L3 1.04 0.68 – 1.57 0.86

L4 1.10 0.15 – 8.04 0.93

Disease behaviour (Montreal)

B1 1.00  reference -

B2 1.24 0.82 – 1.86 0.30

B3 1.20 0.81 – 1.80 0.36

Tertiary referral centre 1.27 0.89 – 1.80 0.19

Period of treatment 1.34 0.88 – 2.04 0.18

Concomitant steroids 1.14 0.78 – 1.67 0.49

Concomitant thiopurines 0.69 0.48 – 0.99 0.05

Concomitant methotrexate 1.42 0.88 – 2.30 0.15

Previous Infliximab 0.89 0.62 – 1.27 0.52

Previous surgeries 1.07 0.76 – 1.50 0.71

CRP level >5mg/L at start of 
adalimumab treatment*

0.74 0.51 – 1.07 0.11

Multivariate analysis HR for failure  95% CI P-value

Disease duration (years) 1.02 1.00 – 1.03 0.84

Concomitant thiopurines 0.69 0.48 – 0.99 0.05

* Subgroup analyses n=315 patients.
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Figure 2 | Kaplan-Meier curves of ongoing adalimumab stratified for concomitant thiopurine 
treatment. Concomitant thiopurine therapy reduced the risk of maintenance therapy failure in multivariate 
analysis (P = 0.05). a. Clinical response is depicted in a Kaplan-Meier curve of ongoing adalimumab 
treatment in the total cohort of 438 Crohn’s patients, stratified for concomitant thiopurine therapy in the 
first 6 months of adalimumab treatment. b. Clinical response to maintenance treatment is depicted in 
a Kaplan-Meier curve of ongoing adalimumab treatment, only for the 405 patients with initial response 
during the first 3 months of adalimumab therapy. These data are stratified for concomitant thiopurine 
therapy in the first 6 months of adalimumab treatment. 

 

Figure 3 | Kaplan-Meier curves of ongoing adalimumab stratified for previous infliximab therapy. 
Prior infliximab (IFX) therapy did not influence clinical response to adalimumab treatment. The reason of 
IFX discontinuation was unknown for 8 patients, therefore these are excluded. a. Clinical response is 
depicted in a Kaplan-Meier curve of ongoing adalimumab treatment in the total cohort of 438 Crohn’s 
patients, stratified for previous infliximab. b. Clinical response to maintenance treatment is depicted in 
a Kaplan-Meier curve of ongoing adalimumab treatment, only for the 405 patients with initial response 
during the first 3 months of adalimumab therapy. These data are stratified for previous infliximab therapy.

a

a

b

b
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Discussion

This study is one of the first real-life large population-based multi-centre cohort studies on 
long-term adalimumab response in Crohn’s disease patients. Response to the induction 
phase was favourable in the vast majority (>90%) of patients, and of these patients 83% 
experienced sustained benefit of maintenance therapy after one year of treatment, with 10% 
loss of response per subsequent year. Nevertheless, concomitant steroids were deemed ne-
cessary in approximately a third of patients. Elevated CRP levels were associated with higher 
rates of response to induction therapy, whereas the presence of strictures and longer disease 
duration were more frequently associated with failure of response to the induction phase of 
adalimumab treatment. Concomitant use of thiopurines in the first 6 months of adalimumab 
predicted an improved outcome of maintenance therapy. Notably, previous treatment with in-
fliximab did not affect response to adalimumab, however dose escalation was more frequently 
deemed necessary.

A recent retrospective Belgian cohort described an initial response to the remission induction 
phase in 84% of patients, with 71% failure-free survival of the total cohort after 14 months.18 
Similar analysis in the present population-based Dutch cohort showed a comparable failure-
free survival of about 70% after 14 months. However, previous smaller retrospective series 
described somewhat lower rates of response to adalimumab.19-21 In the present cohort 
several factors were identified to affect response to adalimumab. Concomitant thiopurine 
treatment in the first 6 months of adalimumab therapy was significantly associated with higher 
rates of maintenance therapy. This finding is in accordance with previous smaller cohort 
studies suggesting that concomitant thiopurines decrease the probability for adalimumab 
dose escalation and loss of response,20,22,23 especially in the first 6 months of treatment.24 

Interestingly, the majority of patients did not start thiopurines in the first 6 months of adalimumab 
treatment, but continued previous thiopurine therapy. In line with this finding, a nationwide 
Dutch pharmacotherapeutic study including 2685 patients revealed that concomitant 
thiopurine treatment was indeed associated with a lower risk of adalimumab discontinuation.25 
One explanation could be that the induction phase of adalimumab is more effective with 
concomitant thiopurines that are continued in the first 6 months of therapy, resulting in a 
reduced inflammatory load, which could maintain remission of disease. In contrast with this 
beneficial effect of combination therapy, the risk of infections or other adverse events should 
be taken into account in the treatment of each individual patient. For infliximab, the SONIC trial 
confirmed superiority of concomitant thiopurines to infliximab monotherapy for the induction 
of steroid-free remission.4 As for randomized controlled trials on adalimumab, thus far only a 
post hoc analysis of the CHARM trial showed no influence of concomitant immunosuppressive 
treatment on adalimumab therapy, however this analysis was limited by length of follow-up and 
study design.1 Hence, only prospective trials can clarify the additive effect of thiopurines on 
adalimumab treatment. A recent query among Amsterdam gastroenterologists revealed that 
most tend to prescribe or continue concomitant thiopurine therapy next to adalimumab since 
the results of the SONIC trial were published, which is not according to current guidelines.
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The frequent use of concomitant steroids should be taken into account as a potential 
confounder for clinical response defined as ongoing adalimumab treatment in this cohort. 
Concomitant steroids may lead to an underestimation of adalimumab therapy failures. However, 
most patients with concomitant steroids did not commence steroids in the first 6 months of 
adalimumab treatment, but continued previous steroid therapy. Due to the retrospective design 
of this study, it is not possible to determine the exact reason for the continuation of steroids. 
Nevertheless, during the first year of adalimumab treatment, most of the previous steroid 
users were able to stop steroids and continue adalimumab. One important endpoint in many 
trials describing adalimumab efficacy, is steroid-free remission considering complete clinical 
remission without concomitant steroid use. In contrast with the high number of patients with 
clinical response, defined as ongoing adalimumab treatment, only about one third of patients 
were in steroid-free remission at the end of their follow-up. Likewise, the randomised, double-
blind 1-year CHARM trial, and the 2 years open-label extension ADHERE trial showed only 
38% of patients in steroid-free remission, with 75% of those patients remaining in steroid-free 
remission during follow-up.26

The present study did not reveal an increased risk to fail adalimumab after previous infliximab 
therapy. These findings are in contradiction with other reports where infliximab naive patients have 
been reported to respond better to adalimumab than those with prior infliximab treatment.12,18,27 

In our cohort, not all patients discontinued infliximab due to failure or adverse events, some 
patients discontinued a successful infliximab treatment episode because of achieved remission. 
The reason for discontinuation of infliximab was not associated with the outcome of adalimumab 
therapy. Notwithstanding, previous infliximab failure was associated with an increased need 
for adalimumab dose escalation, which confirms a recently published prospective cohort.28 In 
contrast, the randomized controlled SWITCH trial showed that after a complete response to 
infliximab, direct elective switching to adalimumab is associated with loss of efficacy and loss of 
tolerance after one year.29 Therefore elective switching should be discouraged.

The strength of this cohort is that it is population-based, because it encompassed all Crohn’s 
patients treated with adalimumab in the catchment area of 2,7 million inhabitants of the 
Netherlands. A high number of patients had a non-stricturing (B1) Montreal classification 
of disease behaviour when compared to previous cohorts. In regression analyses disease 
behaviour did not affect response to the induction phase or maintenance phase of adalimumab 
treatment. Nevertheless, the lack of difference in the subsequent need for abdominal surgeries 
after adalimumab treatment might be partly due to the 53% B1 patients. Thus, the predictors 
for long-term clinical benefit, failure or surgery identified in this cohort may not be directly 
extrapolated to cohorts with a high percentage of patients with complicated or perianal 
disease. Longer disease duration was a predictor of failure of response to the initial phase of 
adalimumab, however only in univariate analysis. Previous smaller cohorts similarly suggested 
patients to have lower rates of remission and more relapses when starting adalimumab after 
a longer duration of disease.30,31,32 The predictive value of CRP levels on disease activity and 
therapy response is still a subject of debate. In this study, elevated CRP levels were associated 
with higher rates of successful induction therapy. This may reflect a better initial response in 
patients with higher inflammatory disease activity, which was also shown in the CLASSIC I 
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remission induction trial where a subgroup of patients with higher baseline CRP tended to have 
higher rates of remission.2 Furthermore, elevated baseline CRP lowers the chance of treating 
unrecognized mere fibrostenosing disease. Other retrospective studies showed the opposite, 
where lower CRP levels were associated with higher rates of remission after 4 weeks, however 
this might represent a higher placebo response in patients with lower inflammatory load.30 For 
infliximab, it has been shown that patients with higher levels of CRP respond better and early 
normalization of CRP levels correlates with sustained long-term response.33

To date, no prospective trial has compared head-to-head the efficacy of the two leading anti-
TNF therapies for Crohn’s disease: adalimumab and infliximab. Recently our group reported on 
469 Crohn’s patients with sustained benefit of infliximab in 83% after 1 year, followed by 73% 
after 2 years, and 62% after 3 years of maintenance therapy.34 These figures are remarkably 
similar to the present adalimumab cohort, and suggest an equally sustained therapeutic benefit 
for both anti-TNF therapies. In contrast to the findings in the infliximab series, adalimumab 
did not result in a significant decrease in surgical interventions. However, it is important to 
consider the limiting factor of this study, i.e. the duration of 2 years follow-up in the present 
study in comparison with 10 years of follow-up for the infliximab cohort.

An important limitation of this study, inherent to a retrospective study, is the potential 
underreporting of adverse events, smoking status, and non-uniformity in assessment of 
outcome parameters such as the global physician’s assessment. Both in prospective and 
retrospective trials, the assessment of therapy response is hampered by the lack of objective 
markers. So far, in daily clinical practice the only read-out available is the documented 
opinion of the treating physician and subsequent decision’s that are made at the discretion 
of the treating physician, e.g. to stop ineffective therapy. However, the global physician’s 
assessment is subject to considerable variation among physician’s and limited reproducibility. 
Nevertheless, ongoing adalimumab therapy is the most valid retrospective reflection of therapy 
response. Moreover, in a retrospective study design it is not feasible to reliably check proper 
indication for starting a particular treatment, let alone differentiating an inflammatory from a 
fibrostenotic stricture. Hence, next to the total cohort, initial response to the induction phase, 
and response to the subsequent maintenance phase were described separately. Sustained 
benefit of maintenance therapy was analyzed only in patients who continued maintenance 
therapy after a favourable initial response to adalimumab. Thereby, patients were excluded 
where there may not have been a proper indication and patients with fibrostenotic strictures 
(expected to benefit more from surgery than from immunomodulatory treatment) were filtered 
out. The large number of patients, long-term follow-up and the population based multi-centric 
design strengthen these data to accurately reflect real-life clinical practice.

In conclusion, the present long-term daily clinical practice series showed that the vast majority 
of Crohn’s patients had a favourable response to induction and subsequently 83% sustained 
benefit of adalimumab after 1 year of treatment, with 10% loss of response each following 
year. However, only a minority achieved steroid-free remission during follow-up. Concomitant 
thiopurine therapy in the first 6 months may improve adalimumab sustained benefit. Moreover, 
previous infliximab should not withhold adalimumab treatment, since patients losing response 
to infliximab can be treated successfully with adalimumab. 
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Abstract

Background
Aim was to assess the long-term clinical efficacy of infliximab therapy in Crohn’s disease 
patients treated in a cohort of two tertiary referral centers in the Netherlands.

Methods
All consecutive Crohn’s patients treated with infliximab were assessed. Endpoints were 
primary clinical efficacy, sustained benefit, efficacy of retreatment, surgical intervention rates 
and safety. Sustained benefit was determined by Kaplan-Meier analysis. The estimated 5-year 
benefit was calculated.

Results
A total of 469 patients were included. Median follow-up length was 4.5 year (IQR: 2.7 – 
6.8). Seventy patients (15%) had unsuccessful remission induction, 316 patients received 
maintenance therapy. Scheduled maintenance regimen was successful in 169/276 (61%). 
Episodic maintenance therapy was successful in 19/40 patients (48%). Estimated 5-year 
sustained benefit was 55.7% (95% CI: 48.8 – 62.6). Concomitant thiopurines were as-
sociated with improved sustained benefit. A second course of infliximab after previous 
discontinuation was prescribed in 131 patients with similar efficacy rates. Abdominal surgical 
intervention rate per 100 patient years was significantly reduced after infliximab initiation in 
patients with a scheduled maintenance regime (reduction: 2.70 (95% CI: -4.82 to -0.35; 
P = 0.018). Mortality and malignancy rates were 1.9% (0.39/100 patient years) and 3.4%  
(0.70/100 patient years) respectively.

Conclusions
The present study shows an estimated 5-year sustained benefit of 55.7% in Crohn’s patients 
treated with infliximab maintenance therapy. Remission induction and maintenance were 
equally successful in patients starting infliximab and patients who temporarily stopped and 
were retreated. Long-term use of infliximab was safe and reduced the need for surgery in 
patients on scheduled maintenance therapy.
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Introduction

Crohn’s disease (CD) is a chronic inflammatory disease affecting the entire gastrointestinal 
tract. The disease is clinically characterized by frequent relapses despite intensive medical 
and surgical therapy.1 These frequent relapses impair quality of life of CD patients and 
lead to high health care costs.2-4 The introduction of biological therapy some 17 years ago, 
targeting specific inflammatory cytokines, caused a revolutionary shift in treatment options.5 
The first biological agent available for treatment of CD was infliximab (IFX), a monoclonal 
chimeric antibody directed against the inflammatory cytokine tumour necrosis factor (TNF).6 
By supposedly neutralizing both membrane-bound and free TNF, CD-associated inflammatory 
activity is scaled down dramatically. The discovery of IFX signified a major milestone in CD 
therapy since its success unlocked a new clue for a large set of new compounds targeting 
single proteins involved in the immune response.5 In Europe, IFX is commercially available since 
1999. In the years preceding approval, several large trials have shown its superiority compared 
to placebo in inducing and maintaining remission in luminal and fistulising CD.7-11 However, 
a substantial number of patients is primary non-responder or develops antibodies that may 
lead to loss of response or to adverse effects such as infusion reactions. Two factors that can 
reduce antibody formation – immunosuppressive co-medication and a scheduled treatment 
regimen rather than a ‘on demand’ strategy – appear to improve therapeutic efficacy.12-14 Yet, 
IFX therapy is not beneficial in all patients. Because of the chronic relapsing character of CD, 
often debuting at young age, long-term efficacy follow-up is of particular interest to assess 
sustained benefit and safety of therapy. Most clinical trials performed so far had a maximum 
follow-up of only 12 months. Moreover, the randomized clinical trials that provided most of 
the current published efficacy data suffer from selection bias, which complicates translation 
of results into daily practice. In addition, the main endpoint in all clinical trials was the Crohn’s 
Disease Activity Index (CDAI), which does not necessarily mirror clinical efficacy as judged by 
global physician’s assessment (GPA). Publications concerning daily practice data are scarce. 
The Academic Medical Center (AMC) and the Free University Medical Centre (VUMC) are 
both high volume tertiary referral centres in Amsterdam, the Netherlands, with a longstanding 
comprehensive experience in anti-TNF therapy for inflammatory bowel disease (IBD). As a 
matter of fact, the first CD patient ever to receive IFX was treated at the AMC in 1993.15 Aim 
of the present study was to evaluate the long-term efficacy and safety  of all consecutive CD 
patients who received IFX for Crohn’s disease in the AMC or VUMC in the past decade.
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Methods

Study population
This retrospective cohort study concerned all consecutive CD patients who started IFX since 
its first administration in 1993 to treat CD in the AMC or VUMC. The IBD databases were 
searched to identify all CD patients who were treated with IFX. Only CD patients with sufficient 
follow-up data to assess the endpoints were included in this analysis. The end of the study 
period was set on December 1st 2009 for AMC patients and April 1st 2010 for VUMC patients. 
If patients were referred to other hospitals or otherwise lost to follow-up, the date of the last 
contact with AMC or VUMC was considered the end of the follow-up period. 

