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A B S T R A C T

Inflammatory bowel disease (IBD) chronicity results from memory T helper cell (Tmem) reactivation. Identifying 
patient-specific immunotypes is crucial for tailored treatment. We conducted a comprehensive study integrating 
circulating immune proteins and circulating Tmem, with intestinal tissue histology and mRNA analysis, in 
therapy-naïve pediatric IBD (Crohn’s disease, CD: n = 62; ulcerative colitis, UC: n = 20; age-matched controls n 
= 43), and after 10–12 weeks’ induction therapy. At diagnosis, plasma protein profiles unveiled two UC and 
three CD clusters with distinct disease courses. UC patients displayed unchanged circulating Tmem, while CD 
exhibited increased frequencies of gut-homing ex-Th17, known for high IFN-γ production. UC#2 had elevated 
Th17/neutrophil-pathway-related proteins and severe disease, with higher endoscopic and histological damage 
and Th17/neutrophil infiltration. Although both UC#1 and UC#2 responded to therapy, UC#2 required earlier 
immunomodulation. CD#3 had lower plasma protein concentrations, especially IFN-γ pathway proteins, fewer 
gut-homing ex-Th17 and clinically milder disease, confirmed by intestinal gene expression. CD#1 and CD#2 had 
comparably high Th1-related immune profiles, but CD#1 exhibited higher concentrations of proteins previously 
associated with poorer prognosis. Both CD clusters responded to induction therapy, with similar one-year out
comes. This study highlights feasibility of discriminating patient-specific immunotypes in IBD, advancing our 
understanding of immune pathogenesis, needed for tailored treatment strategies.

Introduction

Inflammatory bowel disease (IBD), a chronic inflammation of the 
gastrointestinal tract, has two clinical subtypes: Crohn’s disease (CD) 

and ulcerative colitis (UC). In genetically susceptible individuals, loss of 
intestinal barrier integrity and increased interaction of the intestinal 
microbiota with immune cells lead to aberrant inflammatory T helper 
cell (Th) responses.1,2 Immunomodulators, immunosuppressants, and 
biologics including anti-TNFα, anti-IL-12/23p40, anti-α4β7 suppress 
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induction, survival, or recruitment of T helper cells. Unfortunately, some 
patients do not respond well and become refractory. Thus, novel tailored 
treatment strategies are needed to target each patient’s underlying im
mune disease. However, knowledge of the subtypes of Th responses that 
drive disease in individual patients is very limited.

The chronicity of IBD is driven by reactivation of cytokine-secreting 
memory Th (Tmem) in the lamina propria. In the mucosa, IL-17A pro
duction increases in both CD and UC3. Increased IFN-γ and TNF-α are 
more predominant in CD, while increased IL-5 and IL-13 are detected in 
some UC patients.4,5 Various subpopulations of Tmem may produce 
these cytokines. Indeed, Th17 cells increase in the mucosa in both CD 
and UC, Th1 cells increase in CD, and Th2 cells increase in UC.6,7

However, additional populations with a mixed Th17 and Th1 phenotype 
have recently been identified in CD.8,9 Described as ex-Th17 cells that 
acquire features of Th1 cells upon inflammation, these Th17/Th1, 
Th17.1, and Th1* cells are pathogenic in multiple autoimmune and 
inflammatory disorders.10 Their contribution to CD and UC are unclear 
as Tmem are not routinely enumerated.

In the intestine, Th-derived cytokines skew different patterns of 
immune activation, e.g., IFN-γ upregulates MHC-II and stimulates 
phagocytosis and killing by phagocytes, while IL-17A reinforces intes
tinal barrier integrity, drives release of epithelial antimicrobial peptides 
by epithelial cells, and recruits neutrophils.11–15 Upon sensing bacterial 
translocation or tissue damage in combination with local Th-derived 
cytokines, epithelial cells and myofibroblasts produce defined mix
tures of chemokines to selectively recruit the circulating Th needed for 
host defense to damaged tissue. For example, CXCL9, CXCL10, and 
CXCL11—IFN-γ-induced chemokine ligands for CXCR3 on circulating 
Th1 cells—are increased in CD and UC lesions.16 Analogously, CCL20 
and its receptor CCR6, expressed by Th17 cells, are increased in the 
mucosa in IBD.17 Although produced in the intestine, increased con
centrations of these cytokines can be detected in the circulation. As 
different Th-derived cytokines and tissue damage elicit tailored che
mokine and cytokine cascades, peripheral blood immune profiling could 
capture the ongoing immune response in individual patients.

