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Abstract 
Background: Despite its efficacy, rational guidance for starting/stopping first-line biologic treatment in individual paediatric Crohn’s disease [CD] 
patients is needed. We assessed how serum immune profiles before and after first-line infliximab [FL-IFX] or conventional [CONV] induction 
therapy associate with disease remission at week 52.
Methods: Pre- [n = 86], and 10–14-week post-treatment [n = 84] sera were collected from patients with moderate-to-severe paediatric CD in 
the TISKids trial, randomized to FL-IFX [n = 48; five 5-mg/kg infusions over 22 weeks] or CONV [n = 43; exclusive enteral nutrition or oral pred-
nisolone]; both groups received azathioprine maintenance. The relative concentrations of 92 inflammatory proteins were determined with Olink 
Proteomics; fold changes [FC] with |log2FC| > 0.5 after false discovery rate adjustment were considered significant.
Results: FL-IFX modulated a larger number of inflammatory proteins and induced stronger suppression than CONV; 18/30 proteins modulated 
by FL-IFX were not regulated by CONV. Hierarchical clustering based on IFX-modulated proteins at baseline revealed two clusters of patients: 
CD-hi patients had significantly higher concentrations of 23/30 IFX-modulated proteins [including oncostatin-M, TNFSF14, HGF and TGF-α], 
and higher clinical disease activity, C-reactive protein and blood neutrophils at baseline than CD-lo patients. Only 24% of CD-hi FL-IFX-treated 
patients maintained remission without escalation at week 52 vs 58% of CD-lo FL-IFX-treated patients. Similarly, 6% of CD-hi CONV-treated pa-
tients achieved remission vs 20% of CONV-treated CD-lo patients. Clustering based on immune profiles post-induction therapy did not relate 
to remission at week 52.
Conclusion: FL-IFX leads to stronger reductions and modulates more immune proteins than CONV. Stratification on pre-treatment profiles of 
IFX-modulated proteins directly relates to maintenance of remission without treatment escalation.
Trial registration number: NCT02517684.
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Graphical Abstract 

Serum immune pro�ling in pediatric Crohn’s disease demonstrates stronger immune
modulation with �rst-line in�iximab than conventional therapy and pre-treatment pro�les 

predict clinical response to both treatments.  
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1. Introduction
The chronicity of Crohn’s disease [CD], gastrointestinal tract 
inflammation driven by aberrant inflammatory immune re-
sponses to commensal microbiota,1 is proposed to depend on 
the longevity of CD4+ memory T cells in the intestinal lamina 
propria,2 which are suppressed or eradicated during induc-
tion of disease remission.3 However, reactivation of inflamma-
tory memory CD4+ T cells and inflammation inevitably occur 
during subsequent maintenance treatment, necessitating treat-
ment escalation, at least transiently. This relapsing–remitting 
course causes irreversible tissue damage and increases the risk 
of fistulizing and stricturing disease behaviour.4 Frequent re-
lapses increase the risk of surgical resection, especially in chil-
dren who have more severe disease and less access to new 
biologics or small-molecule inhibitors.5

Early biologic therapy, especially anti-tumour necrosis 
factor [TNF]-α, is very effective and commonly used to pre-
vent disease progression and complications.6–9 Anti-TNF 
mainly depletes TNF-expressing inflammatory CD4+ T cells 
by inducing apoptosis,10 reinforcing the postulate that dele-
tion of activated memory CD4+ T cells may prevent chronic 
disease reactivation. Early biologic interventions remain 
relatively novel in both adult and paediatric CD11 due to 
risks of loss-of-response to treatment, overtreatment, high 
cost or, in paediatrics, the unavailability of other treatments 
when anti-TNF treatment fails. Recently, we established 
that first-line infliximab [FL-IFX] is superior to conven-
tional treatment [CONV] for achieving and maintaining re-
mission in moderate-to-severe newly diagnosed paediatric 
CD,12 and the European Crohn’s and Colitis Organization 
[ECCO] European Society for Paediatric Gastroenterology, 
Hepatology and Nutrition [ESPGHAN] consensus guideline 
was subsequently adapted.13

However, a rational and quantitative approach, tailored to 
decide which individual patients should receive first-line bio-
logic therapy is lacking. This problem is further complicated 

by the clinical heterogeneity of CD.14 Selection of first-line 
anti-TNF is mostly based on presumably aggressive disease14 
and, in children, pan-enteric inflammation, deep colonic ul-
cers, complicated disease and/or growth failure.13 Other in-
dicators may include the baseline simple endoscopic score 
for CD [SES-CD],15 global histological disease activity score 
[GHAS]16 and faecal calprotectin17; however, these param-
eters of disease activity are not predictive for risk of a com-
plicated course.

The increasing use of first-line anti-TNF in moderate-to-
severe paediatric CD also raises the question of when to stop 
treatment and switch to more subtle immunomodulation or 
even dietary intervention. Currently, IFX is rarely stopped 
in paediatric or adult patients; moreover, guidance for stop-
ping IFX remains scarce.18 In the TISKids trial, therapy-naïve 
paediatric CD patients started FL-IFX, with the aim to use 
a top-down strategy and stop after 22 weeks. In confirm-
ation that stopping FL-IFX is preferable for some—but not 
all—patients, 41% of FL-IFX-treated patients did not restart 
IFX and were in sustained clinical remission at 1 year.12 From 
this observation, we set out to compare the immunological 
profiles of these patients with patients who needed treatment 
escalation.