Data collection
All medical charts were retrospectively reviewed. Patient characteristics and circumstances at 
time of initiation of IFX treatment were assessed. Treatment schedule was defined as ‘remission 
induction’ if a maximum of three infusions were administered within a period of three months. 
Subsequent maintenance therapy was defined as ‘episodic’ if infusions were given only upon 
relapse of symptoms or ‘scheduled’ if therapy was given according to a regular scheme.

Endpoints and assessments
Primary endpoint of the study was sustained benefit of IFX treatment. Sustained benefit was 
defined as ongoing treatment in patients on maintenance therapy, and is regarded to parallel 
global physician’s assessment of benefit. Discontinuation because of sustained remission, 
pregnancy or due to patients’ request was also defined as benefit. These patients were 
censored at time of treatment discontinuation. Failure of maintenance therapy was defined 
as loss of response according to global physician’s assessment or the occurrence of adverse 
events that led to discontinuation of treatment. Success of remission induction was assessed 
by global physician’s assessment. Patients without sufficient response during the first three 
infusions were considered primary non-responders. Discontinuation of therapy within the 
first three infusions period because of an adverse event or co-morbidity was also considered 
failed remission induction. Factors possibly affecting remission induction, such as patient- and 
disease specific characteristics, were investigated by multivariate regression analyses. To rule 
out a hospital bias, the AMC- and VUMC-cohort were compared regarding the outcome of 
maintenance therapy. 

Three secondary endpoints were investigated. First secondary endpoint was the incidence 
of surgical interventions. The number of abdominal surgical interventions for complicated 
CD per 100 follow-up years before and after start of IFX was compared. A sub-analysis 
was performed for the group of patients who received scheduled maintenance therapy, 
irrespective of eventual treatment failure or success. In addition, timing of surgery after the first 
administration was determined with stratification for treatment success and failure. Abdominal 
surgical interventions consisted of resections, faecal diversion, stricture plasties and intra-
abdominal abscess drainages. 
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Another secondary endpoint was the success of re-treatment with IFX. Retreatment was 
defined as a new IFX therapy episode after discontinuation of previous IFX therapy. Treatment 
success was assessed as described above. The outcome of retreated patients who previously 
had discontinued treatment because of treatment failure was specifically addressed. Influence 
of additional therapies (resection, adalimumab or trial medication) between the first and 
second IFX episode, was assessed by means of univariate analysis. Analyses were performed 
for the retreated patient group as a whole and for the subgroup of patients who were retreated 
despite previous IFX failure.

Safety was the third secondary endpoint. An adverse event (AE) was defined as any reaction 
or side effect that occurred during the course of the treatment, regardless of whether the 
event was considered related to IFX therapy. Two categories were addressed in more detail: 
mortality and malignancy after initiation of treatment. The association of AE with IFX was 
judged by three independent experts (PS, CP and AvB) as ‘not related’, ‘possibly related’, 
‘probably related’ or ‘certainly related’. 

Statistical analysis 
Continuous variables are presented as means with the standard deviation (SD). In case of 
skewed data, medians with their interquartile range (IQR) are presented. For differences in 
proportions a Chi-Square test or Fisher’s Exact test was used. Univariate and multivariate 
regression analyses were performed to assess factors predictive for failure of remission 
induction. Outcome hereof is presented as odds ratio (OR) with its 95% confidence interval 
(CI). Sustained benefit of IFX therapy was determined by Kaplan-Meier analysis. From this 
analysis, the estimated 5-year benefit was calculated. The Kaplan-Meier analysis was stratified 
for several factors. To test for differences in failure-free survival, the log-rank test was used. 
For comparison of the rates of abdominal surgical interventions pre- and post-IFX, the non-
parametric bootstrap was applied. With this method, samples of the same size as the original 
data set were drawn by sampling with replacement from the observed data. A bootstrap with 
1000 replications was performed to obtain distribution of surgical rate differences. From these 
bootstrapped distributions the 95% CI and P-values were calculated. A Kaplan-Meier analysis 
was performed to estimate resection-free survival after start of treatment. A P-value of < 0.05 
was considered statistically significant. Statistical analyses were performed by using SPSS® 
software version 15.0 (SPSS Inc., Chicago, IL, USA). For the non-parametric bootstrap, 
statistical software from the R-project was used.16

Ethical considerations
The Medical Ethical Committee of the AMC approved the study.
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Results

Patient characteristics
Since the introduction of IFX for CD, a total of 488 CD patients received IFX. From 19 patients, 
follow-up was insufficient to assess efficacy. From the remaining 469 (95.9%), 413 (84.6%) 
were still being treated at the AMC or VUMC. Median follow up was 4.5 years (IQR: 2.7 to 
6.8) with a total of 2294 patient years. During the study period, a total of 8301 infusions were 
administered. Patient characteristics are depicted in Table 1. Mean age at start of IFX was 
33.3 years (SD: 12.1), after a median disease duration of 6.5 (IQR: 1.9 – 13.3) years. 

Induction therapy 
Figure 1 shows the course of the primary treatment episode of all patients who received IFX. 
The first sub-division in the algorithm shows that 70 patients (15%) had an unsuccessful 
induction course. In univariate analysis, perforating CD behaviour (P = 0.04; OR: 1.860, 
95% CI 1.020-3.392) and no concomitant thiopurine therapy (P = 0.004; OR: 2.194, 95%  
CI 1.285-3.747) were found to be significantly associated with failure of remission induction. 
Previous surgical resection showed a trend towards a positive association with therapy 
success (P = 0.070; OR: 0.624, 95% CI 0.375-1.040). In multivariate analysis, adjusting 
for confounding factors, the only factor associated with unsuccessful remission induction 
remained ‘no concomitant thiopurine therapy’ (P = 0.008; OR: 2.103, 95% CI 1.218-3.630).

Sustained benefit
Of the 399 patients (85%) with successful induction course, 316 patients continued with 
maintenance therapy (Figure 1). A successful scheduled maintenance course was noted in 
169/276 (61%). In the episodic maintenance arm, 19/40 (48%) had successful maintenance 
therapy. At 5 years, the overall estimated sustained benefit was 55.7% (95% CI: 48.8 – 62.6).

Maintenance therapy, either scheduled or episodic, was discontinued due to failure after a 
median treatment duration of 14.7 months (IQR 6.9 – 31.9) in 128 patients (40%). Of those, 
seven patients had co-morbidity irrespective of (lack of) response that required them to stop 
(carcinoma or dysplasia in three, an infection in three and a cardiovascular event in one patient). 

Table 2 clarifies timing and reason for discontinuation in all patients at risk during follow-up. 
No differences were found in the Kaplan-Meier failure-free survival analyses stratified for AMC 
or VUMC. 

Figure 2 shows the failure-free survival of all patients who received maintenance therapy. In 
stratification analyses, patients with concomitant thiopurine therapy at start of IFX experienced 
significantly less failures and, if so, then later (P = 0.010). Furthermore, a diagnosis after 
40 was associated with worse outcome (P = 0.009). Influence on sustained benefit from 
steroid use at start (P = 0.072) did not reach statistical significance, and resection prior to 
start (P = 0.647), and scheduled versus episodic therapy (P = 0.288) showed no statistically 
significant difference.



Clinical experience with infliximab for Crohn's disease

129

6

Table 1 | General patient characteristics and characteristics at start of IFX

Table 1a General patient characteris-
tics

Total: n=469 (% / SD / IQR)

M / F 168 / 301                     (35.8 / 64.3)

Montreal classification

Age (A1/A2/A3) 96 / 338 / 35                 (20.5 / 72.1 / 7.5)

Location (L1/L2/L3/(also) L4 114 / 154 / 195 / 66      (24.3 / 32.8 / 41.6 / 14.1)

Behavior (B1/B2/B3/also Bp) 230 / 118 / 121 / 
207    

(49.0 / 25.2 / 25.8 / 44.1)

Extra intestinal manifestations

Y / N (missing: 36) 231 / 202                       (49.3 / 43.1 (missing: 7.7))

- Arthralgia - 188                              (40.1)

- Cutaneous - 49                                (10.4)

- Uveitis/conjunctivitis - 16                                (3.4)

- Oral aphthous lesions - 20                                (4.3)

- Miscellaneous - 1                                  (0.2)

Age at end of study period* 38.18                             (12.16)

Surgeries before start IFX

Y: N 247 / 222                      (52.8 / 47.2)

- intra-abdominal - 136                             (29.0)

- perianal - 65                               (13.9)

- both - 54                               (11.5)

Number of resections: 1/2/3/>3 95/53/20/17                  (20.3/11.3/4.3/3.6)

Number of perianal operations:1/2/3/>3 66/20/15/14                  (14.1/4.3/3.2/3.0)

At least one resection before start IFX

Y:N 191 / 278                      (40.7 / 59.3)

- right sided - 107

- left sided - 18

- both - 53

- small bowel resection - 13
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Table 1b Characteristics at start of IFX Total: n=469 (% / IQR)

Age at time of start IFX (years)* 33.32                             (12.05)

Disease duration at start IFX (years)† 6.45                              (1.91 – 21.85)

Median CRP at time of start IFX† 15.3                              (4.7 – 46.0) (Missing: 102)

Co-medication at time of start IFX

Y / N (missing: 18) 397 / 54                        (84.6 / 11.5; missing: 3.8))

- AZA/6MP/6TG - 279                             (59.5)

- MTX - 94                               (20.0)

- steroids - 53                               (11.3)

- 5-asa - 14                               (3.0)

Indication for IFX

           Luminal 312                               (66.5%)

           Fistulizing 93                                 (19.8%)

           Both luminal and fistulizing 51                                 (10.9%)

           Extra intestinal manifestations 13                                 (2.8%)

Scheme of IFX medication

           Remission induction only: 153                               (33%)

           Maintenance therapy: 316                               (67%)

- Episodic: - 40  

- Scheduled: - 276

* mean (SD); † median (IQR). Montreal classification: A: age at diagnosis (A1 <17; A2 17-40; L: lo-
cation of disease activity (L1 ileocecal; L2 colonic; L3 both; L4 short bowel); B:behavior of disease (B1 
inflammatory; B2 stricturing disease; B3 perforating disease); AZA azathioprine; 6MP 6mercaptopurine; 
6TG 6thioguanine; MTX methotrexate; IFX infliximab

Table 2 | First IFX episode: time and reason of discontinuation in all patients at risk during follow-up

Number of 
patients with 
observed 
length of FU

<3 months 
n = 153

3 months – 1 
year 
n = 84

1 – 3 years
n = 108

3 – 6 years
n = 86

6 – 11 years
n = 38

Response 83 (54.2%)
- 77: remission
- 2: pregnancy
- 4: pts’  
request

31 (36.9%)
- 16: remission
- 2: pregnancy
- 2: pts’ request 
- 11: still using 
IFX 
(but fu not 
longer)

62 (57.4%)
- 12: remission
- 3: pregnancy
- 3: pts’ request 
- 44: still using 
IFX 
(but fu not 
longer) 

65 (75.6%)
- 2: remission
- 3: pregnancy
- 4: pts’ request 
- 56: still using 
IFX 
(but fu not 
longer)

30 (78.9%)
- 3: remission
- 0: pregnancy
- 1: pts’ request 
- 26: still using 
IFX 
(but fu not 
longer)

Failure 67 (43.8%)
- 42: PNR
- 24: AR

50 (59.5%)
- 36: LOR
- 14: AR

44 (40.7%)
- 32: LOR
- 12: AR

19 (22.1%)
- 13: LOR
- 6: AR

8 (21.1%)
- 8: LOR
- 0: AR

Co morbidity 3 3 2 2 0

Patients at risk n = 469 n = 316 n = 232 n = 124 b = 38

IFX: infliximab; FU: follow-up; PNR: primary non response; AR: adverse reaction; LOR: loss of response



Clinical experience with infliximab for Crohn's disease

131

6

469 patients with IFX therapy

Unsuccesfull remission 
induction: 70

- primary non response:  43
- advers effects :               24
- co morbidity:                  3

Succesfull remission 
induction:

399

Other / no therapy:
83

Maintenance therapy:
316

Succesfull scheduled 
therapy:

169

Succesfull episodic 
therapy:

19

Episodic start of  
maintenance therapy: 

40

Scheduled 
maintenance therapy:

276

Unsuccesfull scheduled 
therapy : 107

- adverse effects :              26
- loss of response :          74
- co morbidity :                  7

Unsuccesfull episodic  
therapy : 21

- adverse effects :              6
- loss of response :          15

Still using IFX :
126

Still using IFX:
11

Discontinuation  of succesfull 
scheduled therapy: 43

- remission :  27
- pregnancy                      6
- patients’request            10
- co morbidity :                  7

Discontinuation  of succesfull 
episodic therapy : 8

- remission :   6
- pregnancy                     2

Figure 1 | Course of primary infliximab episode
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Figure 2 | Failure free survival in months

Clinical response reflected by surgical interventions
Figure 3 shows the number of abdominal surgical interventions per 100 follow-up years 
before and after initiation of IFX-treatment. The decrease from 9.63 to 8.62 interventions per 
100 follow-up years was not statistically different (P = 0.356). In the subgroup of patients 
with scheduled maintenance therapy (n = 276), a significant decrease in surgical intervention 
rates was observed after start with IFX. Before start this group underwent 8.76 abdominal 
surgeries per 100 patient years; after start this decreased to 6.06 interventions, a reduction 
of 31% (95% CI: -4.82 to -0.35; P = 0.018). Subdividing this cohort in groups with and 
without prior resection before IFX therapy, 27 of 112 patients with prior resections required 
a reoperation after start with IFX (24%), predominantly right-sided colonic resection (n = 17) 
or small bowel (n = 6). In the group of 164 patients with no resection prior to IFX, 30 patients 
required resection after receiving IFX therapy (18%), in most cases right-sided colonic 
resection (n = 22). Hence, prior resection did not seem to confer a protective effect upon the 
chance of recurrent surgery. 
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Figure 3 | Abdominal surgery pre- and post-infliximab per 100 patient years

Treatment success of infliximab retreatment
Figure 4 depicts the course of treatment during the second episode of 131 patients who 
received a second episode of IFX therapy. Outcome was similar to the first episode with 
successful remission induction in 82% of patients and successful maintenance therapy in 65%. 
Fifty-seven patients were considered failure in their first treatment episode. The second 
treatment episode turned out to be clinically beneficial in 27 of these 57 patients (47%). 
Outcome of the second IFX episode was not influenced by a resection, adalimumab therapy 
or trial medication between the first and second episode (data not shown).