Recent highly sensitive, specific proximity-based assays have 
enabled immune protein profiling studies. For example, plasma immune 
protein concentrations distinguished patients with UC and irritable 
bowel syndrome18 and immune profiles predict disease complications in 
IBD.19–21 Moreover, we recently established that pretreatment serum 
immune protein profiles could predict clinical responses to conventional 

and first-line infliximab treatment at one year in pediatric CD.22

Here, we advance these promising observations in a comprehensive 
longitudinal analysis that relates plasma immune protein profiles to 
circulating Tmem responses and intestinal immune disease in clinically 
well-characterized therapy-naïve pediatric patients with CD or UC.

Results

Cohort description

After Olink® quality control, the final baseline population included 
62 CD patients (30 in PIBD-SETQuality, 22 in TISKIDS, 10 in both 
studies), 20 UC patients (PIBD-SETQuality), 30 pediatric healthy con
trols (HC) without intestinal complaints, and 13 IBD-negative (IBDneg) 
patients (Table S2). At 10–12 weeks, 56 CD and 13 UC patients passed 
Olink® quality control. Baseline characteristics for all patients are 
shown in Table S3. HC were slightly younger (median, 12.3 years; IQR, 
10.4–15.1) than the median age at diagnosis of IBD children (14.6 years; 
IQR, 12.1–16.1; P = 0.02). Age was not associated with protein profiles 
in HC.

CD and UC patients exhibit shared and distinct protein and cellular 
immune profiles in blood at diagnosis

At diagnosis, plasma immune protein profiles of CD and UC patients 
exhibited shared features, but also differed (P < 0.05 |Log2FC|>0.5) to 
HC (Fig. 1A, S1A). Profiles of IBDneg patients and age-matched HC were 
similar (Fig. S1B, S2A); therefore grouped and denoted as HC. The 
concentrations of 29 proteins varied between CD and HC, 22 differed 
between UC and HC, and 5 differed between UC and CD (Fig. S2B-D). As 
expected, increased concentrations of the Th1 cytokine IFN-γ were 
strongly associated with CD, whereas Th17-associated IL-17A was 
increased in UC (Fig. 1B). Th2-related IL-5 and IL-13—sometimes 
associated with UC—were similar in UC and HC (Fig. 1B). No differences 
between UC and CD were associated with disease activity (Table S3). 
Seventeen proteins were increased in CD and UC vs. HC; the top 5 shared 
proteins with highest fold changes were CXCL9, IL-6, OSM, IL-8/CXCL8, 
and IL-17A (Fig. 1B, S2B-C). While IL-17A and IL-8 correlated positively 
with endoscopic intestinal inflammation (UCEIS and SESCD), CXCL9, IL- 
6, and OSM correlated positively with blood platelets, erythrocyte 
sedimentation rate (ESR), and C-reactive protein (CRP) and correlated 

Non-standard abbreviations

5-ASA 5-aminosalicylates
ADA adenosine deaminase
CCL C–C chemokine ligand
CCR C–C chemokine receptor
CDCP1 CUB domain-containing protein 1
CRP C-reactive protein
CXCL C-X-C chemokine ligand
DEG differentially expressed genes
DNER Delta and Notch-like epidermal growth factor-related 

receptor
EEN exclusive enteral nutrition
ESR erythrocyte sedimentation rate
FGF fibroblast growth factor
Flt3L Fms-like tyrosine kinase 3 ligand
GHAS global histological disease activity score
HC healthy controls
HGF hepatocyte growth factor
HLADR human leukocyte antigen-DR
IBDneg IBD-negative

IBD-U IBD-unclassified
IFN interferon
IL interleukin
MDR multidrug resistance protein
MHC major histocompatibility complex
MMP matrix metalloproteinase
NPX normalized protein expression
OSM oncostatin M
PD-L1 programmed cell death ligand 1
PUCAI pediatric UCAI
SCF stem cell factor
SES simple endoscopy score
Th T helper
Tmem memory T helper cell
TNF tumor necrosis factor
TNFSF TNF superfamily
TRANCE TNF-related activation-induced cytokine
UCEIS UC endoscopic index of severity
VEGFA vascular endothelial growth factor A
wPCDAI weighted pediatric CDAI