Protein profiling is emerging as a powerful tool to discern 
immune heterogeneity.19 Multi-parameter profiles offer better 
discriminatory potential than single biomarkers and may 
provide mechanistic insights. Combined with reliable clin-
ical parameters, protein profiling could possibly help to tailor 
treatment for patients at risk of clinically severe relapsing–re-
mitting disease. Serum/plasma immune profiling studies have 
already yielded promising results. In a large newly diagnosed 
adult cohort, a five-protein model predicted a subgroup with a 
high risk for inflammatory bowel disease [IBD] needing treat-
ment escalation [median follow-up, 518 days]20; this model had 
better accuracy for ulcerative colitis [UC] than for CD. In the 
paediatric RISK CD cohort, the baseline plasma concentrations 
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of interleukin-7 [IL-7], matrix metallopeptidase-10, IL12p40 
and C-C motif chemokine ligand-11 predicted stricturing [B2] 
disease, while TNF superfamily member 14, CCL4, IL-15 re-
ceptor subunit alpha, TNFβ and cluster of differentiation 40 
[CD40] more accurately predicted internal penetrating [B3] 
disease than classical serology-only models.21 Although these 
inception cohort studies indicate the strength of plasma/serum 
profiling to classify IBD, the heterogenous cohorts and ab-
sence of strict protocols for treatment decisions may have con-
founded these analyses.

Thus, we compared the effects of FL-IFX and CONV in-
duction treatment [with prednisolone or exclusive enteral 
nutrition], both combined with azathioprine maintenance 
therapy, on 92 inflammatory proteins and assessed whether 
pre-treatment baseline serum immune profiles of FL-IFX-
modulated proteins relate to maintenance of remission 
at week 52. We focused on clinically moderate-to-severe 
paediatric CD, the subgroup of patients for whom clinical 
decision-making is most complex, using samples from the 
TISKids trial.12

2. Methods
2.1. TISKids cohort
Details of the TISKids randomized control trial [ClinicalTrials.
gov: NCT02517684; Figure 1A] of newly diagnosed, un-
treated, moderate-to-severe paediatric CD were previously 
published.12,22 This study included 91 patients for whom sera 
were available at diagnosis [i.e. baseline] and/or after 10–14 
weeks of induction therapy. The FL-IFX group received five 
infusions of 5 mg/kg IFX [Inflectra, CT-P13]. CONV treat-
ment was standard induction treatment with exclusive enteral 
nutrition [EEN; 6–8 weeks of polymeric feeding, then normal 
diet gradually reintroduced over 2–3 weeks] or oral prednis-
olone [1 mg/kg/day for 4 weeks; maximum 40 mg; tapered 
by 5 mg per week until stop].23 Both groups received oral 
azathioprine [AZA] as maintenance.

2.2. Samples and clinical data
Clinical data were collected at baseline [before induction], 
10–14 weeks and 52 weeks, including weighted paediatric CD 
activity index [wPCDAI],24 routine blood laboratory analysis 
and sera. Endoscopy, histological disease activity [GHAS] and 
faecal calprotectin were conducted/determined at baseline 
and week 10 [see Supplementary Methods]. Clinical remis-
sion was defined as wPCDAI < 12.5 at week 52 without treat-
ment escalation; any additional CD-related therapy/surgery 
was considered escalation.

2.3. Proximity extension assay [PEA]
Serum samples were analysed in one batch using PEA 
technology [Olink Proteomics]; the proSeek Multiplex 
Inflammation panel measures 92 inflammation-related pro-
teins [see Supplementary Methods]. Relative normalized 
protein expression [NPX] values [on an arbitrary log2 scale] 
of individual proteins can be compared across samples; the 
NPX values of different proteins cannot be compared.

Nine and six of the 92 proteins were below the limit of de-
tection [LOD] in <50% of serum samples, respectively, and 
were excluded [Supplementary Table S1].

Internal controls were added to samples to monitor assay 
performance and sample quality. Two serum samples [one 

baseline and one week 10–14 sample from a CONV-treated 
patient] failed quality control and were excluded. Allocation 
of protein function was performed on the basis of Uniprot, 
the human protein atlas and literature [detailed functional de-
scriptions are provided in Supplementary Table S3].

2.4. Statistical analysis
Fold changes [FC] in mean NPX with |log2FC| > 0.5 were con-
sidered meaningful. Fold changes between timepoints, groups 
or clusters are presented as delta mean NPX. Continuous vari-
ables are presented as medians and interquartile ranges [IQR] 
and were compared using the Mann–Whitney U-test. Paired 
continuous variables were compared using the Wilcoxon 
signed-rank test. Categorical variables are presented as fre-
quencies and percentages and were compared using χ2 or 
Fisher’s exact tests. Correction for multiple testing [83 pro-
teins] was applied by false discovery rate [FDR] correction 
based on the Benjamini–Hochberg procedure; unless indi-
cated, adjusted p values <0.05 were considered significant. 
Serum immune profile clusters were obtained as follows: 
serum protein concentrations were normalized to z-scores 
for each protein at each time point. Patients were stratified 
into two groups based on the protein concentrations of the 
30 IFX-modulated proteins [high and low protein concen-
trations]. The clusters were defined using hierarchical clus-
tering, Euclidean distance and Ward’s linkage. This resulted 
in, at baseline, the clusters CD-hi and CD-lo and the clusters 
CD#1 10–14 weeks and CD#2 10–14 weeks at the 10–14-
week time point. Spearman’s correlation was used to assess 
relationships between clinical characteristics and FL-IFX-
modulated proteins. Time-to-treatment escalation outcomes 
were analysed via the Kaplan–Meier method and log-rank 
tests. Multivariate binary logistic regression analyses were 
used to test the associations between variables: [1] treatment 
group [FL-IFX or CONV], or [2] the immune profiles [base-
line CD-hi/CD-lo or CD#1 10–14 weeks/CD#2 10–14 weeks] 
or clinical disease activity at baseline [wPCDAI] with binary 
variables: {1] remission without treatment escalation at week 
52 [yes/no], or [2] biological treatment at week 52 [yes/no], 
or [3] escalation within 52 weeks [yes/no]. All analyses were 
performed using R studio version 4.3.