Safety 
Fifty-six patients (12%) discontinued the first IFX therapy episode due to adverse effects 
(Figure 1). Infusion reaction was the reason for withdrawal in 32 patients (7% of whole 
cohort); 5 patients stopped due to onset or worsening of arthralgia; three patients had a 
lupus like syndrome, two patients had a delayed type hypersensitivity; cutaneous eruptions 
were seen in two; general malaise in two; infection in three; neurological symptoms in two. 
Anaphylactic shock, oedema, abscess formation, headache, and depressive symptoms were 
each documented in one patient. Ten patients discontinued IFX therapy because of co-
morbidity. The second episode of IFX therapy was discontinued in 26 (20%) due to adverse 
effects (Figure 4). This proportion was significantly higher compared with the number of 
patients discontinuing the first episode because of adverse effects (20% vs. 12%; P = 0.020). 
Of these 26, five had also discontinued the first episode because of adverse effects. 
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Successful remission 
induction:

108

Other / no therapy:
13

Maintenance therapy:
95

Still using IFX:
41

Successful 
maintenance therapy: 

62

131 patients with a second episode of IFX therapy

Successful first episode: 72 Unsuccessful first episode : 57
- primary non response :  20
- adverse effects:            17
- loss of response:           20

Unsuccessful remission 
induction: 23

- non response :   5
- advers effects :  18

Unsuccessful maintenance 
therapy : 33

- advers effects:      8      
- loss of response:  22 
- co morbidity:         3 

Discontinuation  of successful 
maintenance therapy: 21

- remission :             18
- patients’ request :   2 
- pregnancy :            1     

Figure 4 | Course of second infliximab episode
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Mortality 
Nine patients (1.9%; 0.39/100 patient years) died at a median age of 47.9 years (IQR:  
40.5 – 53.7). Median time between last infusion and death was 6.5 months (IQR: 3.5 – 48.7), 
and median number of infusions was 4 (IQR: 2 – 6.5). Five patients died of malignancies, 1 
patient died of a myocardial infarction, one patient died of a bowel perforation and one patient 
died of a bilateral pneumonia. The experts estimated the relation between death and infliximab 
therapy of this last patient to be probably related, all other causes were estimated as possibly 
related. Of one patient the exact cause of death remained unknown, for she died while being 
abroad for a second opinion in her nation of birth. 

Malignancy 
Thirteen patients (2.8%; 0.57/100 patient years) developed a malignancy. These were 
gastrointestinal (n = 5); haematological (n = 3); respiratory (n = 2), gynaecological (n = 1) and 
skin (n = 2) malignancies. In 6 patients (median age 53 (IQR 35 - 57)) this was diagnosed 
during IFX therapy, after a median of 11 (IQR 4 - 23) infusions. In the remaining 7 patients, IFX 
had been discontinued for a median of 36 (IQR 8 - 57) months after 3 (IQR 1 - 12) infusions. 
Median age was 45 (IQR 37 - 46). All malignancies were estimated to be possibly related to 
IFX by the experts. Five patients died, these are discussed in the paragraph on mortality.

Table 3 | Deaths

Deaths n=9

Age at time of death
Time after last IFX infusion (months)
No. of infusions

47.9 (40.5 – 53.7)*
6.5   (3.5 – 48.7)*
4.0   (2.0 – 6.5)*

Individual causes of death Death: number of 
months after last 
IFX administration

No. of IFX 
infusions 
received

Age at 
death

Relation 
estimated  
by experts†

1. EBV-related B-cell lymphoma 1.91 4 59.0 Possibly 

2. Metastasized rectal cancer 6.12 29 57.4 Possibly 

3. Metastasized lung carcinoma 73.12 1 44.5 Possibly 

4. Jejunal carcinoma 5.16 6 40.5 Possibly 

5. Rectal carcinoma 75.75 3 47.9 Possibly 

6. Bilateral pneumonia. 0.43 4 23.4 Probably

7. Bowel perforation 6.54 3 50.0 Possibly

8. Myocardial infarction 21.57 1 39.5 Possibly

9. Unknown 8.21 5 42.9 Unknown

Total number of patients that died 9 (1.9%)

IFX: infliximab; *median (IQR); † experts: PS, CP and AvB
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Discussion

With a median follow-up of almost 4.5 year in 469 CD patients, the present study is one of 
the two largest IFX cohorts presented to date. This study showed that clinical response to the 
remission induction infusions with IFX was successful in 85% of patients. Sustained clinical 
benefit was estimated to 55.7% at five years. Scheduled IFX therapy was associated with less 
need for surgery.

Compared to the large randomized trials that evaluated one-year efficacy by CDAI, global 
physician’s assessed benefit of therapy appears much more favourable. In our cohort, mainte-
nance therapy was considered successful in approximately 80% at 12 months (fig 2), whilst in 
the two randomized studies evaluated in the Cochrane review regarding anti-TNF as mainte-
nance therapy, response was seen in 44%-62% and remission in 33% - 53% of patients at 12 
months.17 This difference can be explained by the applied criteria for response (a CDAI-drop 
of > 70 points) and remission (CDAI < 150), used in these intervention trials. In daily practice, 
global physician’s assessment rather than changes in activity scores is used to decide whe-
ther a patient has a favourable response. The present study reflects this daily practice.

A number of other studies on IFX efficacy in daily practice are published, but these are limited 
by rather small cohorts and a short period of follow-up.18-21 Only one large single centre cohort 
similar to the present study has been published22. In this Belgian cohort, a sustained benefit 
of 63.4% in patients receiving maintenance therapy was reported. In their series, sustained 
benefit was defined as lasting control of disease during follow-up. The corresponding figure 
in our cohort was 61%. However, this approach does not account for the length of the period 
the patient had benefit of the treatment. Hence, a patient who has 4 years of therapy benefit 
before she/he develops an adverse reaction necessitating discontinuation in the end will be 
counted as a failure, while in daily clinical practise this would hardly be qualified as such. In our 
cohort, 13 patients failed therapy after 5 to 11 years of IFX treatment. Conversely, 11 patients 
in the Belgian cohort were regarded as treatment success while having a follow up time of 
only 3 months to one year. Conceivably, some of these would qualify as failures if follow-up 
had been longer. Therefore, in describing long-term results of IFX therapy, we feel emphasis 
should be placed on Kaplan-Meier survival estimates. The 5-year sustained benefit estimate in 
the Belgian cohort was 57%, which is quite similar to our findings.

Schnitzler et al. reported a significantly higher proportion of patients needing major abdominal 
surgery in those who were primary non-responders.22 Since IFX is indicated for therapy refrac-
tory disease it is obvious that for primary non-responders, surgery is imminent in a number of 
cases. Therefore, to assess the protective effect of IFX treatment on future surgery,  we judged 
it more appropriate to analyse only a subgroup of patients who met the following two criteria 
for IFX therapy: (I) they had to be on maintenance treatment, thereby reasonably filtering out 
those patients who were started on IFX while in fact having fibrotic disease for which they 
needed surgery anyway, and (II) they had to receive the superior scheduled regimen.23 CD 
is a progressive disease in which longer disease duration comes with higher risk to require 
surgery.24 The finding that the rate of abdominal surgery in patients on scheduled maintenance 
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therapy was in fact significantly reduced after start with maintenance IFX, corroborates the 
hypothesis that IFX shows promise as preventive therapy for future Crohn’s related surgery.25 
This is in contrast with publications suggesting that IFX only postpones rather than prevents 
surgery.26-28 It must be noted that the reduction of surgery found in this study did not apply to 
patients who did not have a favourable response to induction treatment. In the total cohort, no 
reduction was found, which is in accordance with the literature. Furthermore, due to the retro- 
spective nature of this study no correction for all possible confounders could be performed. 

In contrast to the data from Belgium, we observed a correlation between the combination 
of IFX with immunomodulatory drugs and a favourable therapeutic outcome.22 This is in line 
with the results from the SONIC-trial, which showed that, albeit only after ≥18 weeks of 
follow-up, therapy was more successful when combining IFX with azathioprine in thiopurine  
naïve patients.29 

An additional factor impairing favourable response was higher age at diagnosis. To our 
knowledge, this association has not been reported before. It may either be the result of a type 
1 error or a consequence of the fact that Montreal age classification truly reflects a distinct 
type of CD, less well responding to IFX treatment.

A similar rate of successful therapy was noted in patients retreated with IFX in a second 
episode. Remarkably, previous failure was not predictive for failure in later episodes, for 47% 
of the 57 patients who failed their first IFX episode and received a second course experienced 
clinical benefit from this second course. Some of the first-episode failures might be explained 
by improper indication, like fibrotic-type disease needing surgery instead of medical therapy. 
Therapeutic response might have been awaited too impatiently in some patients. It is unlikely 
that this accounts for all unsuccessful first episodes. Retreatment with IFX in patients previously 
failing on IFX may thus be worthwhile in disease refractory to other treatment modalities. 
Mortality was 1.9%, or 0.39/100 patient years in these series. This is comparable to the rate 
of 0.3/100 patient years documented by Fidder et al., and the 0.53/100 patient years reported 
from the TREAT registry.30;31 One cause of death in these series was considered ‘probably 
related’ to IFX; all other known causes were judged to be possibly related to IFX. 

Malignancies were found in 2.8% of patients, or 0.57/100 patient years, with higher incidences 
in patients aged 40-70 compared to patients aged 10-40. This was higher compared to 
the 0.4/100 patient years malignancy rate reported earlier.30 The absolute percentage was 
comparable to other long-term studies evaluating the risk of cancer during anti TNF therapy 
in IBD.32;33 It remains difficult to assess the degree of IFX involvement in pathogenesis of 
neoplasia in the course of IBD. Considering the pleiotropic effects of TNF, it cannot be ruled 
out that IFX is related with development of any neoplasia. Most patients, however, usually 
have immunosuppressive (co-)medication also alleged to contribute to neoplasia generation. 
It remains a matter of discussion but the absolute risk seems rather limited.

Compared to the literature, rate of serious infections leading to discontinuation was low.32;34;35 
More infections occurred in this series without any consequence for continuation of therapy. 
The true infection rate may possibly have been higher and underreported in the IBD charts. 
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An intrinsic shortcoming of this study is its retrospective nature. This may have affected 
assessment of efficacy and especially adverse events. Disease activity scales were not routinely 
documented and not all patient data could be retrieved. With regard to adverse events, full 
documentation was lacking, and underreporting cannot be ruled out. Infusion reactions were 
only consistently documented when severe and leading to discontinuation of therapy. 

In conclusion, the present study showed that long-term real life treatment with IFX for CD has 
longstanding sustained benefit in more than half of patients. Long-term use of IFX is safe and 
prevents surgery in patients on scheduled maintenance therapy. Previous therapeutic failure 
on IFX should not preclude its future use in individual patients.
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Abstract

Background
Switches between anti-TNF agents in the treatment of Crohn’s disease (CD) occur in case 
of treatment failure, intolerance or patient preference. No data are currently available on the 
usefulness of a second infliximab treatment after earlier discontinuation and previous switch to 
an alternative anti-TNF agent. In the current study we evaluated the clinical benefit of infliximab 
retreatment in CD patients after sequential use of both infliximab and adalimumab. 

Methods
Twenty-nine CD patients who had received earlier treatments with sequential infliximab and 
adalimumab and were then restarted on infliximab were retrieved from a multicenter registry 
designed for the follow-up of adalimumab treatment for CD. Short-term and sustained effects 
of infliximab retreatment were evaluated retrospectively by reviewing clinical records. Follow-
up was 18 months for all patients.

Results
In 13/29 (45%) patients, Infliximab was re-introduced at intensified dosing schedule (>5mg/
kg or <8 weeks), for 23/29 (79%) of patients similar to the schedule they were on at time of 
previous discontinuation. During the second infliximab treatment course, dosing was further 
intensified in 11 out of 29 (38%) patients. After 18 months 18/29 (62%) patients were still 
on continued therapy of their second infliximab treatment. Infliximab was discontinued (after 
a median of 7 months) in 11 out of 29 patients for loss of response (n = 7, 24%), intolerance 
(n = 3, 10%) or non-compliance (n = 1, 3%).

Use of induction schedule or concomitant immunomodulators were not significantly associated 
with treatment benefit. 

Conclusions
The majority of CD patients benefit from a second treatment with infliximab after previous 
treatment with infliximab and adalimumab, which offer a meaningful therapeutic option in often 
highly refractory patients.
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Introduction

In the past decades several biological drugs that target Tumor Necrosis Factor (TNF) have 
improved the management and outcome of Crohn’s disease (CD) patients. Infliximab (IFX), 
a chimeric (mouse/human) anti-TNF monoclonal antibody, has demonstrated its efficacy 
for induction and maintenance therapy in moderate to severe luminal and fistulizing CD.1-3 
Moreover, combination therapy with IFX and azathioprine proved to be superior in increasing 
the likelihood of corticosteroid-free clinical remission in CD patients compared to IFX and 
azathioprine monotherapy.4 Adalimumab (ADA) represents the second anti-TNF antibody that 
became available for the treatment of refractory CD. ADA proved to be superior to placebo in 
inducing clinical response, clinical remission and mucosal healing in refractory CD.5-8 Despite 
this important progress in treatment options, primary non-response to anti-TNF therapy has 
been reported in roughly one third of CD patients.1,4,5 Furthermore, in patients who initially 
respond to anti-TNF therapy, a significant proportion of patients lose their response over 
time.9-12 Various mechanisms explaining this phenomenon of ‘secondary’ loss of response 
include formation of neutralizing antibodies directed against the therapeutic antibodies, low 
serum drug concentrations, abundance of TNF to be neutralized (high inflammatory load) and 
other causes of  antibody degradation.12-14 In clinical practice a considerable proportion of CD 
patients are switched from one anti-TNF agent to the other for loss of response, intolerance 
or patient preference. However, anti-TNF naive patients usually have higher response rates 
than patients who have previously been exposed to other TNF agents. 6, 10, 11 Since anti-
TNF agents are costly therapies that are often considered the last resort before surgery, it is 
important to evaluate the outcome of a switch between different TNF blockers. After loss of 
response to the regular doses of IFX (5 mg/kg every 8 weeks), dose escalation is the most 
common strategy offered to these patients. It has been shown this approach yields more 
quality-adjusted-life years compared to switching to ADA, however at a considerably higher 
cost.15 A switch from IFX to ADA was shown to be effective in inducing and maintaining 
remission in CD patients who lost their response or became intolerant to IFX. 16-22 A systematic 
assessment of patients’ preference when choosing an anti-TNF agent revealed preference 
for subcutaneous administration.23 Nonetheless, the randomized SWITCH trial showed that 
elective switching from IFX to ADA leads to a considerable risk of relapse and therefore should 
not be routinely recommended.24,25 IFX was registered for use in CD many years earlier than 
ADA (1998 vs. 2007). As a consequence, many CD patients received initial treatment with 
IFX and then, for a variety of reasons, switched to ADA. In case of failure to ADA treatment, 
the question comes up whether retreatment with IFX could be a feasible option. Currently, 
there are no data available regarding the long term effects of retreatment with IFX in patients 
who have sequentially failed IFX and ADA. An open label French study looked at the benefit 
of introducing a third anti-TNF agent (CZP) and showed benefit in 45% of patients up to 9 
months.26,27 This retrospective study aimed to evaluate the clinical benefit of IFX retreatment in 
CD patients who had sequentially used and discontinued IFX and ADA. 
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Methods

Study population
CD patients from North-Holland who were treated with ADA between November, 2003 and 
November 2010 were identified through ‘Zorgapotheek’, the sole distributor of ADA in the 
Netherlands. These patients were included in an observational cohort study evaluating clinical 
outcomes and safety with ADA for CD.28 Eighteen hospitals participated in the cohort study, 
including two tertiary referral centres and sixteen regional hospitals belonging to the North 
Holland Gut Club. From this cohort of 438 CD patients treated with ADA for at least 3 months, 
we identified those who had previously been treated with IFX for at least 3 months and received 
a second IFX treatment after ADA discontinuation. (Figure 1) Twenty nine patients fulfilled 
these criteria and in all of these follow-up was available for at least 18 months. 