M. Heredia et al.                                                                                                                                                                                                                                



Mucosal Immunology 18 (2025) 76–89

78

Fig. 1. IBD-related plasma immune protein concentrations at diagnosis are associated with clinicopathological parameters, peripheral blood Tmem populations and 
identify unique CD and UC signatures. A: Principal component analysis of all plasma immune protein concentrations per disease. B: Fold change in median con
centrations of the 36 differentially abundant proteins (CD vs. HC, UC vs. HC, and UC vs. CD). C: Correlation matrix of differential proteins and clinicopathological 
parameters; Pearson’s correlation coefficient. D: Frequencies of peripheral blood Tmem subpopulations per disease group. Bar indicates median frequencies. Gating 
strategies and calculations of frequencies are explained in Fig. S3B-C; Student t test. E: Representative dot plots of Tact (HLADR+ within CD45RAnegCD4+CD8neg, see 
Fig. S3B for gating strategy), Th17 (CXCR3negCCR4+) and Th1* (CXCR3+CCR4+) within CCR6+CXCR5negCD38+CD62LnegCD4+CD3+Live/Deadneg (see Fig. S3C for 
gating strategy) in CD, UC and HC. F: IFN-γ and IL-17A-secreting gut-homing Tmem frequencies in Th subpopulations after restimulation of peripheral blood of 
therapy-naïve IBD patients. Repeated measures one-way ANOVA, Bonferroni’s multiple comparisons test. G: Correlation analysis of plasma IFN-γ and IL-17A (NPX) 
and circulating Tmem frequencies; Pearson’s correlation coefficient (r). NS: not significant, *: P < 0.05, **: P < 0.01, ***: P < 0.001.
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negatively with albumin and hemoglobin (Fig. 1C), in line with our 
previous study.22 In contrast, SCF, TRANCE, DNER, MCP-4, and Flt3L 
(which were lower in IBD than HC) negatively correlated with endo
scopic score, platelet count, ESR, and CRP and positively correlated with 
albumin and hemoglobin, suggesting higher concentrations of these 
proteins are associated with better clinical status (Fig. 1C).

In line with the discriminative immune protein profiles, Tmem fre
quencies in peripheral blood at diagnosis were heterogeneous and 
significantly differed between CD, UC, and HC (Fig. 1D). A selective 
increase in HLADR+ Tmem frequencies, defined as activated T cells 
(Tact), was detected in CD vs. UC and HC (Fig. 1D-E). Within this Tact 
population, the Treg phenotype (CD127loCD25hi cells, or actTreg) was 
only decreased in CD, indicating ongoing immune activation. In agree
ment, frequencies of CD25+Foxp3+ within Tact were also decreased in 
CD (Fig. S3A-B). To discriminate Tmem with gut-homing capacity, we 
monitored CD38+CD62Lneg Tmem (mean ~ 2 % of total CD4+ T cells) 
that are highly enriched in α4β7+ cells23 (gating strategy in Fig. S3C). 

Unexpectedly, despite the high IFN-γ concentrations in CD, Th1 fre
quencies within gut-homing CD38+CD62Lneg Tmem were decreased in 
CD and UC vs. HC (Fig. 1D). Deeper analysis revealed increased fre
quencies of Th1* cells (CXCR3+CCR4+ CCR6+CXCR5neg) in gut-homing 
CD38+CD62Lneg Tmem in CD vs. HC and UC (Fig. 1D-E). Th1* cells, a 
subset of ex-Th17 cells that have shifted initial differentiation to Th1- 
like cells, produce high concentrations of IFN-γ and are pathogenic 
drivers in several inflammatory disorders.10 In comparison, the fre
quencies of Th17 (CXCR3negCCR4+CCR6+CXCR5neg) within gut-homing 
CD38+CD62Lneg Tmem were unchanged while Th2 frequencies were 
slightly decreased in UC vs. HC.