3. Results
Sera were collected for 91/100 patients [91%]. Forty-eight 
[53%] patients received FL-IFX and 43 [47%] received 
CONV [Figure 1A; Supplementary Figure S1A]; the base-
line characteristics of these groups were comparable [Table 
1]. Paired baseline and 10–14-week samples were collected 
for 78/100 patients [Supplementary Table S2]. After FDR 
correction, baseline relative serum protein concentrations 
did not differ significantly between the FL-IFX [n = 47] and 
CONV [n = 38] groups; 12 proteins differed before FDR 
[Supplementary Figure Figure S1B and C, Table S1].

3.1. FL-IFX induces greater qualitative and 
quantitative differences in serum immune profiles 
than conventional induction
After 10–14 weeks, FL-IFX [n = 46 patients] significantly 
altered [|log2FC| > 0.5] the relative concentrations of 30 in-
flammatory proteins compared to baseline [Figure 1B]: 28 
proteins decreased [log2FC < −0.5; FDR < 0.05], with mul-
tiple interferon [IFN]-γ pathway proteins exhibiting very 

http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjad049#supplementary-data
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Figure 1. First-line infliximab [FL-IFX] induces greater qualitative and quantitative differences in serum immune protein concentrations than conventional 
[CONV] induction treatment. [A] Summary of trial protocol. Untreated patients received either five infusions of 5 mg/kg infliximab at weeks 0, 2, 
6, 14 and 22 [FL-IFX], or CONV treatment consisting of exclusive enteral nutrition [EEN] or oral prednisolone [1 mg/kg, maximum 40 mg]. Both 
groups received azathioprine maintenance therapy. Serum was collected at baseline [week 0] and weeks 10–14. The endpoint was clinical remission 
[wPCDAI < 12.5 at week 52, without treatment escalation]. [B–D] Volcano plots of the changes in the concentrations of 83 proteins after 10–14 
weeks of induction treatment. Wilcoxon signed-rank test and Mann–Whitney U-test; corrected for false discovery rate [FDR] based on the Benjamini–
Hochberg procedure; p  < 0.05 was considered significant. [B] FL-IFX significantly reduced 28 proteins and enhanced two proteins [paired samples; 
n = 46; Wilcoxon signed-rank test]. [C] CONV significantly reduced 13 proteins and enhanced one protein [paired samples; n = 32; Wilcoxon signed-
rank test]. [D] FL-IFX [n = 46] led to significantly greater reductions in the concentrations of 18 proteins compared to CONV [n = 32; Mann–Whitney 
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large fold changes [Figures 1B and 2A]. Moreover, FL-IFX 
enhanced two proteins [Figures 1B and 2A]. Of note, TNF-α 
was excluded as formation of IFX–TNF complexes led to 
very high NPX values at weeks 10–14. Compared to FL-IFX, 
CONV [n = 32 patients] induced lower qualitative reductions 
[mean NPX values with a maximal change of log2FC, −1.3; 
Figures 1C and 2A] and modulated fewer proteins [Figures 
1C, D and 2A], with significant reductions in 13 proteins, and 
only enhanced SCF [Figures 1C and 2A].

Eleven proteins were modulated by both treatments; 19 
were selectively modulated by FL-IFX, and three were only 
reduced by CONV [Figure 1E].

These data demonstrate that FL-IFX more effectively re-
duces a larger number of circulating immune proteins than 
CONV. Indeed, the median concentrations of 18 proteins 
were significantly lower [log2FC < −0.5] after FL-IFX than 
CONV [Figures 1D and 2A; Supplementary Table S1].

3.2. FL-IFX-modulated immune pathways
Supervised pathway annotation of the 30 FL-IFX-modulated 
proteins at 10–14 weeks [Figure 1E; Supplementary Table S3] 
revealed strong enrichment of IFN-γ and neutrophil/IL-17 
pathways, particularly T helper-1 cell [Th1]-derived IFN-γ 
and IFN-γ-induced T cell chemokines [CXCL9, CXCL10, 
CXCL11]. These IFN-γ-induced chemokines are secreted by 
structural cells, including epithelial cells, fibroblasts and high 
endothelial venules, and ligate CXCR3 to elicit T cell migra-
tion to lymph nodes or tissue. The strong reduction of IFN-γ 
and downstream signalling reflects the capacity of IFX to de-
lete intestinal inflammatory T cells; these changes appeared 
weaker and more variable after CONV [Figure 2B]. FL-IFX 
more strongly suppressed IFN-γ than CONV, but did not sup-
press IL12p40, which was significantly suppressed by CONV. 
Notably, antigen-presenting cell-derived IL12p40 is shared by 
IL-12p70 and IL-23 and targeted by ustekinumab, an effective 

Table 1. Baseline characteristics of all patients, stratified by treatment group.

CONV [n = 43] FL-IFX [n = 48] p-value

Age at diagnosis, years 14.1 [11.5–16.3] 15.0 [11.8–16.5] 0.266

Male gender 24 [53%] 23 [49%] 0.596

Height, cm 161 [143–172] 166 [153–175] 0.154

Weight, kg 46.3 [30.5–55.0] 47.3 [36.4–56.8] 0.332

wPCDAI 57.5 [47.5–72.5] 57.5 [47.5–67.5] 0.886

CRP, mg/L 37.0 [22.0–65.5] 29.5 [8.8–46.8] 0.053

ESR, mm/h 32.5 [22.0–63.5] 34.0 [26.0–46.0] 0.910

SES-CD 15.0 [8–22] 15.0 [9–21] 0.843

Faecal calprotectin, µg/g 1128 [IQR 592–1670] 1114 [IQR 886–1800] 0.553

Paris classification

Age at diagnosis <10 years 7 [16%] 4 [8%] 0.481

10–17 years 32 [74%] 38 [79%]