Data collection
We reviewed patient records for demographics, medical history, Montreal classification,29,30 
and treatments, IFX dosing, and dose escalation and reasons for discontinuation of anti-TNF 
treatment, concomitant immunosuppression, clinical response, adverse events and duration 
of follow-up. Where available, ADA and IFX antibody levels were recorded. The number of 
surgical interventions before and after the second IFX start was recorded. Global Physician 
Assessment was monitored at baseline, at the start of the second IFX treatment (IFX2) and 
then within quartiles during the first 12 months and again at 18 months follow-up.

≥

≥
≥

Figure 1 | Inclusion Flowchart. IBD; Inflammatory bowel disease; ADA, adalimumab; UC, Ulcerative 
Colitis; IBD-U, IBD-unspecified; CD, Crohn’s disease; IFX, infliximab; IFX1, first infliximab course; IFX2, 
infliximab retreatment.



Effects of infliximab retreatment

147

7

Endpoints
The primary endpoint of this study was sustained clinical benefit of IFX retreatment defined 
as ongoing maintenance treatment with this agent without major bowel surgery (bowel 
resection), but irrespective of therapy intensification. Patients in ‘clinical remission’ and/or 
‘clinical response’ at all visits were considered to have ‘sustained clinical benefit’, which is 
presented as failure-free survival upon follow-up. ‘Clinical remission’ was defined as absence 
of CD-related symptoms including diarrhea, abdominal pain and drainage of fistulas (or Harvey 
Bradshaw Index <4).31 ‘Clinical response’ was defined as persisting although reduced severity 
of diarrhea and abdominal pain and/or reduction of fistula drainage, when present/applicable 
(or Harvey Bradshaw Index 4-7). Symptoms were retrieved for the electronic medical records 
where these are systematically collected. ‘Discontinuation of treatment’ was defined as 
a permanent stop of IFX therapy. Failure was defined as cessation of IFX therapy due to 
non-response within the first 3 months of reintroduction (remission induction phase), loss 
of response after successful remission induction or adverse events necessitating treatment 
discontinuation. Major bowel surgery (bowel resection) was also considered failure of therapy, 
whereas adhesiolysis or seton drainage of pre-exisiting fistula (prior to IFX retreatment) were 
not. Patient, disease and treatment specific factors were tested for possible association with 
failure-free survival. A secondary endpoint was safety of IFX reintroduction. An adverse event 
was defined as any reaction that occurred since the start of treatment, being related to IFX 
by the treating physician. Adverse events were classified according to WHO guidelines.32,33 
Concomitant immunomodulatory treatment was defined as the use of either thiopurines 
(azathioprine, 6-mercaptopurine, 6-thioguanine) or methotrexate in the first 3 months of (re-)
initiation of anti-TNF therapy. Therapy intensification was considered either dose increase or 
interval decrease.

Statistical analysis
We used descriptive statistics in percentages with 95% confidence intervals for discrete 
variables or means with standard deviations (SD). Skewed data were presented as median 
with interquartile range (IQR). For differences in proportions a Fisher’s exact test was used. 
The interval between start of treatment and time point of failure was estimated by Kaplan-Meier 
analysis of failure-free survival. A P <0.05 was considered statistically significant. SPSS® 
software version 20.0 (SPSS Inc., Chicago, IL, USA) was used for statistical analysis. 

Ethical Considerations
Ethical approval was obtained in all participating hospitals for reviewing medical records for 
the total CD cohort treated with ADA.
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Results

Baseline patient characteristics (Table 1)
A total of 29 CD patients (female 76%) from 8 hospitals, who were re-started on IFX therapy 
after previous consecutive use of IFX and ADA were identified. At IFX re-introduction (IFX2), 
their median age was 31 (IQR 26-40) years and the median disease duration amounted to 8.0 
years (IQR 7-13). Approximately half of the (52%) patients had ileocolonic CD according to 
the Montreal classification. Forty-eight percent of patients had penetrating disease, while 21% 
was classified as stricturing and 31% as non-stricturing and non-penetrating disease. Peri-anal 
disease was present in 18 out of 29 patients (62%), whereas extra-intestinal manifestations 
had been recorded in one third (34%) of patients. Twenty-one patients (72%) had undergone 
CD-related surgical intervention prior to retreatment with IFX, of which ileocecal resection was 
the most common (14/29, 41%). 

Previous anti-TNF treatment prior to infliximab retreatment (Table 2)
The median duration of the first IFX treatment was 44 months (IQR 14 - 69). Sixty-nine percent 
of the patients had used concomitant immunomodulators during that first IFX course (IFX1). In 
the first treatment IFX treatment course, anti-drug antibodies to IFX were discovered in 1/13 
patients in whom the test was performed. The first IFX treatment course was intensified by 
dose increase or interval reduction in 13/29 (45%) patients. The reasons for discontinuation 
of IFX1 were loss of clinical response (55%), clinical remission (24%), patients’ preference to 
switch to subcutaneous treatment with ADA (10%) or intolerance to IFX (2 patients (7%) had 
an adverse event, due to delayed hypersensitivity reactions, for which IFX was discontinued). 
In two thirds of patients (66%) only one month had elapsed between discontinuation of the 
first IFX course and start of ADA. 

ADA was used for a median of 5 months (IQR 3-11). During ADA treatment, 45% of the 
patients were using concomitant immunosuppressive drugs. Adverse events occurred in 21% 
of patients: most commonly injection site reactions (n = 3, 10%), 1 ‘acute’ injection reaction 
(n = 1, 3%), 1 delayed hypersensitivity reaction (n = 1, 3%) and 1 infection (herpes keratitis) 
(n = 1, 3%). Anti-drug antibodies to ADA were detected in 1/14 patient in whom the test 
was performed.  Interval reduction of ADA from every other week to every week was done in 
35% of patients. The reasons for ADA discontinuation were loss of response (48%), primary 
failure on ADA (24%), intolerance (21%) and elective switch back to IFX because patient’s 
preference for the intravenous route of administration (7%). Again two thirds of patients (66%) 
switched between ADA and reintroduction of IFX therapy within one month.
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Table 1 | Baseline patient characteristics (n=29)

Gender: Female, n (%) 22 (76%)

Age at start IFX2 (years), median (IQR) 31 (26-40)

Smoking: n (%)
Current 
Never
Former (stopped >6mnths)
Unknown

  6 (21%)
15 (52%)
  3 (10%)
  5 (17%)

Disease duration (years), median (IQR)   8 (7-13)

Age (years) at diagnosis Montreal classification: n (%)
A1 (<16)
A2 (17-40)
A3 (>40)

  5 (17%)
23 (79%)
  1   (3%)

Disease location Montreal classification: n (%)
L1 (ileal)
L2 (colonic)
L3 (ileocolonic)
+L4 (upper GI disease)

  5 (17%)
  9 (31%)
15 (52%)
  2   (7%)

Disease behaviour Montreal classification: n (%)
B1 (non-stricturing, non-penetrating)
B2 (stricturing)
B3 (penetrating) 

  9 (31%)
  6 (21%)
14 (48%)

Peri-anal disease, n (%) 18 (62%)

Extra-intestinal manifestations: n (%)
Artropathy (IBD related)
Erythema Nodosum
Pyoderma Gangrenosum
Uveitis

10 (34%)
  7 (24%)
    1 (3%)
    1 (3%)
    1 (3%)

Surgical interventions for CD: n (%)
Ileocecal Resection
Small Bowel resection
Colonic resection
Temporary ileostomy
Peri-anal fistula/abscess drainage
Stricturoplasty/Balloon Dilatation

21 (72%)
14 (41%)
  2   (7%)
  4 (14%)
  2   (7%)
  4 (14%)
  1   (3%)

IFX2, infliximab retreatment; GI, gastro-intestinal; 

IBD, inflammatory bowel disease; CD, Crohn’s disease.
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Table 2 | Previous Anti-TNF treatment (n=29)

1st IFX course ADA course

Duration (months), median (IQR) 44 (14-69)   5 (3-11)

Concomitant immunomodulators: n (%)
Azathioprine
6-Mercaptopurine
Methotrexate

20 (69%)
13 (45%)
  1   (3%)
  6 (21%)

13 (45%)
  8 (28%)
  1   (3%)
  4 (14%)

Therapy intensification 13 (45%) 10 (35%)

Reason for stop/switch anti-TNF: n (%)
Remission
Primary Failure
Loss of response
Intolerance
Patient’s preference (route of administration)
Unknown

  7 (24%)
  0
16 (55%)
  2   (7%)
  3 (10%)
  1   (3%)

  0
  7 (24%)
14 (48%)
  6 (21%)
  2   (7%)
  0

Adverse events: n (%)
Allergic reaction: delayed hypersensitivity
Allergic reaction: acute infusion reaction
Injection side reaction
Infection

  2   (7%)
  2   (7%)
  0
  0
  0

  6 (21%)
  1   (3%)
  1   (3%)
  3 (10%)
  1   (3%)

Antibodies Positive (>12 AU): n (%)
Negative
Unknown

  1   (3%)
12 (41%)
16 (55%)

  1   (3%)
13 (45%)
15 (52%)

Interval ≤ 1 month between stop 1st IFX and start ADA, n (%) 19 (65%) -

Interval ≤ 1 month between stop ADA and start 2nd IFX, n (%) - 19 (65%)

Interval (months) between stop 1st and start 2nd IFX, median 
(IQR) 14 (7-21)

IFX, infliximab; ADA, Adalimumab; AU, arbitrary units.

Treatment characteristics of infliximab retreatment (IFX2) (Table 3)
IFX was reintroduced for luminal disease activity in 62% of CD patients, combined luminal 
and fistulizing activity in 31% and fistulizing disease alone in 7% of the cases. A re-induction 
schedule at week 0,2 and 6 was initiated in 18 (62%) patients. Two patients developed an 
anaphylactic reaction to the  2nd and 3rd infusion, respectively, and did not receive further IFX 
treatment.  IFX was reintroduced at same dose as at discontinuation of IFX1 in 23/29 (79%) 
of patients at induction. 3 patients started at lower dose and 3 at higher dose compared to 
the last dose at discontinuation of the first IFX course. IFX was restarted at an intensified 
initial maintenance schedule (with a dose of more than 5mg/kg body weight or a treatment 
interval <8 weeks) in 13/29 (45%). IFX was re-started at 5 mg/kg in 20/29 (69%), 7.5 mg/
kg in 1 patient and at 10 mg/kg in 8/29 (28%). The initial treatment interval of maintenance 
therapy varied from 4 weeks (n = 1, 3%) to 8 weeks in 17 out of 29 (59%) patients.  
Seventeen (59%) patients received pre-treatment with steroids accompanied by antihistamine 
agents. Immunomodulators were concomitantly used in 69% of patients. During the second 
IFX course, 11 of 29 (38%) patients underwent further therapy intensification after a median 
of 6 months (3 - 11), however in 4/11 of these patients IFX therapy was reduced again after 
18 months.
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Table 3 | Treatment characteristics 2nd IFX course (n = 29)                                                

Referral hospital, n (%) 17 (59%)

Indication IFX2: n (%)
Luminal
Fistulizing
Luminal and fistulizing

18 (62%)
  2   (7%)
  9 (31%)

CRP baseline (mg/L), median (IQR) n=28 9,5 (2-21)

Induction schedule, n (%)
Yes
No
Did not proceed after induction

16 (55%)
11 (38%)
  2   (7%)

Pre-treatment corticosteroids, n (%)
Prednisolon i.v.
Oral corticosteroids
Entocort
No corticosteroids during infusion
Unknown

11 (38%)
  3 (10%)
  3 (10%)
  5 (17%)
  7 (24%)

Concomitant immune modulators, n (%)
Azathioprine
6-Mercaptopurine
Methotrexate

20 (69%)
  8 (28%)
  4 (14%)
  8 (28%)

IFX2 dosage, n (%)
5 mg/kg
7,5 mg/kg
10 mg/kg

20 (69%) 
  1   (3%) 
  8 (28%)

IFX2 maintenance frequency, n (%)
4 weeks
6 weeks
7 weeks
8 weeks
Did not proceed after induction

  1   (3%)
  8 (28%)
  1   (3%)
17 (59%)
  2   (7%)

Intensified maintenance at reintroduction 
(>5mg/kg and/or <8 weeks), n (%)

 
13 (45%)

IFX2, infliximab retreatment.

Sustained clinical benefit of retreatment of IFX (IFX2)
Sustained clinical benefit of IFX retreatment was observed in 93%, 83%, 79% and 72% 
of patients at 3, 6, 9 and 12 months of follow-up, respectively. (Figure 2, Figure 3) At the 
end of 18 months of follow-up 62% of patients had a sustained clinical benefit. Of those, 9 
(31%) patients were in genuine clinical remission and 9 (31%) had clinical response while 
on continued treatment. Discontinuation of the second IFX therapy after 18 months follow-
up in 9 patients (31%) was due to loss of response (n=7, 24%) (after 3, 5, 5, 7, 9, 17, 17 
months, respectively), intolerance (n = 3, 10%) (after respectively 1,2,10 months of which 2 
acute infusion reactions during re-induction) and non-compliance, because of pre-existing 
psychosis (n = 1, 3%). During the second course of treatment IFX dose was further intensified 
in 11 out of 29 (38%) patients. (Table 4) 9/11 (82%) of these patients were able to sustain 
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clinical benefit, whereas 5/11 (45%) patients were able to regain clinical remission at 18 
months. Endoscopy was performed in 52% of the patients within the last 6 months of the 
follow-up period (12-18 months), mainly under the suspicion of loss of response. Absence of 
ulcers was documented in 14% of patients (n = 4). Twenty-eight percent (n = 8) of patients 
had draining fistulas during the second course of IFX, which recurred after a median time 
of 5.5 months (IQR:2.5 - 10.5) after re-introduction of IFX. Of all patients, 7 (24%) patients 
underwent a Crohn’s disease related surgical intervention during the second IFX course, after 
a median of 5 months (IQR:3 - 8) : 3 patients underwent an ileocecal resection (10%) (after 4, 
8 and 12 months), 3 patients underwent surgical drainage because of peri-anal fistulas (10%) 
and 1 patient had an explorative laparotomy for adhesiolysis (3%). Two out of 3 patients who 
underwent ileocecal resection were continued with IFX post-operatively, one of them was still 
using IFX at 18 months (nevertheless both were considered failures). 

Figure 2 | Clinical Outcome after Retreatment of infliximab. Sustained clinical benefit: continuing 
use of infliximab (clinical remission and clinical response). Clinical remission: absence of Crohn’s 
disease related symptoms. Clinical response without remission: persisting although reduced Crohn’s 
disease related symptoms and continuing infliximab therapy. Discontinuation: definite discontinuation of 
infliximab therapy or major bowel surgery.
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Figure 3 | Survival Curve. Probability of discontinuation of infliximab Sustained clinical benefit: con-
tinuing use of infliximab (clinical remission and clinical response). Reasons for discontinuation (after a 
median of 7 months) at 18 months: Loss of Response: 7 (24%), Intolerance: 3 (10%), Non-compliance 
(pre-existing psychosis) 1 (3%).