IBD plasma immune protein concentrations at diagnosis relate to 
circulating Tmem frequencies and intestinal protein and gene expression

To assess the intracellular cytokine production of the different Th 
subpopulations identified in circulating gut-homing Tmem, we re- 

Fig. 2. IBD-related plasma immune protein concentrations at diagnosis are associated with intestinal protein and mRNA expression. A: Plasma IL-17A (NPX) versus 
IL-17A intestinal immunohistochemical score and calprotectin-positive cells/mm2 in CD and UC ileum and colon. Box plots: Kruskall-Wallis test; correlation plots: 
Spearman’s correlation coefficient (r). B: Log2 fold changes in differentially expressed genes (DEGs; RNA sequencing of biopsies) matching differential plasma 
proteins. Bold font indicates DEGs that match significantly differential proteins in CD and UC vs. HC.
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Fig. 3. Hierarchical clustering of plasma immune protein profiles at diagnosis identifies two UC clusters, with UC#2 having increased clinical and endoscopic disease 
severity and an intestinal Th17/neutrophil signature. A: Hierarchical clustering with Ward linkage of the 36 differentially abundant proteins in UC. Concentrations 
are z-scores of fold change vs. HC. Two clusters are identified: UC#1 and UC#2. Top bars represent PUCAI and Paris classification. B: Volcano plot of differential 
proteins between clusters. C: Clinicopathological parameters; Student t test. D: Histological disease activity scores; Wilcoxon-Mann-Whitney test. E: Calprotectin- 
positive cells/mm2 and immunohistochemical scoring of IL-17A-producing cells in colonic biopsies; Wilcoxon-Mann-Whitney test (right), Fisher’s exact test (left). 
F: Representative immunohistochemical co-localization of calprotectin (left) and IL-17A (right)-positive cells in serial sections of colonic biopsies. NS: not significant, 
*: P < 0.05, **: P < 0.01.
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stimulated peripheral blood mononuclear cells (PBMC) from a limited 
number of therapy-naïve CD and UC patients for whom we had sufficient 
numbers of cells. These data confirm that both Th1 and Th1* are the 
main producers of IFN-γ, whereas Th17 and Th1* are the main pro
ducers of IL-17A in IBD patients (Fig. 1F). The increased Tact fre
quencies in CD correlated with high plasma IFN-γ (Fig. 1G). Crucially, 
Th1* frequencies within gut-homing CD38+CD62Lneg Tmem also 
significantly correlated with high plasma IFN-γ in CD. In agreement, CD 
patients with high plasma IFN-γ had higher frequencies of IFN-γ 
secreting gut-homing Tmem (Fig. S3E). As anticipated based on the 
minor changes in Tmem frequencies in UC, no correlations were 
observed between plasma IL-17A (or CCL20, data not shown) and 
circulating Tmem frequencies. In particular, IL-17A did not correlate 
with Th17 frequencies or frequencies of IL-17 secreting cells within gut- 
homing CD38+CD62Lneg Tmem (Fig. 1G, Fig. S3E). In healthy intestine, 
Th17 responses are continuously present and actively maintain ho
meostasis.24 Therefore, we hypothesized that the increased plasma IL- 
17A in CD and UC derive from expansion of local intestinal Th17 
Tmem and, in contrast to IFN-γ, does not require recruitment of circu
lating Th17 Tmem. To explore this, we related immunohistochemical IL- 
17A staining and neutrophil infiltration in biopsies to plasma IL-17A. In 
CD, increased plasma IL-17A was significantly associated with increased 
IL-17A and neutrophil abundance (calprotectin-positive cells/mm2) in 
colonic lesions but not terminal ileum (Fig. 2A). In UC, these associa
tions were more heterogeneous and non-significant (Fig. 2A). Thus, 
plasma IL-17A is significantly related to local colonic Th17 responses 
and subsequent neutrophil-driven disease.

In further confirmation that increases in plasma proteins correlate 
with intestinal tissue immune responses, 13/36 differentially abundant 
plasma proteins were differentially expressed at the mRNA level in ileal 
or colonic lamina propria in IBD vs. IBDneg (Fig. 2B). In CD, the strong 
plasma protein Th1 signature was detectable in both ileal and colonic 
biopsies (CXCL9, CXCL10, CXCL11, PD-L1/CD274). A strong Th17 
signature (IL-17A, CCL20) was detected in UC biopsies.

Plasma IFN-γ and IL-17A concentrations relate to histological disease 
severity

To assess whether plasma protein concentration responses reflect 
intestinal damage, histological disease was quantified using the modi
fied GHAS (tissue infiltration of mononuclear and polymorphonuclear 
cells, tissue damage). The activity GHAS sub-score assesses active dis
ease based on neutrophil infiltration, epithelial damage, and erosions or 
ulcers. As a control, we first analyzed intestinal expression of IL-1β, a key 
pathogenic cytokine that is strongly upregulated in CD and UC.25,26

Intestinal IL-1β-positive cell counts per mm2 in ileum (CD) and colon 
(CD and UC) significantly correlated with histological disease activity in 
both CD and UC, demonstrating that increased immune activation can 
reliably be detected and relates to histological disease severity in both 
ileal and colonic biopsies (Fig. S4A-B).