17–40 years 4 [9%] 6 [13%]

Disease location L1 10 [23%] 12 [25%] 0.802

L2 11 [26%] 11 [23%]

L3 22 [51%] 24 [50%]

Isolated L4 — 1 [2%]

Upper disease location No upper GI 22 [51%] 28 [58%] 0.789

L4a 19 [44%] 18 [38%]

L4b 2 [5%] 2 [4%]

Disease behaviour B1 38 [88%] 45 [94%] 0.366

B2 5 [12%] 3 [4%]

B3 – –

B2B3 – –

Perianal diseaseb 9 [21%] 5 [10%] 0.165

Growth delay 2 [0.5%] 1 [0.2%]a 0.509

Data are n [%] or median [IQR]. Significance was assessed using the Mann–Whitney U-test for numerical variables or chi-square test for categorical 
variables; p < 0.05 was considered significant. FL-IFX, first-line infliximab; CONV, conventional induction therapy; wPCDAI, weighted paediatric Crohn’s 
disease activity index [range, 0‒125]; CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; SES-CD, simple endoscopic score for Crohn’s disease 
[range, 0–60].
aOne missing data point.
bPerianal disease was defined as inactive fistula, skin tags or anal fissures.

U-test]. [E] Venn diagram of the 33/83 proteins significantly regulated by FL-IFX or CONV, and the six related pathways [for protein descriptions also see 
Supplementary Table S3]; 19 proteins were only modulated by FL-IFX; three proteins were only modulated by CONV; and 11 proteins were modulated by 
both treatments, but more strongly reduced by FL-IFX than CONV. A total of 30 proteins were significantly modulated by FL-IFX.

http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjad049#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjad049#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjad049#supplementary-data
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Figure 2. First-line infliximab [FL-IFX] reduces proteins in the IFN-γ, neutrophil and IL-17, cell cycle and apoptosis, and tissue remodelling pathways. 
[A] Fold changes [FC] in the median serum concentrations of 83 immune proteins between baseline and after 10–14 weeks of FL-IFX or conventional 
[CONV] induction therapy, and differential FCs after FL-IFX and CONV at 10–14 weeks. FL-IFX induced greater qualitative [i.e. different proteins] and 
quantitative [i.e. the same proteins, but stronger reductions] changes than CONV. Wilcoxon signed-rank test and Mann-Whitney U-test with false 
discovery rate [FDR] correction based on the Benjamini–Hochberg procedure. [B–E] Comparison of the changes in protein concentrations between 
baseline and 10–14 weeks for the individual patients in both groups. Mann–Whitney U-test. [B] Proteins represented in the IFN-γ pathway were reduced 
more significantly by FL-IFX than CONV; both interferon-gamma [IFN-γ] and interleukin [IL]-18 were reduced more significantly by FL-IFX [p = 0.036 and 
0.003, respectively]. [B] Proteins in the neutrophil and IL-17 pathway were significantly regulated by both FL-IFX and CONV; however, oncostatin-M 
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biologic used to treat CD. The strong inhibitory effect of 
FL-IFX on the auto-inflammatory cytokine IL-18 is notable 
[Figure 2B], as both enterocytes and myeloid cells secrete 
IL-18. Subsequently, IL-18 acts as a cofactor with IL-12p70 to 
elicit IFN-γ secretion by Th1 cells. IL-18 was suppressed more 
effectively by FL-IFX than by CONV [Figure 2B], indicating 
substantial regulation of epithelial and myeloid cell activa-
tion. Moreover, FL-IFX strongly suppressed multiple gran-
ulocyte/neutrophil-derived cytokines/chemokines, including: 
OSM, an IL-6 family member associated with complicated 
disease in CD; EN-RAGE, the antimicrobial calcium-binding 
protein A12 [S100A12]; and TNFSF14, which enhances 
neutrophil/monocyte bactericidal activity and drives IFN-
γ-dominated Th1 responses [Figure 2].25 Notably, despite 
strong neutrophil regulation, IL-17A—an important driver of 
neutrophil activation—was not regulated by FL-IFX, though 
IL-17C was [Figure 2C]. CONV substantially decreased 
IL-17A [Figure 2C]; interestingly, IL-17A is mostly secreted 
by T cells, while IL-17C is inducibly expressed by intestinal 
epithelial cells. Neither the T helper 2 cell [Th2] cytokines 
IL-4 or IL-13, T-cell proliferation cytokine pathways, IL-2, 
interleukin 2 receptor subunit beta [IL-2RB], IL-7 or IL15RA 
were modulated by FL-IFX [Supplementary Table S3]. 
Remarkably, MCP-3 [CCL7], a monocyte and macrophage-
derived chemokine that selectively recruits monocytes, was 
an FL-IFX-modulated protein, but was unaffected by CONV. 
Lastly, FL-IFX substantially regulated immune proteins in-
volved in cell cycle, apoptosis [Figure 2D], vascular perme-
ability [VEGF] and tissue remodelling pathways [Figure 2E], 
with marked reduction of pro-apoptotic IL-24. High IL-24 
production in CD and UC lamina propria has been attributed 
to subepithelial myofibroblast IL-1β signalling.26

Overall, in moderate-to-severe CD, FL-IFX regulates a 
highly diverse network of immune processes involving gran-
ulocytes, monocytes, Th1 responses, epithelial cells and [myo]
fibroblasts.