Table 4 | Outcome retreatment IFX after 18 months (n=29)

Further therapy intensification (dose/frequency), n (%) 11 (35%)

Adverse events, n (%)
Allergic reaction: acute infusion reaction
Allergic reaction: delayed hypersensitivity

  3 (10%)
  2   (7%)
  1   (3%)

Antibodies positive (>12 AU), n (%)
Negative
Unknown

  2   (7%)
11 (38%)
16 (55%)

CRP after 12-18 months (g/dL), median (IQR) 10, 3 (2-22)

Endoscopic Remission, n (%)
Yes
No
Unknown

  4 (14%)
11 (38%)
14 (48%)

Surgical intervention for CD, n (%)
Ileocecal Resection
Peri-anal fistula drainage
Explorative laparotomy due to adhesion

  7 (24%)
  3 (10%)
  3 (10%)
  1   (3%)                              

Draining Fistula during IFX2, n (%)   8 (28%)

IFX2, infliximab retreatment; AU, arbitrary units. 
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None of the patient, disease or treatment specific factors that we examined were significantly 
associated with sustained clinical benefit. (Table 5) A slight trend was observed with 6/7 
(86%) patients, who discontinued ADA due to primary failure, achieving sustained clincal 
benefit compared to 12/22 (55%) of patients who discontinued ADA for other reasons. 
However, non-stricturing/non penetrating disease (Montreal B1) was significantly associated 
with a higher rate of clinical remission compared to a stricturing or penetrating disease course 
(6/9; 67% vs. 3/20; 15%, P = 0.01, OR:11).

Patients who were in clinical remission at the end of the first IFX course before switching 
to ADA had a similar rate of sustained clinical benefit (4/7 = 57%) and clinical remission 
(2/7 = 29%) during the second IFX treatment course compared to patients who were not 
in clinical remission after the first IFX course (sustained clinical benefit: 13/21; 71%, clinical 
remission: 6/21; 29%).

There was a trend suggesting that patients who were re-treated with IFX within 1 month after 
ADA discontinuation, were more likely to achieve clinical remission compared to those with 
longer than one month anti-TNF free intervals (8/19; 42% vs. 1/10; 10%, P = 0.11, OR:6.55).  

Patients with a baseline C-reactive protein (CRP) ≤ 10 mg/L at re-introduction of IFX: had a 
higher rate of clinical remission (8/17, 47%) at 18 months than patients with baseline CRP 
>10 mg/L (P = 0.02, OR:9.78).

Re-induction, pre-treatment with corticosteroids, concomitant use of immunomodulators or 
intensified maintenance schedule (IFX dose > 5mg/kg or treatment interval < 8 weeks) did not 
appear to be significantly associated with clinical remission or sustained clinical benefit rate of 
IFX retreatment in this cohort.

Safety
Upon retreatment with IFX, adverse events occurred in 3/29 patients (10%): 2 patients had 
an acute infusion reaction (one patient on co-immunomodulatory treatment) and 1 patient 
developed a delayed hypersensitivity reaction after 10 months (despite pre-treatment with 
steroids before IFX infusion). (Table 4) 

Anti-drug antibodies to IFX were measured in 45% of patients and were positive in both 
patients who developed an acute infusion reaction. The sole patient with positive antibodies 
(86 AU/mL) to IFX during the first treatment episode was in clinical remission 18 months 
after IFX was re-introduced. In contrast, the only patient with detectable antibodies against 
ADA, who previously had a delayed hypersensitivity reaction to IFX1, also developed an acute 
infusion reaction (with positive antibodies) and failure to IFX retreatment.
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Table 5 | Factors associated with clinical outcome

Sustained clinical 
benefit

Clinical remission

Baseline patient characteristics:
Montreal Behaviour (B1 vs.other)

Previous surgical intervention  
(vs. no surgery) 

67% vs. 60% (ns)

57% vs. 75% (ns)

67% vs. 15%  
(P=0.01, OR:11)
24% vs. 50%  
(P=0.21, OR:0.31)

Previous anti-TNF treatment:
Reason discontinuation IFX1 (remission 
vs.other)
Adverse events IFX1/ADA (small numbers)
Antibodies IFX1/ADA (small numbers)
Reason discontinuation ADA  
(primary failure vs.other)
Switch from ADA to IFX ≤ 1 month

Interval without IFX ≤12 months

57% vs. 62% (ns)

ns
ns
86% vs. 55%  
(P=0.20, OR:5)
68% vs. 50% (ns)

71% vs. 53% (ns)

29% vs. 29% (ns)      

ns
ns
29% vs. 32%

42% vs. 10%  
(P=0.11, OR:6.55)
36% vs. 27% (ns)

Treatment characteristics IFX2:
Indication for IFX2 (luminal vs. fistulizing)
Baseline CRP ≤5mg/L vs. >5mg/L
Induction schedule
Pre-treatment corticosteroids (small 
numbers)
Concomitant immune modulators 
Intensified maintenance therapy at 
reintroduction

61% vs. 64% (ns)
73% vs. 59% (ns)
56% vs. 69% (ns)
ns

65% vs. 55% (ns)
69% vs. 56% (ns)

39% vs. 18% (ns)
45% vs. 24% (ns)
25% vs. 38% (ns)
ns

30% vs. 33% (ns)
38% vs. 25% (ns)

Factors associated with sustained clinical benefit and clinical remission were analyzed using Fisher’s 
exact test statistics. P-values are depicted when P<0.25. ns, non-significant. OR: Odds ratio. B1, non-
stricturing, non-penetrating; IFX1, 1st infliximab course; ADA, adalimumab; IFX2, infliximab retreatment.
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Discussion

In the current study we evaluated the effect of IFX retreatment in CD patients who had 
previously been treated with IFX and ADA, consecutively. Based on this retrospective analysis, 
IFX retreatment appeared beneficial in the majority of CD patients for at least 18 months. 
Therefore, this clinical strategy may be considered as ‘rescue therapy’ before surgery or other 
experimental therapies are offered.

In the SWITCH trial CD patients were randomized to a switch to ADA or to continued IFX 
therapy.24 All patients were in clinical remission on IFX. Patients who switched to ADA had 
a less favourable outcome than those continued on IFX. Eight patients were sequentially 
treated with IFX-ADA and IFX in SWITCH, and this retreatment with IFX was successful in all 
these patients. However, IFX dose-escalation was required in 4/8 patients within one year. In 
this study all patients were initial responders to IFX and therefore may not be representative 
for daily clinical practice where patients are also switched for toxicity reasons and loss of 
response.34,35 We believe that our cohort represents a patient population from daily clinical 
practice, hence the results could offer guidance to clinicians. 

In previous studies only small sub cohorts assessed the short-term clinical response of 
retreatment with IFX after a so called ‘drug holiday’. Louis et al. reported a 93% remission 
rate of re-treatment IFX after approximately 40 days, whereas Ben-Horin et al. demonstrated 
48% response to IFX re-treatment.36-38 Short-term (i.e. week 14) response to reintroduction 
of IFX has also been studied by Baert et al. showing 90% clinical response. Predictors for 
treatment success appeared to be: reason for stopping first IFX course (remission), 0-2-6 
week induction regime at restarting IFX and concomitant use with immunomodulators.39

Recently Chaparro et al. reported on the short-term efficacy of IFX treatment after ADA failure 
in a small cohort of CD patients, but these patients were not previously exposed to IFX.40 
Hence, the long-term clinical outcome of IFX retreatment after consecutive use of both IFX 
and ADA has not been reported up to now.

Our results show favourable long-term effects of IFX retreatment after previous exposure to 
both IFX and ADA in CD patients under certain circumstances, such as using an intensified 
dose as needed during the first IFX round and sometimes further dose intensification during 
the second round. Antibody levels to therapeutic antibody as well as serum concentrations 
can offer guidance to make the appropriate choices. 

This cohort represents a small, but well characterized patient group with a high proportion 
of penetrating disease behaviour and surgical interventions prior to IFX reintroduction. The 
indication for IFX re-introduction was made by the treating physicians. Therefore, patients who 
failed the first IFX treatment course due to intolerance or adverse events, or patients in whom 
antibody formation was present were less likely to be prescribed the second IFX episode. 
Nevertheless, the cohort includes three such patients (10%). Furthermore, not all patients 
were genuine ‘failures’ (i.e. loss of response or intolerance) at the time of discontinuation 
of the first IFX treatment. 24% of patients were in clinical remission and 10% preferred a 
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subcutaneous route of drug administration (‘elective switch’), which might have introduced 
bias. Surprisingly, clinical remission rate was the same and sustained clinical benefit was 
comparable at 18 months follow-up between the patient subgroup in previous remission and 
the patients where discontinuation of first IFX treatment was otherwise specified. 

None of the patient, disease or treatment related factors  like re-induction, pre-treatment with 
corticosteroids, concomitant use of immunomodulators or intensified maintenance schedule 
were found to be significantly associated with sustained clinical benefit, possibly due to 
the limited sample size of this study. However, non-stricturing and non-penetrating disease 
behaviour was significantly associated with higher clinical remission rates. Furthermore, a 
higher likelihood of achieving clinical remission was seen in patients in whom less than one 
month elapsed between discontinuation of ADA and reintroduction of IFX. In patients in whom 
the second IFX therapy was intensified at reintroduction, higher rates of clinical remission were 
seen compared to patients with a stable dose, even though it was not a significant difference.

In this patient population, empiric dose escalation or shortening of treatment intervals were 
already done during the first IFX treatment course, and a significant proportion (45%) of 
patients was re-started on intensified IFX treatment. Moreover, in 38% of patients IFX dose 
was further escalated or treatment intervals were shortened during the second IFX course. 
Interestingly, 82% of these patients were able to sustain clinical benefit, whereas 45% were 
able to regain clinical remission. These findings are in line with previous studies that showed 
that dose escalation and shortening of infusion intervals are effective for regaining response in 
47% to 76% of CD patients.41,42 Therapeutic drug monitoring and anti-drug antibodies were 
not yet routinely measured (in case of loss of response or intolerance), because the patients 
in our cohort received their first IFX treatment in the ‘early anti-TNF era’. However, evidence 
suggests that IFX antibody levels decline to undetectable levels within one year after cessation 
of IFX therapy.38

Whereas in Europe only two anti-TNF agents are available for the treatment of CD, for 
rheumatological indications several monoclonal antibodies have been approved. In rheumatoid 
arthritis it has been shown that introducing a second anti-TNF antibody can maintain response 
or restore initial response in patients with a loss of response to the first anti-TNF agent.43 
However switching to a drug with a different mode of action (rituximab) appeared to be even 
more effective than the second anti-TNF therapy in patients with rheumatoid arthritis.44 Switching 
to a second or even a third anti-TNF agent had a satisfactory response in approximately 4 out 
of 5 spondyloarthropathy patients.45 At least one third of ankylosing spondylitis patients show 
a favourable clinical response after switching to a second anti-TNF inhibitor and more than half 
of the patients continued on the second therapy for more than 2 years.46

In conclusion, this retrospective cohort study shows that IFX reintroduction has long-term 
beneficial effects in the majority of CD patients with a history of previous consecutive IFX and 
ADA treatment. Therefore, repeated IFX treatment is to be considered a valuable strategy in 
this group of highly refractory CD patients. 
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Summary, discussion and future perspectives

Crohn’s disease (CD) and ulcerative colitis (UC) are debilitating chronic diseases that affect 
millions of people worldwide, profoundly impacting patient quality of life and incurring large 
costs in terms of treatment and lost productivity. While current interventions ameliorate disease 
symptoms, they do not provide a cure, and there is significant unmet medical need. Successful 
discovery and development of more effective CD therapies depends on a better understanding 
of the underlying mechanisms of disease, including how pro-inflammatory cells proliferate 
unchecked, and how the body’s own mechanisms might be enlisted to control inflammation. 
The studies presented in this thesis were undertaken to provide a better understanding of 
immunological parameters operational in CD. Current therapies target cytokines produced 
by pro-inflammatory immune cells and thereby reduce intestinal inflammation and induce 
remission of disease. Nevertheless not all patients respond to these therapies. Furthermore, 
among those responding initially, many patients fail subsequent efficacy of maintenance 
therapy. Starting a treatment for remission induction therapy is a matter of trial and error, since 
mechanisms predisposing or regulating non-response have not been elucidated. Moreover, 
the assessment of therapy efficacy is hampered by the lack of objective markers.  To identify 
biomarkers for therapy response, this thesis describes in depth analyses on patients that 
respond and patients who do not respond to remission induction therapy. By the identification 
of differential gene expression and cytokine profiles between responders and non-responders 
novel insights for biomarkers and underlying mechanisms are obtained. These studies provide 
a path to development of better diagnostics predicting response to therapy.

Part I: Innate lymphoid cells in  
inflammatory bowel disease

To improve therapeutic strategies, novel insights in the aetiology of CD are urgently needed. 
CD is considered an inflammatory autoimmune disease. Both the innate and adaptive immune 
systems are thought to contribute to the chronic intestinal inflammation. An involvement of 
myeloid cells is suggested by noted deficiencies in macrophages in inflamed tissues. Since 
cytokines such as IL-17, IL-22 and IFN-γ which are produced by T cells are elevated in CD 
inflamed intestine, a role of Th1 and Th17 cells has been postulated as well. Recent research 
has uncovered the existence of a class of lymphocytes called innate lymphoid cells (ILCs). ILC 
populations represent only a small fraction of the leukocytes in the circulation and tissues but by 
producing large amounts of cytokines they can shape a pro- or anti-inflammatory environment 
in specific tissues and contribute to several chronic inflammatory diseases. As explained in the 
introduction (chapter 1) ILCs consist of three groups that can be distinguished on the basis 
of cytokine production profiles and transcription factors they depend on for development and 
function. As studies in mouse models suggested a role of ILCs in IBD, we explored a possible 
role of these cells in the pathology of CD.
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Chapter 2 describes the discovery of a novel subset of ILCs, referred to as ILC1 which are 
dedicated to the production of IFN-γ. These ILC1 are different from natural killer (NK) and 
at least a proportion of these cells differentiate from RORγt+ ILC3 under the influence of 
IL-12. In this process RORγt is downregulated whereas the transcription factor Tbet, which 
drives production of IFN-γ, is strongly upregulated. In the inflamed intestine of CD patients 
these pro-inflammatory ILC1 accumulate and the number of IL-22-producing ILC3 decreases. 
Experiments using Dextran sodium sulphate (DSS) induced inflammation in human immune 
system (HIS) mice revealed that the increase in proportion of ILC1 and decrease of ILC3 
in the gut occurs as a consequence of the inflammation induced by DSS.  Based on these 
observations we speculate that in CD patients, high levels of IL-12 (from e.g. myeloid cells) 
could skew ILCs towards an ILC1 subset producing mostly IFN-y. In a chronic inflammatory 
environment ILC1 persist and thereby contribute to the pathology of chronic immune-mediated 
inflammatory diseases (IMIDs). 

Although this study has provided valuable information that point to a role of ILC1 in CD, it 
should be noted that the CD patient’s resection specimens used in this study reflect end-
stage disease, where no drug is anymore sufficient to suppress inflammation. Thereby the data 
extrapolated form these materials cannot be directly translated to newly onset inflammation 
in CD patients. Future studies on ILC subsets should comprise early onset IBD patients, 
or children, to accurately determine the contribution of ILC1 in CD onset. It is becoming 
increasingly clear that microbiota is one of the drivers of the inflammatory responses in the 
gut. However the underlying mechanisms are incompletely understood. In particular it needs 
yet to be determined whether and how the microbiota is responsible for induction of ILC1 
responses. Currently we are only in the beginning of elucidating the roles of ILCs in human 
inflammatory diseases and of the factors responsible for changing a protective ILC subset 
towards a pathogenic phenotype.