In CD, high IL-17A plasma correlated with the severity of histological 
disease (modified and activity GHAS) in the colon but not ileum 
(Fig. S4A). In UC, these correlations were heterogeneous and non- 
significant (Fig. S4B). Though not associated with histological ileal or 
colonic disease severity in CD, plasma IFN-γ was significantly associated 
with the modified and activity GHAS in UC (Fig. S4A-B). These coun
terintuitive results suggest that increased plasma Th17- and Th1-related 
profiles can be detected in the most severe CD and UC patients, 
respectively.

These data establish that plasma immune protein profiles at diag
nosis discriminate IBD from HC. Overall, the profiles of CD and UC 
overlap, but exhibit key IFN-γ and IL-17A pathway signatures, respec
tively. In CD, plasma IFN-γ signatures correlate with circulating Tmem 
frequencies; in UC, circulating Tmem frequencies are not elevated. 
Crucially, the plasma immune responses are associated with intestinal 
histological disease severity, pattern of immune infiltration and mRNA 

expression.

Hierarchical clustering of plasma immune protein profiles at diagnosis 
identifies two clusters of UC patients with differing clinical and endoscopic 
disease severity

Hierarchical clustering identified two UC clusters with lower (green, 
UC#1) or higher (orange, UC#2) concentrations of the 36 plasma IBD- 
associated inflammatory proteins (Fig. 3A). Age was not associated 
with protein profiles in UC (Table S4). UC#1 and UC#2 shared four 
increased (IL-17A, IL-8, CCL11, MMP-10) and four reduced proteins 
(SCF, TRANCE, DNER, Flt3L). Sixteen proteins differed (P < 0.05, | 
log2FC|>0.5) between UC#1 and UC#2 (Fig. 3B). UC#2 patients had an 
increased Th1-related signature (CXCL9, CXCL10, CXCL11, CDCP1), 
increased Th17/neutrophil-related signature (IL-17A, CCL20, CCL3, IL- 
17C), and decreased TRANCE and SCF vs. UC#1 (Fig. 3B, S5A). Ten of 
11 UC#2 patients had extensive disease (E3-E4) vs. 4/9 UC#1 patients 
(P = 0.08). Endoscopic disease scores were significantly higher in UC#2 
(19 vs. 8.5, P = 0.007), suggesting larger intestinal tissue involvement in 
UC#2 (Table S4). Moreover, UC#2 had significantly higher platelet 
counts, ESR, and clinical disease activity scores, reflecting more severe 
clinical and intestinal disease (Fig. 3C, Table S4), and higher circulating 
granulocytes (Fig. 3C), reflecting increased neutrophil recruitment. 
Peripheral blood Tmem frequencies were not different between UC#2 
and UC#1 (Fig. S5B).

UC#2 has increased microscopic Th17/neutrophilic intestinal disease vs. 
UC#1

Beyond the difference in affected surface area, UC#2 lesional colonic 
biopsies exhibited increased histological damage (modified GHAS, ac
tivity GHAS) and neutrophil infiltration (calprotectin-positive cells/ 
mm2) vs. UC#1 (Fig. 3D-E, Table S4). Crucially, IL-17A-producing cells 
were also increased in colonic biopsies—and co-localized with neu
trophils—in UC#2 (Fig. 3E-F). IL-1β-positive cell numbers were similar 
(Fig. S5C) and RNA-sequencing did not uncover any differences in Th17 
or Th1 signature genes between UC#1 and UC#2 colonic biopsies 
(Fig. S5D).

Thus, the 36 plasma proteins can discriminate UC patients with more 
extensive and clinically more severe disease. UC#2 lesional biopsies 
exhibited increased histologic disease and Th17/neutrophilic infiltra
tion and a striking plasma Th1-related signature.