3.3. Comparison of the serum immune profiles of 
EEN- and prednisolone-treated patients
Within the CONV group, EEN- and prednisolone-treated 
patients had similar median protein concentrations at 10–14 
weeks [Figure 3A, B]. Six of 83 proteins [VEGFA, CDCP1, 
CXCL9, HGF, IL-24 and IFN-γ] significantly reduced [log2FC| 
> 0.5] between baseline and weeks 10–14 in EEN-treated pa-
tients [n = 18]. When the four of 18 [22%] patients on EEN 
induction therapy who were intensified to prednisolone 
or IFX before the 10–14-week sample were excluded from 
these analysis, IL-17A, VEGFA, CDCP1, CXCL9, HFG and 
IFN-γ remained significantly reduced [|log2FC| > 0.5; data not 
shown]. The 10–14-week prednisolone treatment significantly 
decreased the concentrations of 11/83 proteins [|log2FC| > 
0.5]: IL-6, IL-17A, CD6, SCF, SLAMF1, MMP-1, IL-12p40, 
IL-24, MMP-10, CD5 and CCL20 [Figure 3A]. There were no 
large differences in the serum immune profiles of EEN- and 

prednisolone-treated patients at weeks 10–14, except that 
IL-7 was significantly higher in prednisolone-treated patients, 
although the median fold change difference was below the 
threshold [NPX |log2FC| > 0.5; Figure 3B–D]. These data 
clearly establish that both EEN and prednisolone induction 
treatment have significant immunomodulatory effects.

3.4. Baseline IFX-modulated immune profiles 
correlate with clinicopathological features
We next investigated the relationships between the 30 
FL-IFX-modulated proteins and baseline clinicopathological 
features [Figure 4A]. Although the correlation coefficients 
were moderate [R ≤ 0.6], known relationships such as 
the correlation between C-reactive protein [CRP] and its 
inducing cytokine IL-6 were detected [R = 0.38, p < 0.001; 
Figure 4A; Supplementary Figures S2 and S3]. Investigating 
the correlations between various clinical characteristics of CD 
and the serum concentrations of the 30 FL-IFX-modulated 
proteins at baseline revealed that wPDCAI, erythrocyte sedi-
mentation rate [ESR] and CRP were strongly positively as-
sociated with serum OSM, HGF, IL-6 and IL-24. SES-CD, 
modified GHAS and activity GHAS were more strongly as-
sociated with chemokine responses, including: monocyte-
recruiting chemokine MCP-3; IFN-γ-induced chemokines 
CXCL10 and CXCL11; and CCL20, a ligand of chemokine 
receptor 6 [CCR6] on IL-17-producing T cells [Figure 4A; 
Supplementary Figures S2 and S3].

Thus, serum immune profiles relate to clinicopathological 
features.

3.5. Hierarchical clustering of baseline FL-IFX-
modulated immune profiles reveals two patient 
clusters
Since the 30 FL-IFX-modulated proteins provided additional 
information beyond clinicopathological parameters, we inter-
rogated the patients’ baseline immune profiles. Unsupervised 
hierarchical clustering of baseline IFX-modulated proteins 
revealed two clear clusters. The CD-hi cluster [n = 36] had 
uniformly higher inflammatory profiles and elevated Th1 and 
neutrophil Th17 pathway protein concentrations, and the 
CD-lo cluster [n = 49] had lower overall inflammation and 
a more scattered pattern [Figure 4B]. By chance, the treat-
ments were equally distributed [p = 0.54], with 50% [18/36] 
and 50% [18/36] of the CD-hi cluster and 59% [29/49] and 
41% [20/49] of the CD-lo cluster receiving FL-IFX vs CONV. 
Compared to CD-lo, the CD-hi cluster had significantly 
higher concentrations of 23/30 proteins, in particular HGF, 
TNFSF14, OSM and TGF-α [Figures 4C, D and 5A]. The 
CD-hi cluster also had significantly higher median wPDCAI 
scores, CRP and neutrophil counts [after FDR correction], and 
higher ESR, thrombocyte counts and leukocyte counts [be-
fore correction; Supplementary Table S4], but no differences 
in disease location [p = 0.289], activity GHAS [p = 0.242], 

[OSM] and IL-6 were reduced more significantly by FL-IFX [both p < 0.001], while IL-17A was only decreased by CONV [p = 0.080]. [D] Proteins in the 
cell cycle and apoptosis pathway were reduced more significantly by FL-IFX than by CONV; both TGF-α and caspase-8 [CASP-8] were reduced more 
significantly by FL-IFX [p < 0.001 and 0.007, respectively]. [E] Proteins in the tissue remodelling pathway were significantly regulated by both FL-IFX and 
CONV, although hepatocyte growth factor [HGF] was reduced more significantly by FL-IFX [p < 0.001]; the concentration of matrix metalloproteinase-1 
[MMP-1] was comparable between groups [p = 0.089]. A value of p < 0.05 was considered significant for all tests with false discovery rate [FDR] 
correction based on the Benjamini–Hochberg procedure.

http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjad049#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjad049#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjad049#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjad049#supplementary-data
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Figure 3. Patients within the conventional [CONV] treatment group treated with exclusive enteral nutrition [EEN] or oral prednisolone show similar 
immune signatures at 10–14 weeks. [A] Fold changes in the median protein concentrations of all 83 proteins between baseline and 10–14 weeks for 
patients who received EEN or prednisolone treatment; Wilcoxon signed-rank test. [B] Volcano plot of median protein concentrations at 10–14 weeks 
for EEN-treated patients [n = 18] compared to oral prednisolone-treated patients [n = 14]. None of the 83 proteins with |log2FC| < 0.5 were significantly 
different after FDR correction; Mann–Whitney U-test. [C] The concentration of interleukin [IL]-7 was higher in prednisolone patients while the 
concentration of adenosine deaminase [ADA] was lower in prednisolone- compared to EEN-treated patients at weeks 10–14; binary logistic regression 
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modified GHAS [p = 0.398] or faecal calprotectin [p = 0.157] 
[Figure 5B–L]. Thus, the baseline serum profiles of FL-IFX-
modulated proteins identify two clusters, mostly discrimin-
ated by HGF, TNFSF14, OSM and TGF-α.