The contribution of bacterial colonization is briefly touched upon in the next chapter. The 
presence of different ILC subsets during fetal development is of interest since no bacterial 
colonization has occurred before birth. We can conclude that ILC1 co-exist with the presence 
of bacteria in the intestine since no ILC1 were present before birth. Chapter 3 describes 
characteristics and development of IL-17 producing ILCs that lack expression of the natural 
cytotoxicity receptor (NCR), NKp44, and IL-22 producing NKp44+ ILCs. NKp44+ILCs, do 
not depend on bacterial colonization since these cells arise in the fetal intestine during the 
first trimester. The proportion of those cells increase upon gestational age indicating that 
development of this subset in the gut is programmed. Confirming the potential homeostatic 
role of IL-22, the intestine of healthy human individuals contains mostly IL-22-producing 
NCR+ILC3. The NCR-ILC3 cells are also present in fetal gut but their proportions decrease 
over time. This population includes lymphoid tissue inducer cells (LTi cells) which are mainly 
present in fetal developing lymph nodes. After birth and through adulthood, NCR-ILC3 persist 
in peripheral non-inflamed lymph nodes as resting cells. In the inflamed CD intestine increased 
numbers of NCR-ILC3 have been described, which were thought to mediate inflammation 
by the production of IL-17. On the contrary, drugs blocking IL-17 worsened inflammation in 
CD patients. The exact role of NCR-ILC3 in the human gut remains to be pinpointed, but 
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these cells may be involved in generation of isolated lymphoid follicles as they do in mouse 
gut. In chronic inflammation in mice, and possibly in CD patients, organized tertiary lymphoid 
structures have been identified which are absent in healthy intestine. These structures, also 
referred to as ‘tertiary immune systems’, are not unique for CD but are associated with other 
IMIDs such as rheumatoid arthritis and multiple sclerosis. Thereby, novel insights in innate 
immune cells in CD will contribute to a better understanding and hopefully therapeutic target 
development for more IMIDs. 

Part II: Therapeutic efficacy in  
Crohn’s disease patients

The aim of chapter 4 was to screen patients during induction therapy and to determine potential 
biomarkers that support the treating physician’s assessment on response to therapy. In the 
course of this research, it became clear that only the treating physician’s opinion on active 
disease did not match results obtained with colonoscopy or MRI. Poor correlation was found 
between subjective disease activity scores, CD activity index (CDAI) and Inflammatory Bowel 
Disease Questionnaire (IBDQ) and the CD Endoscopic Index of Severity (CDEIS). It was 
realized that almost a third of patients would previously have been treated with expensive and/
or potentially harmful therapies while they did not have active CD. Why these latter patients 
did have symptoms mimicking active CD is not known but is probably due to irritable bowel 
syndrome (IBS) complains which represent a major component of IBD symptoms. These 
patients do not need anti-TNF drugs, but rather counselling to change their behaviour in food 
intake, stress and environmental factors of which many are still unknown. Based on the many 
patients that were false positively judged to be active by clinical assessment, it is strongly 
recommended to ascertain intestinal inflammation by endoscopy or MRI before the start of 
remission induction. Moreover, to assess therapeutic efficacy, a second endoscopy should be 
contemplated to ascertain response. Hopefully in the future, this burdensome investigation can 
be replaced by the measurements of objective biomarkers for therapy efficacy in peripheral 
blood. The next chapter elaborates on the pursuit for these biomarkers.

Chapter 4 describes several candidate biomarker profiles distinguishing non-responders from 
responders to remission induction therapy. At very early time points after the start of remission 
induction therapy differential profiles in gene expression can be identified. Genes expressed 
as early as 3 days after the start of therapy could be followed throughout induction therapy 
and retrieved after 7 and 14 days. Most genes identified had not been associated with IBD 
before except for two genes, fillaggrin-2 (FLG2) and calcyclin (S100A6) that turned out to be 
family members of calprotectin, a faecal marker for active IBD that was validated recently. At 
the time this study was designed, calprotectin had not been validated and therefore we cannot 
correlate faecal calprotectin levels with those of other members of this family. Nevertheless, 
this is the first study showing peripheral blood gene expression time series in CD revealing the 
possibility to identify biomarkers in peripheral blood of CD patients. Presumably, these early 
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differences in gene expression between responders and non-responders reflect changes in 
patient’s metabolic state or general inflammatory state rather than healing of the intestinal 
mucosa. For example, ANK1, MICAL2, FHL2 and IGF2BP2 expression levels decrease 
quickly after 3 days in non-responders and remain their expression in the following weeks. 
Other genes show different profiles, including FLG2 and CNOT4, which are most differentially 
expressed after 7 days of therapy and restore after 14 days of therapy. The preliminary data 
on diagnostic accuracy of the identified genes seems promising and should be validated in 
an independent cohort. These biomarkers could be measured before and after one week of 
therapy revealing a risk for patients to fail induction therapy when expression levels decrease 
in patients, whereas patients seem likely to respond when expression levels increase after 
one week. Possibly the combination of genes could provide more diagnostic accuracy 
however this needs to be investigated in future studies.  The main strength of this study is 
the consecutive blood samples that were drawn from each patient. Individual fold changes 
in gene expression were calculated from repeated measurements after 3, 7, 14 and 56 days 
in comparison with baseline expression. By differentiating responders from non-responders 
at consecutive time points during therapy, these data are likely more robust than single 
observations per patient. Moreover, the false discovery rate is limited by consecutive sampling. 
Patients were extensively phenotyped to determine response or non-response, however the 
primary endpoint of individual CDEIS improvement after 8 weeks of therapy is not infallible. 
The best timing to determine response has been debated, where some suggest to assess 
response about a month later. Furthermore, one might argue the value of mucosal healing 
versus patient’s subjective interpretation of complaints. We should integrate these parameters 
to avoid the difference between patient’s concern to feel better and doctor’s intention to 
improve healing of the mucosa. 

The difficulties to determine therapeutic response in daily clinical practice are further discussed 
in chapter 5, 6 and 7. In daily clinical practice physicians experience an extensive variability 
in symptoms and endoscopic lesions. Clinical trials that elaborate on therapy efficacy only 
represent a subset of patients, treated in tertiary referral centres, and inclusion based on 
strict criteria limiting the variety of disease activity and co-morbidity. On the other hand, 
retrospective studies are restricted in the ability to classify response in retrospect, since data 
originate from medical charts depending on the documentation of symptoms, laboratory values 
and endoscopic assessment by the treating physician. Nevertheless, to counsel a diverse 
population of CD patients and improve treatment strategies, retrospective data on therapy 
efficacy are essential to reflect daily clinical practice. 

Chapter 5 described a cohort of CD patients, and their treatment with adalimumab (anti-
TNF) in a daily clinical practice setting. Eighteen hospitals in North-Holland, a province of the 
Netherlands, participated which resulting in a population-based cohort of 438 CD patients. 
Primary non-response, as described in the previous chapter, occurred in 7.5% of patients. 
After 1 year 83% of patients showed response defined as ongoing therapy, followed by 74% 
after 2 years, and 62% after 3 years. Steroid-free remission at the end of follow-up was only 
observed in one third of patients. This low number might have been influenced by the limited 
duration of adalimumab therapy (median follow-up of 2 years) in this cohort. Patients with 
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observed intestinal strictures were at risk to fail induction therapy (OR 3.73; P = 0.04). Some 
of these strictures will probably have been fibrotic rather than inflammatory and therefore 
these should have been resected instead of treated with medication. However, this distinction 
is often not clearcut at imaging before the start of therapy. Furthermore, increased levels 
of CRP predicted higher rates of initial response (OR 0.31; P < 0.01). It is likely that this 
association reflects the difficulty in the assessment of disease activity in CD patients. When 
endoscopy is not performed in patients lacking inflammatory markers, such as CRP, one 
might treat IBS-like symptoms in stead of intestinal inflammation. Since these patients did not 
have active inflammation to start with, response rates will be low and efficacy will be based 
on placebo response. These findings stress the importance for imaging before the start of 
remission induction therapy to avoid anti-TNF treatment of IBS rather than IBD symptoms. 
During maintenance therapy, the additive effect of thiopurines has been accepted for infliximab 
but this has been controversial for adalimumab. Yet, in this study concomitant thiopurines in 
the first 6 months of adalimumab treatment decreased the risk to fail maintenance therapy 
(HR 0.69; P = 0.05). Recent meta-analyses showed no beneficial effect for thiopurines next 
to adalimumab. However, most trials and retrospective studies include patients who are more 
severely affected and are therefore referred from regional hospitals to tertiary referral centres. 
The present cohort is population based, comprising all CD patients treated with adalimumab 
in North-Holland, and thereby reflect real-life practice more accurately. Future prospective 
studies, randomizing thiopurines next to adalimumab both in tertiary referral centres and in 
regional hospitals, are needed to elucidate this matter. Different from a decade ago, when 
infliximab was investigated, many patients treated with adalimumab previously received 
infliximab (mostly with concomitant thiopurines) and thereby TNF-driven pathways, and 
response, may have been altered. In this cohort, previous infliximab therapy did not affect 
response to adalimumab, however dose escalation was more often deemed necessary  
(P <0.01). Careful consideration of patient’s individual risks to fail induction therapy is 
important, based on e.g. the onset of disease at young age, ileal involvement or peri-anal 
fistula’s, and previous failure of therapy. Some subgroups may benefit from more aggressive 
treatment strategies, including concomitant thiopurines next to adalimumab, whereas others 
should be protected from over-treatment with potentially harmful drugs. 

In Chapter 6 a cohort study was performed to assess long-term safety and efficacy of 
infliximab (anti-TNF) therapy for CD patients. In total, 469 patients were included from two 
tertiary referral centres. In 1993, infliximab was administered for the first time to a young CD 
patient in our hospital and has since then been administered with different strategies. Since 
(long-term) side-effects were not fully known, the first infliximab infusions were administered 
only when complaints of active CD appeared, also called episodic treatment. Currently, all 
patients receive infliximab maintenance therapy according to a regular scheme since adverse 
events are thereby reduced and efficacy is improved. Nevertheless, CD patients are affected 
for life thus prospective safety registries are urgently needed to assure long-term safety. The 
present cohort lists the reported adverse events during and in the first years following infliximab 
therapy. Nine patients (1.9%; 0.39/100 patient years) died at a median age of 48 years due 
to malignancies, myocardial infarction, a bowel perforation and bilateral pneumonia. Most 
malignancies occurred at a median age of 45 years and were located at the gastrointestinal 
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site, followed by haematological and respiratory malignancies. Half of the malignancies 
were diagnosed during infliximab treatment after a median of 11 (IQR 4-23) infusions. All 
malignancies were estimated to be possibly related to infliximab. Nevertheless, IBD itself also 
gives rise to an increased risk for gastrointestinal malignancies based on chronic inflammation 
of the intestine. And so do other immunosuppressive drugs like thiopurines, where patients 
have been previously treated with. Thus the additive effects of infliximab on development of 
malignancies in IBD are unambiguous to investigate. Still, these risks should be taken into 
account when starting anti-TNF treatment in each individual patient.
In the recent decade of infliximab treatment 15% of this cohort showed primary non-response. 
After 5 years about 55% of all patients showed sustained benefit with infliximab therapy. 
CD is a chronic disease and therefore 5-year data are of interest but more long-term data 
remain essential. Half of CD patients lost their response to infliximab therapy after 5 years. 
To improve maintenance therapy, a few years ago concomitant immunosuppressants were 
shown to ameliorate the outcome of maintenance therapy. This change in treatment strategy 
will bias future studies focussing on 10 or even 20 year efficacy of infliximab, thus patients 
should be stratified for concomitant immunosuppressants and moment in history that infliximab 
was administered. 

No prospective trial has compared head-to-head the efficacy of adalimumab and infliximab 
for CD.  When we compare this cohort with the adalimumab cohort described in the previous 
chapter, both therapeutics result in similar response rates. Notwithstanding, adalimumab did 
not result in a significant decrease in surgical interventions whereas infliximab did (P < 0.02). 
This may be due to the limited time of follow-up in the adalimumab cohort, and the high rates 
of surgeries before the start of adalimumab. 

Since the introduction of biologicals, many patients started infliximab, switched or had 
preferences for adalimumab and failed both therapies. However, was this really failure of 
therapy or rather inefficient administration, e.g. lack of concomitant thiopurines next to 
infliximab? In other words, what can we do for highly refractory CD patients? To address this 
question we performed an in depth analysis on treatment outcome in patients who switched 
from infliximab to adalimumab and returned to infliximab. Chapter 7 reports on the clinical 
outcome of a second infliximab treatment after earlier discontinuation and previous switch 
to an alternative anti-TNF agent. Twenty-nine CD patients with sequential infliximab and 
adalimumab treatment and a restart of infliximab were retrieved from the cohort investigated 
in chapter 6. An intensified dosing schedule (>5mg/kg or <8 weekly) was started in 45% of 
patients and 79% of patients were re-started on a similar infliximab schedule as before. During 
the second infliximab treatment course, dosing was further intensified in 38% of patients. After 
18 months of infliximab retreatment 62% of patients continued their second infliximab course. 
After a median of 7 months, 24% of patients stopped infliximab due to loss of response, 
intolerance (10%) or non-compliance (3%). Use of an induction schedule or concomitant 
immunomodulators was not associated with treatment benefit. Important to note is that not 
all patients failed infliximab at the time of first discontinuation. About 24% of patients were 
in clinical remission and 10% preferred a subcutaneous route of drug administration. Still, 
sustained benefit and clinical remission rates after 18 months were similar. The previous 
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chapter showed that temporary discontinuation of infliximab, without adalimumab in between, 
also did not result in more loss of response. So far “drug-holidays” were discouraged since 
more loss of efficacy was observed next to increased adverse events (e.g. infusion reactions) 
after “drug-holidays”. Indeed, in the previous chapter, 20% of patients ceased their second 
episode of infliximab therapy due to adverse effects, which was more often than first-episode 
users. What mechanisms cause these adverse events are of major interest since selective 
blocking of antibody formation or other causes of infusion reactions would provide new 
possibilities in re-treatment of highly refractory patients. Recent reports showed that infliximab 
re-treatment is even a viable option after “drug-free-years” in people with limited therapeutic 
options. Nevertheless, switching from one anti-TNF to another should be discouraged since 
recent prospective analyses showed that after a complete response to infliximab, direct 
elective switching to adalimumab is associated with loss of efficacy and loss of tolerance 
after one year. Still, for many CD patients there are no alternatives than surgery, due to the 
lack of therapeutic drugs. For these highly refractory patients, when failing adalimumab, after 
prior infliximab, returning to infliximab should not be precluded since this could be a valuable 
strategy. In summary, these results stress the importance of development of better diagnostics 
and novel therapeutic drugs.
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Samenvatting voor niet-ingewijden

De ziekte van Crohn en colitis ulcerosa zijn twee vormen van chronische darmontstekingen, 
oftewel inflammatory bowel disease (IBD). IBD is een chronische ziekte die voorkomt bij 
miljoenen mensen verspreid over de hele wereld. Patiënten hebben last van moeheid, malaise 
en chronische diarree komt vaak voor. Huidige therapieën (medicatie en operaties) zijn voor een 
groot deel van de patiënten voldoende om symptomen te bestrijden, al kunnen patiënten niet 
genezen worden. Patiënten reageren niet altijd op medicatie en vaak verliezen medicijnen hun 
effectiviteit gedurende de behandeling. Het is niet bekend waarom dit gebeurt. Er is vooralsnog 
geen test voorhanden om te voorspellen of een patiënt zal reageren op een therapie.