Hierarchical clustering of plasma immune protein profiles at diagnosis 
identifies three clusters of CD patients with different clinicopathological 
features

Similar hierarchical clustering at diagnosis identified three groups of 
CD patients: CD#1 with highly increased concentrations of inflamma
tory proteins (orange), CD#2 with intermediate concentrations (blue), 
and CD#3 with lower concentrations (green; Fig. 4A). Age was not 
associated with protein profiles in CD (Table S5). All clusters had lower 
abundances of a network of proteins (IL-10, FGF-19, Flt3L, DNER, SCF, 
MCP-4, TRANCE) with mixed functions, including immune regulation 
and monocyte chemotaxis. CD#3 more strongly differed to CD#1 (25 
significantly different proteins) than CD#2 (14 proteins; Fig. 4B). Pro
portions of patients with perianal disease and distribution of macro
scopic inflammation were comparable between the three clusters 
(Table S5) but, in line with the overall lower abundance of circulating 
inflammatory proteins, CD#3 had significantly lower platelet counts, 
ESR, CRP, and wPCDAI scores and higher albumin than CD#1 and 
CD#2, inferring less severe disease (Fig. 4C). Endoscopic disease activity 
and peripheral blood granulocyte concentrations did not differ between 
clusters (Fig. 4C). In agreement with less severe disease, CD#3 also had 
significantly lower IFN-γ than CD#1 and CD#2 (Fig. S6A, Fig. 4B). 
Despite having relatively mild disease, a small subgroup of five CD#3 
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Fig. 4. Hierarchical clustering of plasma immune protein profiles identifies three CD clusters, with CD#3 having reduced clinical disease severity and an inflam
matory ex-Th17/IFN-γ signature in blood and tissue. A: Hierarchical clustering with Ward linkage of the 36 differentially abundant proteins in CD. Concentrations are 
z-scores of fold changes vs. HC. Three clusters are differentiated: CD#1, CD#2, and CD#3. Top bars represent wPCDAI and Paris classification. B: Volcano plots of 
differential proteins between clusters. C: Clinicopathological parameters; Student t test. D: Peripheral blood Tmem frequencies; Student t test. E: Histological disease 
activity scores in ilial and colonic biopsies; Wilcoxon-Mann-Whitney test. F: IL-1β-positive cells in ileal and colonic biopsies; Wilcoxon-Mann-Whitney test. G: 
Differentially expressed genes in paired biopsies matching differential plasma proteins. NS: not significant, *: P < 0.05, **: P < 0.01, ***: P < 0.001.
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patients exhibited elevation of an Th17-related network (IL-17C, IL-17A, 
MMP10, CCL20, FGF-21, FGF-23; Fig. 4A). There were no clinicopath
ological features that distinguished these 5 patients from the rest of the 
CD#3 patients.

CD#1 and CD#2 both have an increased inflammatory ex-Th17/IFN-γ 
signature in blood and tissue but different abundances of proteins 
previously associated with poorer disease outcome

CD#1 and CD#2 had comparable clinicopathological parameters at 
diagnosis and high IFN-γ (Fig. 4C, Fig. S6A). CD#1 had significantly 
higher concentrations of the IFN-γ-induced proteins PD-L1, CXCL10 and 
CXCL11 vs. CD#2. TNFSF14, CCL28, and ADA were the top significantly 
increased proteins in CD#1 vs. CD#2 (Fig. 4B). TNFSF14, produced by 
neutrophils and T cells, enhances lymphocyte and neutrophil activa
tion.27,28 CCL28 drives homing of T and B cells and eosinophils.29 ADA 
degrades adenosine, thereby enhancing inflammation.30 Growth factors 
(VEGFA, HGF) and monocyte and neutrophil chemoattractants (MCP-3, 
MCP-4, IL-8) were also increased in CD#1 vs. CD#2 (Fig. 4B). Both 
TNFSF14 and HGF have been recently associated with poorer prognosis 
in moderate-to-severe CD.22

Frequencies of circulating Tmem significantly differed between CD 
clusters (Fig. 4D). CD#3 (lower inflammatory proteins) had lower fre
quencies of Tact than CD#2 and higher frequencies of actTreg than 
CD#1. Tact and actTreg frequencies were similar in CD#1 and CD#2. In 
line with this, CD#1 and CD#2 both had increased frequencies of Th1* 
cells in gut-homing CD38+CD62Lneg Tmem vs. CD#3. Other Tmem did 
not differ between CD clusters.