3.6. Baseline serum immune profiles are 
associated with clinical remission without 
treatment escalation at week 52
Next, we assessed whether the baseline CD-hi/CD-lo serum 
profiles relate to clinical remission without escalation at week 
52. Crucially, irrespective of treatment, significantly fewer 
CD-hi patients maintained remission on AZA without escal-
ation [Figure 6A, B, E, F]. Both baseline inflammatory protein 
profile (odds ratio [OR] 4.35; 95% confidence interval [CI] 
1.3–14.5; p = 0.017) and type of induction therapy [OR 
6.15; 95% CI 1.7–21.7; p = 0.005] significantly determined 

maintenance of remission without escalation: 58% of CD-lo 
patients and only 24% of CD-hi patients reached this pri-
mary endpoint after FL-IFX [Figure 6A, B]. Though CONV 
was clinically inferior in inducing remission, 20% of CD-lo 
patients and only 6% of CD-hi patients maintained remission 
after CONV [Figure 6A]. Overall—independent of induction 
treatment—clustering based on baseline FL-IFX-modulated 
proteins—but not baseline clinical disease activity [OR 0.85; 
95% CI 0.3–2.2.6; p = 0.483]—was associated with remis-
sion [Figure 6C, D]. Conversely, CD-hi patients more rap-
idly required escalation than CD-lo patients, irrespective of 
induction treatment [Figure 6I, J]; baseline disease activity 
[wPDCAI] was not associated with this endpoint [Figure 
6G, H, J; Supplementary Figure S4A]. Anti-TNF use within 
52 weeks did not differ in the CD-hi and CD-lo patient 
groups or in groups based on baseline clinical disease activity 
[Supplementary Figure S4B–E].
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Figure 4. Hierarchical clustering based on the baseline profiles of the 30 IFX-modulated proteins reveals two clusters of patients. [A] Heatmap of the 
Spearman’s correlation coefficient values between various clinical characteristics of CD and the serum concentrations of the 30 FL-IFX-modulated 
proteins at baseline [unpaired samples, n = 85]; wPCDAI, weighted paediatric Crohn’s disease activity score; ESR, erythrocyte sedimentation rate 
[mm/h]; CRP, C-reactive protein [mg/L]; modified GHAS, modified global histological activity score; activity GHAS, activity global histological activity 
score; SES-CD; simple endoscopic score for Crohn’s disease; neutrophil Cx., neutrophil concentrations [109/L]; leukocyte Cx., leukocyte concentrations 
[109/L]; F. calprotectin, faecal calprotectin [µg/mL]; albumin, serum albumin [g/L]. [B] Heatmap with hierarchical clustering [Euclidean distance, Ward 
method] of the 30 IFX-modulated proteins at baseline [paired samples, n = 78] revealed two patient clusters: CD-hi, with a high inflammation profile, 
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A value of p < 0.05 was considered significant for all tests.

http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjad049#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjad049#supplementary-data
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Figure 6. Baseline serum immune profiles are associated with clinical remission without treatment escalation at week 52. [A] Barplot with proportion 
of patients in the CD-hi cluster [high baseline inflammation profile] and CD-lo cluster [lower baseline inflammation profile] achieving clinical disease 
remission without treatment escalation at week 52 after FL-IFX or CONV treatment. Each bar is the proportion out of 100%. [B] Multivariate binary 
logistic regression analysis of clinical disease remission without treatment escalation at week 52. [C] Barplot with proportion of patients with moderate 
[>40–57.5] and severe [>57.5] weighted paediatric Crohn’s disease index [wPCDAI] scores at baseline achieving clinical disease remission without 
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3.7. CD-hi and CD-lo patients have similar serum 
immune profiles after induction therapy
CD-hi patients had higher serum immune profiles at base-
line. This raised the question of whether failure to maintain 
remission until week 52 relates to less effective suppression 
of inflammatory immune proteins during the 10–14-week in-
duction treatment. However, irrespective of the type of induc-
tion, the serum profiles of CD-hi and CD-lo patients were not 
significantly different at 10–14 weeks [Supplementary Figure 
S4F]. This indicates that the higher baseline serum immune 
protein concentrations in CD-hi patients were effectively re-
duced and reached concentrations comparable to those of 
CD-lo patients. Clinicopathological features were not sig-
nificantly different between CD-hi and CD-lo patients after 
induction therapy [Supplementary Table S5], indicating the 
lower proportion of CD-hi patients maintaining remission at 
week 52 was not related to inadequate reduction of inflam-
matory cytokines after induction.

Hierarchical clusters based on IFX-modulated proteins 
at 10–14 weeks were not associated with clinical remission 
without treatment escalation at week 52.

The results above suggest induction therapy effectively 
suppressed inflammation, but AZA monotherapy was insuf-
ficient to maintain remission for most CD-hi patients. Thus, 
we investigated whether higher immune profiles after induc-
tion therapy are related to clinical outcomes, independent 
of baseline CD-hi/CD-lo clusters. Hierarchical clustering of 
immune profiles at 10–14 weeks independent of induction 
therapy revealed two clusters: cluster CD#1 10–14 weeks, 
with higher concentrations of 28/30 IFX-modulated pro-
teins [Figure 7A; Supplementary Figure S4G], including 
OSM, HGF, CXCL9 and CXCL10 [log2FC, ~1.5]; and cluster 
CD#2 10–14 weeks, with a lower inflammatory profile 
[Figure 7A]. Cluster CD#1 10–14 weeks had significantly 
more severe clinicopathological features [Supplementary 
Table S6]. In line with CONV exerting weaker qualita-
tive and quantitative suppression of serum proteins, 25/33 
[76%] of the CD#1 10–14 weeks cluster received CONV vs 
only 7/45 [16%] of the CD#2 10–14 weeks cluster [Figure 
7A]. Despite the clear clinicopathological differences, multi-
variate binary logistic regression analysis showed these clus-
ters were not associated with remission without escalation 
[OR 0.53; 95% CI 0.1–2.1; p = 0.370, Figure 7B, C], escal-
ation [Figure 7D, E] or use of anti-TNF [Figure 7F, G] within 
52 weeks.