Om nieuwe effectieve medicatie te ontwikkelen, is een beter begrip van de oorzaak van IBD 
nodig. IBD wordt veroorzaakt door een combinatie van familiaire aanleg (genetisch), met daarbij 
een ontstekingsreactie door cellen van het afweersysteem (immunologisch) op verschillende 
omgevingsfactoren, zoals stress en dieet, maar ook de microflora die in de darm aanwezig is. 
In de darm is er een voortdurend aanbod van prikkels voor het afweersysteem. Veel prikkels, 
bijvoorbeeld sommige soorten bacteriën, zijn ongevaarlijk voor de mens, en het is dan ook 
belangrijk dat cellen van het afweersysteem niet op elke prikkel in de darm reageren door 
ontstekingseiwitten te maken. Het delicate evenwicht in eiwitten die ontsteking bevorderen 
en remmen blijkt bij IBD uit balans. De beschreven studies geven nieuwe inzichten in de 
afweercellen betrokken bij IBD. Voorts worden de effectiviteit van IBD geneesmiddelen, en 
mogelijke biomarkers voor reactie op een behandeling, bestudeerd.

Deel I: “Innate lymphoid cells”  
bij de ziekte van Crohn

Om nieuwe behandelingen te ontwikkelen is het noodzakelijk meer te begrijpen van de 
oorzaak van IBD. Dit wordt gezien als een auto-immuun ziekte waarbij het afweersysteem 
veel ontsteking bevorderende eiwitten produceert in plaats van ontstekingsremmende 
eiwitten, die belangrijk zijn tegen chronische ontstekingen. Het afweersysteem bestaat uit 
twee soorten cellen: een aangeboren deel en een verworven deel. De aangeboren cellen 
kunnen overal op reageren, zijn niet specifiek, en vormen de eerste verdedigingslinie in de 
darm. Het verworven immuunsysteem heeft speciale receptoren en kan daarmee specifieke 
prikkels herkennen en aanpakken. In de darm van IBD patiënten produceren zowel de 
aangeboren afweercellen (myeloïde cellen), als verworven cellen (T- en B- lymphoïde cellen) 
veel ontstekingseiwitten. Onlangs is een nieuw soort aangeboren cellen ontdekt, dat lijkt op 
T lymphoïde cellen (verworven) maar geen specifieke receptoren heeft (aangeboren). Deze 
cellen worden aangeboren lymphoïde cellen genoemd, oftewel “innate lymphoid cells” (ILCs). 
Deze ILCs vertegenwoordigen maar een klein deel van alle afweercellen die in het lichaam 
aanwezig zijn, maar door hoge productie van eiwitten kunnen ILCs een belangrijke rol spelen 
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in chronische ontstekingsziekten. Deel 1 van dit proefschrift beschrijft ILCs gedurende de 
foetale ontwikkeling van de darm en de veranderingen in ILCs die plaatsvinden bij patiënten 
met de ziekte van Crohn. 

Hoofdstuk 2 beschrijft de ontdekking van een nieuw soort binnen de populatie van ILCs. Deze 
soort ILCs produceert vergelijkbare eiwitten als type 1 T helper cellen, en wordt daarom ILC1 
genoemd. In de gezonde darm zijn ILC3 aanwezig die ontstekingsremmende eiwitten maken. 
Echter in de darm van patiënten met de ziekte van Crohn bleek de populatie van ILC1 de 
overhand te hebben; cellen die waarschijnlijk teveel ontstekingseiwitten maken. Niet alleen in 
patiënten, ook in een muismodel van IBD werd een toename van ILC1 in de darm gevonden. 
Deze bevindingen vormen een nieuw doel voor therapie in de toekomst.

In Hoofdstuk 3 worden verschillende ILC populaties tijdens de foetale ontwikkeling van de 
darm besproken. Dit is interessant omdat voor de geboorte van de mens, de darm nog steriel 
is en hier nog geen bacteriële flora aanwezig is. Na de geboorte stuurt de flora van de darm 
waarschijnlijk verschillende soorten afweercellen en de eiwitten die zij produceren. Uit deze 
studie kunnen we concluderen dat ILC1 waarschijnlijk pas ontstaan nadat de bacteriële flora 
in de darm komt, aangezien ILC1 nog niet aanwezig zijn in foetale darm. Andere ILC soorten, 
zoals ILC3, die ontstekingremmende eiwitten maken, zijn al in het eerste trimester in de darm 
aanwezig en nemen toe gedurende de ontwikkeling van de darm. Bij volwassen gezonde 
mensen is de meerderheid ILC3. Verder onderzoek naar de interactie tussen darmflora en ILCs 
is belangrijk om de oorzaak van verschillende chronische ziekten te begrijpen. Dit onderzoek 
staat echter nog in de kinderschoenen.

Deel II: Effectiviteit van de behandeling  
van de ziekte van Crohn

In de volgende hoofdstukken wordt de effectiviteit van de behandeling van de ziekte van Crohn 
beschreven. Deze medicijnen remmen het ontstekingseiwit Tumor Necrosis Factor (TNF). 
Infliximab is een medicijn dat via een infuus wordt toegediend, terwijl adalimumab onder de huid 
wordt ingespoten. Het is echter niet mogelijk om te voorspellen of patiënten zullen reageren 
op deze behandeling. Ook het werkingsmechanisme van “verlies van respons” is onbekend. 
Daarom is het belangrijk om biomarkers te kunnen gebruiken die kunnen voorspellen of een 
patiënt zal reageren op een dure en vaak potentieel schadelijke behandeling. Het is echter niet 
eenvoudig om patiënten in te delen in enerzijds goede respons (responders) en anderzijds 
slechte respons (non-responders) op een behandeling. Hiervoor zijn verschillende methoden 
die allemaal hun tekortkomingen hebben. In het bijzonder is het gebruik van vragenlijsten (o.a. 
het scoren van buikpijn) onderhevig aan de subjectieve beleving van de patiënt wat leidt tot 
een hoge placebo respons. Een coloscopie (darmonderzoek) herhalen na een paar weken kan 
veel informatie geven over de darm en eventuele afname van ontsteking in de darm, maar blijkt 
niet overeen te komen met de (buikpijn)klachten die een patiënt ervaart. Het is dus belangrijk 
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om een objectieve test te kunnen gebruiken die respons op een behandeling kan voorspellen. 
Deze test op zogenaamde biomarkers voor therapie respons bestaat nog niet. Deel 2 van 
dit proefschrift beschrijft mogelijke biomarkers voor therapie respons, evenals de dagelijkse 
praktijk in Nederland: hoe goed reageren patiënten werkelijk op behandeling? 

Hoofdstuk 4 beschrijft mogelijke biomarkers die responders van non-responders op therapie 
kunnen onderscheiden na de eerste week van behandeling. Om een biomarker voor respons 
te identificeren in het bloed, werden Crohn patiënten met actieve ziekte in de darm gevraagd 
om op verschillende tijdstippen bloed af te geven gedurende hun behandeling. Na acht weken 
werd besloten, op basis van een coloscopie, of iemand respons had of juist non-respons. 
Vervolgens werd het bloed gescreend op de expressie van genen. Al vroeg na het beginnen 
met behandelen werd een verschillend expressie profiel gezien in het bloed van patiënten 
die reageerden op de behandeling in vergelijking met patiënten die niet reageerden. De 
betrokkenheid van deze genen is nog niet eerder beschreven bij de ziekte van Crohn. Om 
de diagnostische waarde van deze biomarkers goed te kunnen vaststellen, zal in de toekomst 
een groot patiënten cohort onderzocht moeten worden. Deze biomarkers kunnen na een week 
behandelig gemeten worden in het bloed van patiënten om een onderscheid te maken tussen 
goede of onvoldoende respons op behandeling.

Hoofdstuk 5 beschrijft een cohort van 438 Crohn patiënten in achttien ziekenhuizen in 
Noord Holland, die behandeld zijn met adalimumab. Deze data zijn interessant omdat dit de 
effectiviteit van dit relatief nieuwe medicijn weergeeft in de dagelijkse praktijk in Nederland. Dit 
is in tegenstelling tot wat farmaceutische trials weergeven, waarbij inclusiecriteria streng zijn, 
en alleen een deel van de patiënten vertegenwoordigd is. Deze retrospectieve studie liet een 
goede respons zien op de eerste fase van behandeling, de remissie inductie fase, gevolgd 
door ongeveer 10% verlies van respons gedurende de jaren die hierop volgen. Verder werden 
risicofactoren voor therapie falen geïdentificeerd, zoals darm vernauwingen. Er bleek minder 
verlies van respons op te treden bij patiënten die naast adalimumab, ook thiopurines gebruikten. 

In Hoofdstuk 6 wordt de effectiviteit van infliximab bekeken, de eerste anti-TNF therapie die 
beschikbaar kwam voor de behandeling van de ziekte van Crohn. Een cohort werd onderzocht, 
bestaande uit alle Crohn patiënten uit het VUMC en het AMC, die in de afgelopen tien jaar 
behandeld werden met infliximab. In 1993 werd de allereerste patiënt ter wereld behandeld met 
infliximab in het AMC. Sindsdien zijn verschillende behandelingsstrategieën (elke 8 weken of 
alleen bij klachten) geprobeerd welke in deze studie vergeleken werden in effectiviteit. Ook bij 
infliximab is comedicatie met thiopurines aan te bevelen om verlies van respons te verminderen. 
Naast de effectiviteit van infliximab werden ook de bijwerkingen die optraden beschreven.  Er 
traden bijwerkingen op variërend van luchtweginfecties tot en met kwaadaardige tumoren. 
Retrospectief bijwerkingen toedichten aan een behandeling is vrijwel onmogelijk, maar deze 
gegevens blijven belangrijk aangezien hiermee in de toekomst rekening gehouden kan worden. 

Sinds de introductie van infliximab en later adalimumab, hebben patiënten in wisselende volgorde 
deze behandelingen ondergaan. In Hoofdstuk 7 wordt de effectiviteit van opeenvolgende 
anti-TNF behandelingen beschreven. Patiënten die niet reageren op verschillende medicijnen, 
en zelfs niet op verschillende anti-TNF medicijnen, houden weinig behandelingsopties over. 



Deze kleine groep patiënten noemen we “refractair”, en vaak blijft alleen de mogelijkheid van 
chirurgie over. Echter, uit de huidige studie blijkt dat deze patiënten vaak nog goed behandeld 
kunnen worden met infliximab, waar zij initieel niet voldoende op gereageerd zouden hebben. 
Ook in deze studie komt duidelijk naar voren dat het moeilijk is om respons op therapie te 
meten. Gelukkig konden veel patiënten die eerder gestopt waren met infliximab, vanwege 
(onvoldoende) respons of bijwerkingen, vaak toch nog goed behandeld worden met dit initieel 
afgeschreven medicijn. 

Samenvattend beschrijft dit proefschrift drie aspecten van de ziekte van Crohn: de dagelijkse 
praktijk en effectiviteit van behandeling, een nieuwe manier om respons op therapie te 
voorspellen en potentieel nieuwe behandelingsdoelen voor de ziekte van Crohn: innate 
lymphoïde cellen.
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1. PhD training

General courses  Year Workload (ECTS)

Better Use of PubMed 2009 0.2

Clinical Data Management 2009 0.3

Clinical Epidemiology 2009 0.6

Practical Biostatistics 2010 1.1

Specific courses Year Workload (ECTS)

Crash Course: Basic Chemistry, 
Biochemistry, Molecular Biology

2009 2.5

Mass Spectrometry, Proteomics
And Protein Research

2009 0.4

Seminars, workshops and master 
classes

Year Workload (ECTS)

Baltic Summer School:
The Genetic Basis of Medicine

2009 5.0

4th European Workshop on Immune-
Mediated Inflammatory Diseases

2009 0.4

Symposium Klinische Immunologie 2009 0.25

Ontsteking in de darm en andere 
organen

2009 0.25

Presentations Year Workload (ECTS)

A shift in the composition of innate 
lymphoid cell populations in Crohn’s 
disease, UEGW

2011 0.5

Real-life experience with adalimumab 
in 427 Crohn’s patients in the 
Netherlands, UEGW

2011 0.5

A shift in the composition of innate 
lymphoid cell populations in Crohn’s 
disease, Falk symposium

2011 0.5

A novel innate lymphoid cell in 
intestinal inflammation in Crohn’s 
disease, Dutch Society for 
Immunology (NVVI)

2011 0.5

A shift in the composition of innate 
lymphoid cell populations 
in Crohn’s disease, World Immune 
Regulation Meeting V

2011 0.5
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A novel IFN gamma producing type 
of innate lymphoid cell in Crohn’s 
disease, World Immune Regulation 
Meeting VI

2012 0.5

Peripheral blood biomarkers for 
therapy response in Crohn’s disease, 
UEGW

2013 0.5

Gene expression profiles in 
peripheral blood as early biomarkers 
for response to induction therapy in 
Crohn’s disease, NVGE 

2014 0.5

Prediction of response to 
adalimumab induction therapy in 
Crohn’s disease patients, DEGH

2014 0.5

(Inter)national conferences Year Workload (ECTS)

United European Gastroenterology 
Week, London, Great Britain

2009 1.25

United European Gastroenterology 
Week, Barcelona, Spain

2010 1.25

United European Gastroenterology 
Week, Stockholm, Sweden

2011 1.25

Nederlandse Vereniging voor 
Immunologie (NVVI)

2011 0.50

World Immune Regulation Meeting 
VI, Davos, Swiss

2011 1.25

World Immune Regulation Meeting 
VI, Davos, Swiss

2012 1.25

United European Gastroenterology 
Week, Berlin, Germany

2013 1.25

Digestive Disease Week, Orlando, 
USA

2013 1.25

ECCO - Inflammatory Bowel 
Diseases, Dublin, Ireland

2011 1.25

ECCO - Inflammatory Bowel 
Diseases, Copenhagen, Denmark 

2014 1.25

Nederlands Vereniging voor 
Gastroenterologie en Hepatologie 
(NVGE), Veldhoven, The 
Netherlands & Dutch Experimental 
Gastroenterology and Hepatology 
Meeting, Veldhoven, The Netherlands 

2009 – 2014 2.50
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Other Year Workload (ECTS)

AIOS representative in daily board 
of the Tytgat Institute for Liver and 
Intestinal Research

2010 – 2011 3

Chairman of the Young Initiative on 
Crohn’s and Colitis (YICC)

2010 – 2014 4

2. Teaching

Lecturing Year Workload (ECTS)

Immunology of inflammatory bowel 
diseases, bachelor students Medical 
studies

2012 1

Epidemiology of inflammatory bowel 
diseases, bachelor students Medical 
studies

2014 1

Supervising Year Workload (ECTS)

Scientific internship of Pim 
Weijenborg, medical student

2010 2

Scientific internship of Merel  
Hartgers, medical student

2011 3

3. Parameters of Esteem

Grants Year

AGIKO grant for “The discovery of 
lymphoid tissue inducer cells as key 
players in Crohn’s disease”, ZonMW

2011

Awards and Prizes Year

Best abstract:
Real-life experience with 
adalimumab in 427 Crohn’s 
patients in the Netherlands, United 
European Gastroenterology

2011

Best poster: 
A novel IFN gamma producing type 
of innate lymphoid cell in Crohn’s 
disease, World Immune Regulation 
Meeting VI, Davos, Switserland

2012
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Publications

Adalimumab for Crohn’s disease: long-term sustained benefit in a population-based cohort 
of 438 patients.
Peters CP, Eshuis EJ, Toxopeus FM, Hellemons ME, Jansen JM, D’Haens GRAM, Fockens P, Stokkers 
PCF, Tuynman HARE, van Bodegraven AA, Ponsioen CY, On behalf of the North Holland GUT club. 
Accepted for publication in Journal of Crohn’s and Colitis 2014

Effects of infliximab retreatment after consecutive discontinuation of infliximab and 
adalimumab in refractory crohn’s disease.
Brandse JF, Peters CP, Gecse KB, Eshuis EJ, Jansen JM, Tuynman HARE, Löwenberg M, Ponsioen CY, 
van den Brink GR, D’Haens GRAM. Accepted for publication in Inflammatory Bowel Diseases 2014

Ten years of infliximab for Crohn’s disease: outcome in 469 patients from 2 tertiary referral 
centers. 
Eshuis EJ, Peters CP, van Bodegraven AA, Bartelsman JF, Bemelman W, Fockens P, D’Haens GR, 
Stokkers PC, Ponsioen CY. Inflammatory Bowel Diseases. 2013 Jul;19(8):1622-30

Human type 1 innate lymphoid cells accumulate in inflamed mucosal tissues.
Peters CP & Bernink JH, Munneke M, te Velde AA, Meijer SL, Weijer K, Hreggvidsdottir HS, Heinsbroek 
SE, Legrand N, Buskens CJ, Bemelman WA, Mjösberg JM, Spits H. Nature Immunology 2013 
Mar;14(3):221-9.