Histological disease severity (modified or activity GHAS) in ileum or 
colon did not differ between clusters, though fewer granulomata were 
detected in CD#3 biopsies (Fig. 4E, Table S5). Interestingly, ileal (but 
not colonic) CD#2 biopsies had more IL-1β-positive cells/mm2 than 
CD#1 biopsies, although there was large heterogeneity between patients 
(Fig. 4F). Infiltrating neutrophils and IL-17A-secreting Th were similar 
between clusters (Fig. S6B-C). Intestinal mRNA expression analysis of 
Th1-related genes corroborated the differences in plasma immune pro
files: CXCL9, CXCL10, CXCL11 and PD-L1 were increased in CD#1 and 
CD#2 ileal biopsies vs. CD#3, with no differences between CD#1 and 
CD#2; these differences were less evident in the colon (Fig. 4G, S6D).

Overall, the 36 plasma proteins discriminate three clusters in CD; 
two clusters have clinically more severe disease, increased frequencies 
of Tact and gut homing Th1* Tmem, and reduced frequencies of actTreg.

Clusters of protein concentrations in UC patients normalize in response to 
therapy, with earlier introduction of immunomodulators in more severe 
UC#2 than UC#1

Next, we assessed how baseline plasma immune profiles changed 
after induction therapy and determined whether the baseline clusters 
relate to disease course and therapeutic response in UC. No differences 
in plasma immune protein modulation were observed between the 14 
patients (70 %) who received 5-aminosalicylates (5-ASA) and 6 (30 %) 
that received corticosteroids (Table S3). Overall, 10–12 weeks’ induc
tion therapy restored plasma immune profiles closer to the HC pattern 
(Fig. 5A). Induction therapy significantly decreased plasma IL-17A and 
FGF-21 and increased Ftl3L and TRANCE (Fig. 5B). Moreover, 12/36 
differentially abundant proteins significantly changed in UC#1 and 
UC#2 after induction therapy (Fig. 5C). Counterintuitively, among 
UC#1, who had less severe disease and mostly received 5-ASA, induc
tion therapy increased 10 plasma proteins, including inflammatory IFN- 
γ-induced CXCL10 and CXCL11, as well as ADA, HGF, and TNFSF14; this 
may be confounded by the small paired sample size (Fig.S7A). As ex
pected, induction therapy slightly decreased IL-17A (non-significantly) 
and significantly reduced FGF-21 in UC#1. In addition, in UC#2, who 
were more severely affected and received 5-ASA or corticosteroids, in
duction therapy decreased IL-17A and FGF-21. Induction therapy only 

increased Flt3L in UC#2. Despite these changes in a small number of 
plasma proteins, peripheral blood Tmem did not differ between t =
10–12 weeks and diagnosis (Fig.S7B), in line with the absence of strong 
alterations in circulating Tmem in therapy-naïve UC vs. HC (Fig. 1D).

Induction therapy increased Flt3L and decreased FGF-21, regardless 
of whether patients received 5-ASA or corticosteroids (Fig. 5D). Longi
tudinal analysis revealed an effective reduction in the clinical severity of 
disease after induction and stability over the first year in both UC#1 and 
UC#2 (Fig. 5E, Table S6). In contrast, fecal calprotectin was consistently 
higher in UC#2 than UC#1 up to 1 year. CRP remained low in all UC 
patients (Fig. 5E). Despite the reduced plasma IL-17A and clinicopath
ological severity in UC#1 and UC#2, most patients (90 %) only had a 
“small” clinical response and only 55 % reached full clinical remission 
after induction therapy (56 % UC#1 vs. 55 % UC#2; Table S6). How
ever, pretreatment stratification based on inflammatory immune protein 
profiles was more significantly related to clinical disease course over the 
longer term. Specifically, UC#2, with higher plasma immune profiles, 
required immunomodulation earlier than UC#1 (Fig. 5F). In agreement, 
a higher proportion of UC#2 required anti-TNFα within the first year 
than UC#1 (40 % vs. 11 %), although this difference was not statistically 
significant (Table S6, Fig.S8A). Overall, 10–12 weeks’ induction therapy 
partially restored inflammatory plasma immune profiles in UC. Strati
fication based on inflammatory plasma immune proteins at diagnosis 
identifies patients who require earlier treatment escalation.