The fact that CONV and FL-IFX treatments are un-
equally distributed in the CD#1 and CD#2 10–14-week 
clusters may overshadow independent associations of the 30 
IFX-modulated protein profiles with remission at week 52. 
Analysis of individual proteins revealed patients who did 
not achieve remission after FL-IFX had significantly higher 
serum IL-6 and VEGFA concentrations [corrected p-values] 
at weeks 10–14; CCL23, IFN-γ, MMP-1 and IL-18 were also 
significant before FDR correction [Supplementary Figure 
S5]. Moreover, CONV-treated patients who escalated to IFX 

within 1 year had significantly higher IL17A concentrations 
at 10–14 weeks [Supplementary Figure S5].

These results suggest that reduction of inflammation after 
induction therapy on the basis of the 30 IFX-modulated pro-
teins is not predictive of maintenance of remission on AZA 
without treatment escalation, although significant associ-
ations with individual protein concentrations, including IL-6, 
were found.

4. Discussion
Early anti-TNF in moderate-to-severe CD is clinically very 
effective, and is now commonly used to prevent disease pro-
gression and complications. After only 10–14 weeks, three 
infusions of FL-IFX more effectively reduced inflammatory 
cytokines in peripheral blood than CONV in moderate-to-
severe paediatric CD. FL-IFX reduced more proteins than 
CONV, and the proteins altered by both treatments were 
corrected more by FL-IFX. Key FL-IFX target pathways 
include the IFN-γ pathway [IFN-γ, CXCL9, CXCL10], 
neutrophil and IL-17 pathway [EN-RAGE, IL-8, CCL3, 
CCL23, CCL20, IL17C], cell cycle and apoptosis [TGF-
α, SIRT2, caspase-8], tissue remodelling processes [HGF, 
MMP-1, MMP-10], intestinal physiology [ST1A1, FGF21] 
and haematopoiesis [SCF, Flt3L]. These data demonstrate 
that FL-IFX effectively restores peripheral blood immune 
homeostasis.

However, despite its effectiveness and relatively few side-
effects, FL-IFX may introduce risks of over-treatment and 
leads to higher healthcare costs.27–33 Rational approaches 
should be devised to decide which individual patients should 
receive FL-IFX, and when to stop and provide alternative 
maintenance treatments.

The pre-treatment serum immune profiles based on 30 
FL-IFX-modulated proteins, but not clinical disease score, 
related strongly to 1 year of maintenance of remission on 
AZA without escalation after induction of 22 weeks of re-
mission with FL-IFX. Specifically, 58% of FL-IFX-treated 
patients with low pre-treatment serum concentrations of 
the 30 FL-IFX-modulated proteins [CD-lo cluster] main-
tained clinical remission vs 20% of CD-lo CONV patients, 
indicating that—even in patients with relatively low immune 
activation—the chance of sustained remission after CONV is 
low. Crucially, 22 weeks of FL-IFX improved the chance of 
maintaining remission among CD-lo patients. Thus, although 
almost all CD patients may benefit from FL-IFX, CD-lo pa-
tients may be more eligible to stop IFX after induction of re-
mission. Studies in adult CD demonstrate discontinuing IFX 
after remission is effective and not associated with major 
complications.27,34 Most studies report 2-year relapse rates 
of 40–50% after stopping anti-TNF, though the mainten-
ance immunomodulators varied.35–37 Crucially, a 10-year 
follow-up of adult patients demonstrated the time-to-flare 
after induction of remission was 4.5 years for early [first-line] 
IFX [6 weeks] vs 2.5 years for CONV.27 Similarly, our data 

cluster receiving additional treatment before week 52 after induction treatment with FL-IFX or CONV. Each bar is the proportion out of 100%. [F] 
Multivariate binary logistic regression analysis of patients who required treatment escalation within 52 weeks. A value of p < 0.05 was considered 
significant weeks. [G] Barplot of proportion of patients with a moderate wPCDAI [MD, 40–57.5] and severe wPCDAI [SD, >57.5] receiving additional 
treatment before week 52 after induction treatment with FL-IFX or CONV. Each bar is the proportion out of 100%. [H] Multivariate binary logistic 
regression analysis of patients who required treatment escalation within 52 weeks. [I, J] Kaplan–Meier analyses of treatment escalation in weeks 
[unpaired samples, n = 85; log-rank-test] stratified [E] by treatment group, CD-lo/CD-hi cluster and moderate/severe wPCDAI, and [F] by CD-lo/CD-hi 
cluster and moderate/severe wPCDAI.
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emphasize CD-hi patients with high baseline immune profiles 
should not discontinue IFX, as only 24% maintained remis-
sion after 1 year.

Our data demonstrate FL-IFX is advantageous for all pa-
tients with moderate-to-severe CD, and low baseline serum 
concentrations of the 30 IFX-modulated proteins can support 
the decision to discontinue FL-IFX.