The transcription factor GATA3 is essential for the function of human type 2 innate lymphoid 
cells.
Mjösberg J, Bernink J, Golebski K, Karrich JJ, Peters CP, Blom B, te Velde AA, Fokkens WJ, van Drunen 
CM, Spits H. Immunity. 2012 Oct 19;37(4):649-59. 

Transcriptional control of innate lymphoid cells.
Mjösberg J, Bernink J, Peters C, Spits H. European Journal of Immunology 2012 Aug;42(8):1916-23.

Functional Differences between Human NKp44(-) and NKp44(+) RORC(+) Innate Lymphoid 
Cells.
Peters CP & Hoorweg K, Cornelissen F, Aparicio-Domingo P, Papazian N, Kazemier G, Mjösberg JM, 
Spits H, Cupedo T. Frontiers in Immunology 2012 Apr 9;3:72. 

Anti-inflammatory effects of urocanic Acid derivatives in models ex vivo and in vivo of 
inflammatory bowel disease.
Kammeyer A, Peters CP, Meijer SL, Te Velde AA. ISRN Inflammation 2012 Sep 5;2012:898153.

Human IL-25- and IL-33-responsive type 2 innate lymphoid cells are defined by expression of 
CRTH2 and CD161.
Mjösberg JM, Trifari S, Crellin NK, Peters CP, van Drunen CM, Piet B, Fokkens WJ, Cupedo T, Spits H. 
Nature Immunology 2011 Sep 11;12(11):1055-62. 

Accumulation of bioactive lipids during storage of blood products is not cell but plasma 
derived and temperature dependent.
Vlaar AP, Kulik W, Nieuwland R, Peters CP, Tool AT, van Bruggen R, Juffermans NP, de Korte D. Transfusion. 
2011 Nov;51(11):2358-66.
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About the author

On the 25th of May 1984, Charlotte was born in IJsselstein. About twenty minutes later, her 
identical twin sister Rosa was born. After graduating at the Montessori Lyceum Amsterdam in 
2002, she started her Medical studies at the University of Amsterdam. In her second year of 
medical school, Charlotte first encountered academic research in the group of Prof. Krediet 
and Dr. Machteld Zweers, where she performed dialysis experiments on uremic rats. During her 
medical school she did several rotations abroad, starting with nursing in Paramaribo, Suriname, 
followed by teaching sessions for nurses next to medical care for AIDS patients in Lusaka, 
Zambia, and finally rotations at the department of emergency medicine in Kansas, USA. At 
the end of her studies it became clear that Charlotte wanted to become a gastroenterologist, 
and supervised by Dr. Pieter Stokkers and Dr. Anje te Velde, she started her PhD in 2009 
in translational gastroenterology. After one year, Charlotte extended her research with 
an exiting new field of immunology: “Innate lymphoid cells” supervised by Prof. dr. Hergen 
Spits and Dr. Jenny Mjösberg. Her interest and enthusiasm for this subject prompted her to 
continue this research next to patient care, and therefore she received an Agiko grant from 
the Dutch government (ZonMW). The Agiko subsidy is intended for researchers who combine 
their doctoral research with specialist clinical training (Agiko is the acronym for assistent 
geneeskundige in opleiding tot klinisch onderzoeker, or Assistant Physician in Training as 
a Clinical Researcher). In April 2012 she started her residency in Gastroenterology and 
Hepatology under the supervision of Prof. dr. Paul Fockens and Prof. dr. Ulrich Beuers. Her 
first year of residency took place at the department of Internal medicine at the Onze Lieve 
Vrouwe Gasthuis, supervised by Dr. Yves Smets. On the 25th of April 2014 she will defend 
her thesis, named: “Crohn’s disease: mucosal immunology and immune modulating therapy”.
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Dankwoord

Beste Hergen, ik bewonder je wetenschappelijk inzicht en kennis in de immunologie. Gelukkig 
heb ik je ook leren kennen als strenge doch echtvaardige mentor, maar ook altijd in voor 
een borrel op de Parade met Ellen, en je vriendelijkheid in moeilijkere tijden. Dank voor mijn 
ervaring als arts onderzoeker in de wereld van de immunologie. Als maag- darm- leverarts voel 
ik mij bevoorrecht dat ik dit basale immunologie onderzoek heb leren doen, en samen met 
Jenny en Jochem mooie resultaten heb geboekt, onder jouw supervisie. 

Lieve Anje, jij bent een voorbeeld voor mij van uitzonderlijke vriendelijkheid en geduld. (Bijna) 
altijd kon je mij geruststellen als ik weer eens je kamer in stormde met een plan, succes, 
wanhoop of frustratie. Dank voor je begeleiding en enthousiasme, dat geen experiment te duur 
was voor mijn waardevolle patiënten samples, en je overal wel een interessant resultaat in zag. 

Cyriel, rots in de branding, nooit is iets teveel, strenge blik met bril, maar ook zeker een hart 
onder de riem waar nodig. Dank dat je als dirigent het stokje overnam van Pieter en je enorm 
hebt ingezet om mijn onmogelijke studies te doen slagen. Ik hoop dat we als collega’s blijven 
samenwerken, en je me dan wat minder vaak juffrouw dram dram zal noemen.

Paul, dank dat je mijn klinische promotor bent en nog meer voor het ondersteunen van mijn 
Agiko-beurs! Hierdoor heb ik met meer plezier verder kunnen werken aan mijn onderzoek, 
omdat ik een extra jaar kreeg voor onderzoek en tussendoor kon beginnen in het OLVG aan 
mijn specialisatie tot maag- darm- leverarts. 

Beste Pieter, jij hebt mij ooit de IBD binnen gehaald. Jouw prozaïsche fascinatie van de darm 
en de mens inspireerden mij om bij jullie onderzoek te gaan doen. Dank voor de voorzet van 
dit boekje, en ik hoop je binnenkort als collega weer te spreken over de wondere wereld van 
darmen en dichtbundels.

Dear Jenny, we spend two years days and nights in the lab together. In no time you taught me 
everything there is to know from clogging cell sorters to gating in flowjo, unwanted T cells to 
assumed ILCs that never wanted to grow in culture... Thank you so much for teaching me, and 
guiding me through the world of immunology. But most of all, thank you for our friendship. I am 
very proud that you want to be my Swiss paranimph from Stockholm.

Lieve Teaco, gelukkig was jij altijd bereid om een ommetje AMC te maken als emoties of frus-
traties te groot werden. Ook alle etentjes, boottochtjes en dansavonden maak jij tot een feest! 
Ik ben trots dat je mijn paranimf bent, laten we samen de MDL in Nederland een lesje leren…

Kirsten en Simone, met z’n drieën (kwik, kwek en kwak) volgens Pieter en Cyriel. Vooral de 
gezelligheid, met af en toe een extra wijntje in Calais. Dankzij jullie bleef ik doorzetten en 
is dit proefschrift er ook echt gekomen, dankjulliewel. Noortje, wat fijn dat jij bij ons snel 
groeiende IBD clubje kwam. Dank voor je gezelligheid en steun in het laatste jaar van mijn 
promotie. Hanke, held met infliximab en zowaar ook nog een paper samen gepubliceerd! Was 
dat enorme cohort toch niet voor niks.  Florien, 438 statussen bekijken was echt veel leuker 
samen, je bent een lieve collega en gelukkig kunnen we de koffie inhalen als ik terugkom naar 
het AMC. Mirjam, Maria en Suzan dank voor alle invalhulp als ik patiënten en experimenten 
tegelijk moest uitvoeren, niets was jullie te gek.
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The IBD lab-crew: Esther, Caro, Sander, Cindy, Faas en Nicolette. Wat hebben we veel 
buisjes gestickerd, uren door de -80 vriezer geploegd op zoek naar samples met tussen alle 
bezigheden door nog zo’n honderd resectiepreparaten waar dan weer cellen uit geïsoleerd 
moesten worden. Dank voor jullie geduld, leerzame geordendheid, en steun waar nodig, niet 
alleen in het lab maar ook daarbuiten. Cindy, dank dat we samen konden kletsen, lachen, 
zeuren en huilen in mijn laatste jaar op het lab. Nicolette, zet ‘m op met de nieuwe olifant! Hou 
vol, komt goed. Faas, zonder jouw inzet (de Luminex, de microarrays, de isolaties en ga zo 
maar door) was de SHARC studie er nooit gekomen. Dank.

The Spits group: Jochem, Marius, Jenny, Sara, Nathalie en Marijn: Jochem, jouw kritische blik 
en onvoorstelbare enthousiasme hebben geleid tot prachtige artikelen. Ik ben je dankbaar 
dat je na onze ILC1 bevindingen bij Crohn ook  daadwerkelijk het fundament van de ILC1 
paper kon leggen met functionele proeven zodat ons artikel in Nature Immunology verscheen! 
Marius, die jongen die zo leuk danst op mijn verjaardag, en altijd bereid een kast uit elkaar te 
halen of een biertje te drinken. Sara, je bent een schat. Julien, I hope you will enjoy and kick 
ass in the ILC World. Berend en Toni, dank voor alle hulp met facsen en tig-kleuren panels 
compenseren… 

De klinische AIOS van de afdeling Maag- Darm- Leverziekten, dank voor de gezellige 
wintersport, de vele flinke borrels, de lunch om 12 uur, en tot in de kliniek!

Merel Hellemons, dank dat je mijn steun en toeverlaat wilde zijn voor de statistiek van het grote 
adalimumab cohort. Wat jij met stata kan is ongeëvenaard, zonder jou was dit artikel nooit zo 
mooi geworden (en vooral de multivariate hazard regression ratio’s kloppend).

Beste Perry, dank voor je begeleiding in de analyse van mijn microarrays. Ik kon altijd bij je 
terecht, ook met domme vragen. Dank voor je hulp ondanks je drukke agenda en je strenge blik 
op het SHARC cohort waardoor ik het vertrouwen weer terug kreeg in de statistiek…

Lieve Mona, lieve Anouk, beste secretaresses van het AMC. Dank voor alles.

Beste Prof. Krediet en Machteld Zweers, als student bij jullie in het peritoneaal dialyse lab 
maakte ik voor het eerst kennis met de wetenschap. Wat hebben we veel ratten gedialyseerd 
(niet allemaal succesvol), maar ook heel veel plezier gehad, en bijna nog meer congressen in 
Amerika bezocht waar ik als student zelf mocht presenteren. Dank voor deze unieke ervaring 
en de opstap naar mijn promotie! Lieve Anniek, vanuit de nefro bleven we vriendinnen, en laten 
we dat voor altijd blijven.

Beste Willem, Wim en Ineke, in mijn eerste jaar in het OLVG heb ik ontzettend veel van jullie 
geleerd. Dank voor de inspiratie, het geduld, en ik zie uit naar deel 2. Lieve AIOS van het 
OLVG, wat een mooi jaar samen: hard werken, dienst en koffie, wintersport en Ysbreeker!

En dan nog al die lieve vrienden die (terecht) helemaal niets begrepen van wat ik deed in 
het lab. Rosanne, al 25 jaar mijn vriendinnetje!! Ladies represent: Anna, Anne, Roosmarij, 
Nina, Saskia en Merel, al die etentjes, baldadige avonden in de stad en “champions league” 
avonden, o my gottic.. Lieve Ruben, dank voor je vriendschap en steun. Ank, lief dat je zo trots 
bent. Sofie, lieve vriendin. Bouwien, dank voor het luisteren.. Nike, lieve collega die vriendin 
werd.
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Lieve buikjes, ik zal jullie anoniem houden, maar dank voor het poseren, de fotosessie op de 
Herengracht, jullie prachtige navels en onuitwisbare indrukken.

Lieve Merel, ontzettend veel dank het ontwerpen van mijn proefschrift. Zelfs tussen al je grote 
klussen in Londen door, nog even aan de buikjes, je bent een grote steun, en met geweldig 
resultaat! 

Lieve Martijn en Anne, grote broer en zus, dank voor jullie steun en liefde. Ik hou van jullie.

Lieve Roos, lieve tweelingzus, zelfs eeneiige tweelingen zijn geen exacte kopieën van elkaar. 
Maar ik ben erg blij dat ik met jou alles kan delen, dat ik zoveel op je lijk, en jij mijn zusje bent. 
Wij blijven verbonden en altijd samen. Hoe we ook verschillen in onze carrière, toch vonden 
veel overeenkomsten in overwinningen en ploeteren voor voorstellingen en promoveren... Ik 
bewonder je doorzettingsvermogen, en hoe lief je bent. Ik hou van jou!

Lieve Rudi, ik ben trots dat ik kan zeggen dat ik twee vaders heb. We hebben veel meegemaakt 
samen en ik ben blij dat we een hecht gezin blijven, lekkere wijntjes drinken, wandelingen 
maken en veel met elkaar praten. Dank voor je inspiratie en motivatie, als wetenschapper maar 
ook als vader. 

Lieve Paul, als dochter van een teratoloog ben ik opgelucht dat ik een artikel over de ontwikkeling 
van de foetale darm mag verdedigen. Ter compensatie heb ik ook wat epidemiologisch 
onderzoek gedaan: ik pas in mijn pyjama, mijn pyjama past in mijn koffer, dus ik pas in mijn 
koffer. Dank voor wie je bent, dat ik zo verschrikkelijk op je lijk, voor je liefdevolle kritiek en 
warmte voor zowel mijn carrière als voor mij. Jij hebt Rudi op onze 18e verjaardag bedankt, 
en nu op mijn 30ste wil ik jullie graag bedanken; alle vier mijn ouders: Reineke, Paul, Rudi en 
Gemma. Ik hou van jullie. 

Lieve mama, dank voor het zelfvertrouwen dat je mij gegeven hebt, en alle liefde die een 
dochter ook als doktor kan voelen. We hebben gelukkig nog samen kunnen vieren dat mijn 
proefschrift af was. Verder is alles al gezegd. Ik hou van jou.

Mart, mijn liefde. Dit proefschrift was niet compleet geweest zonder jou. Ik hou van jou. 
“ The greatest thing you’ll ever learn, Is just to love, And be loved, In return.”