Ideally, in addition to baseline profiles, immune profiling 
after 14–22 weeks of induction FL-IFX could further cor-
roborate the decision to stop FL-IFX. Surprisingly, despite 

clear differences in immune activation, higher concentra-
tions of IFX-modulated proteins at weeks 10–14 [i.e. CD#1 
10–14 weeks cluster] was not independently predictive [over 
the induction treatment] for remission at 1 year without es-
calation. This was an unexpected finding because previous 
studies did find a relationship between higher inflammatory 
clinicopathological features after induction treatment and 
risk of a disease relapse within 18 months and/or early sur-
gery.5,38 Our failure to find this relationship may relate to the 
fact most FL-IFX-treated patients [38/45] had low serum 
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considered significant for all tests. FL-IFX, first-line infliximab; CONV, conventional induction therapy.
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immune protein concentrations at 10–14 weeks, whereas 
most CONV patients [25/33] still had elevated concentra-
tions. Hence, the unequal distribution of FL-IFX and CONV 
in the CD#1- and CD#2- 10–14 weeks cluster may hamper as-
sessments of whether serum immune profiles at 10–14 weeks 
predict 1-year outcomes independently of induction therapy. 
Therefore, we assessed whether specific proteins were associ-
ated with remission without escalation in each group. FL-IFX-
treated patients who did not achieve remission at 1 year had 
significantly higher serum IL-6 and VEGFA concentrations at 
weeks 10–14. As IL-6 mediates CRP production in the liver, 
this finding agrees with our report that TISKids patients who 
required escalation had higher CRP concentrations after in-
duction,12 confirming that CRP is strongly related to an active 
disease course. However, whether CRP and the high IL-6 con-
centrations at weeks 10–14 may be predictive for escalation 
is unclear as clinical decision-making to escalate is based on 
CRP, creating a confounder, and truly independent indicators 
of relapse are desired.20 Higher CCL23, IFN-γ, MMP-1 and 
IL-18 concentrations at weeks 10–14 were related to remis-
sion without escalation in FL-IFX-treated patients [before 
FDR], and thus future studies should further assess the value 
of immune profiling at 10–14 weeks to predict remission.

How do the distinctive 30 IFX-modulated protein profiles 
relate to CD pathogenesis? Many of the IFX-modulated pro-
teins have been associated with CD pathogenesis. Fourteen of 
these proteins differed between IBD and controls in other co-
horts, five have been associated with treatment escalation, and 
six have been associated with complications.20,21,39–41 Although 
accumulation of the IFN-γ-induced chemokines CXCL9 and 
CXCL10 is associated with CD, strikingly, the baseline concen-
trations of multiple proteins from this entire pathway, including 
CXCL11 and IFN-γ itself, predicted failure to maintain remis-
sion in our CD-hi cohort. IFN-γ-mediated Th1 responses and 
downstream phagocyte activation are major drivers of CD. This 
entire pathway is more active in CD-hi patients, who are more 
susceptible to disease relapse, than CD-lo patients, suggesting 
CD-hi patients have a different disease immunotype with a 
much stronger Th1 memory response that is resistant to main-
tenance immunomodulation, even after successful inhibition 
after 22 weeks of FL-IFX. In line with this, CD-hi patients with 
colonic disease involvement more often had high concentrations 
of CXCL9, CXCL10 and CXCL11 compared to CD-hi patients 
with isolated ileal disease. The strong Th1 signature in CD-hi 
patients is emphasized by the lack of differential abundance 
of IL-17A, IL17C or the related chemokine CCL20 between 
CD-hi and CD-lo patients. A second striking feature of CD-hi 
patients is the abundance of proteins produced by neutrophils 
or target neutrophils, in agreement with the neutrophilia ob-
served in CD-hi patients. Despite effective suppression after 
22 weeks of FL-IFX, high baseline TNFSF-14, OSM and IL-6 
concentrations were highly related to failure to maintain remis-
sion. The pleiotropic cytokine IL-6 is produced by structural 
cells such as tissue fibroblasts and regulates haematopoiesis, 
favouring neutrophil mobilization from bone marrow. OSM, an 
IL-6 family cytokine, shares the gp130 signalling cascade with 
IL-6 but is produced by immune cells; neutrophils carry a pre-
formed stock of this protein.42 High intestinal OSM has been 
associated with resistance to IFX and poorer prognosis.43,44 
TNFSF-14 [LIGHT], a pro/anti-inflammatory protein produced 
by neutrophils and T cells, has not previously been associated 
with failure to maintain remission. Intriguingly, high circulating 
TNFSF14 concentrations were associated with a decreased risk 

of B3 complications in the RISK-paediatric CD cohort21 and 
TNFSF-14-deficient mice are more susceptible to experimental 
dextran saline sodium [DSS] colitis and T cell-mediated transfer 
colitis, arguing that TNFSF-14 may be protective.45 However, 
TNFSF14 co-stimulates T cells to enhance T cell proliferation 
and IFN-γ production,46 and transgenic overexpression of 
TNFSF-14 in mice leads to colitis with enhanced Th1 cytokine 
activity.47,48 Further support for this strong neutrophil signature 
in CD-hi patients includes the higher concentrations of the neu-
trophil chemoattractant IL-8 [CXCL8] and neutrophil prod-
ucts VEGF and CUB domain-containing protein 1 [CDCP1]. 
Notably, IL-8 and CDCP1 concentrations were significantly 
higher in ileocolonic than isolated ileal disease. Thus, the serum 
immune profiles that differentiate moderate-to-severe CD with 
a poor chance of maintaining remission after FL-IFX delineate 
a strong Th1–neutrophil immunotype with a low abundance of 
Th17 cytokines.

Overall, serum immune profiles combined with clinical 
parameters demonstrate the efficacy of FL-IFX in therapy-
naive paediatric CD. FL-IFX achieves stronger reductions 
and modulates more proteins than CONV. FL-IFX is su-
perior to CONV for patients with high and lower concen-
trations of IFX-modulated proteins at baseline. However, 
patients with high concentrations of IFX-modulated proteins 
at baseline [i.e. CD-hi] have a lower chance of maintaining 
remission without escalation at 1 year compared to CD-lo; 
therefore, maintenance treatment with AZA only, after stop-
ping FL-IFX, is probably insufficient in these patients. Serum 
profiling is fast and relatively affordable, and provides a ra-
tional approach to start/stop IFX after induction. However, 
consensus on which proteins provide most information across 
cohorts and disease stages must be obtained before immune 
profiling can be integrated into clinical practice.
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