Clusters of CD patients show differential responses to therapy but a similar 
disease course

Overall, in CD, 10–12 weeks’ induction therapy restored plasma 
immune protein profiles almost to the HC profile (Fig. 6A). Induction 
therapy was exclusive enteral nutrition (EEN) in 18 (29 %) patients, 
corticosteroids in 21 (34 %), and biologics in 21 (34 %; Table S3). One 
patient who received antibiotics and one patient who received 5-ASA 
were excluded. Treatment had more substantial effects on plasma pro
tein concentrations in CD than UC. In CD, induction significantly 
reduced 10 inflammatory proteins (CXCL9, IL-6, IL-24, OSM, CXCL10, 
MMP-1, VEGFA, IFN-γ, CCL20, CXCL11) and significantly increased 
Flt3L, SCF, and TRANCE (Fig. 6B); these proteins included three of the 
five proteins that were highest at diagnosis in CD vs. HC (CXCL9, IL-6, 
OSM). Clear differences in response to therapy were detected between 
clusters: more plasma proteins (24 down-, 5 upregulated) were modu
lated with greater fold changes in CD#1, the cluster with higher in
flammatory protein concentrations at diagnosis (Fig. 6C); CD#2 
(intermediate pretreatment profiles) exhibited intermediate modulation 
(14 down-, 4 upregulated) and CD#3 (lowest pretreatment profiles, least 
severe clinical disease) exhibited fewer changes (5 down-, 3 upregu
lated; Fig. 6C). IFN-γ, IL-6, IL-24, OSM, and CXCL9 were consistently 
lower in all three clusters and Flt3L was consistently higher, suggesting 
correction of the inflammatory profile by treatment.

As the treatments varied among clusters, we investigated the effect of 
each therapy on plasma protein concentrations (Fig. 6D). Corticoste
roids significantly increased Flt3L and SCF and reduced IL-24 and 
CDCP1. Biological therapy increased SCF, Flt3L, and DNER and reduced 
CXCL9, OSM, IL-6, MMP-1, CXCL10, IL-24, VEGFA, CCL3, and CCL23. 
EEN increased Flt3L, SCF, and TRANCE and reduced OSM, IL-6, CXCL9, 
TNFSF14, MMP-1, CXCL11, VEGFA, ADA, IL-24, HGF, and PD-L1; an 
almost complete overlap with the proteins altered by biological therapy. 
The fold changes per protein for each therapy per patient cluster 
(Fig. 6E) revealed high fold changes for IFN-γ and CCL20 in all clusters 
irrespective of therapy. However, CXCL9 was less reduced by biological 
therapy in CD#2 than the other clusters. OSM was less reduced by 
corticosteroids in CD#1 and CD#3. Overall, biological therapy (anti- 
TNFα) and EEN significantly reduced plasma inflammatory protein 
concentrations; anti-TNFα had the strongest quantitative effect and 
corticosteroids had a less pronounced effect.

Clinically, CD#1 and CD#2 achieved larger decreases in disease 
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score activity (“Moderate response”; Table S7) than CD#3. At t = 10–12 
weeks, the remission rates were not significantly different between 
clusters (Table S7). The smaller change in clinical disease in CD#3 is 
most likely explained by the lower clinical disease score at diagnosis. 
Clinical remission was reached after induction therapy by only 
approximately half of CD patients. Longitudinal analysis revealed 
effective reductions in clinical disease activity scores (Fig. 6F), fecal 
calprotectin, and CRP (Fig. 6G-H) after 10–12 weeks’ therapy in all 
three clusters; no differences in disease outcomes or clinical disease 
course were detected between clusters (Table S7, Fig.S8B).

In agreement with the reductions in the plasma immune profiles, the 
frequencies of circulating Tmem dramatically changed after induction 
therapy in CD. Inflammatory Tact and gut-homing Th1* were increased 
at diagnosis and strongly decreased after induction (Fig. 6I). Conversely, 
induction therapy increased frequencies of actTregs (Fig. 6I). Although 
the small sample size per cluster limits this analysis, CD#3 (lowest in
flammatory profile at diagnosis) exhibited fewer changes in Tmem fre
quencies vs. CD#1 and CD#2. These data demonstrate that induction 
therapy effectively reduced inflammatory protein profiles and 
concomitant inflammatory Tmem frequencies in all three CD clusters.

Discussion

In this study, we demonstrate, in a therapy-naïve pediatric IBD 
cohort, that plasma immune protein profiles discriminate subgroups of 
CD and UC patients with different disease immunotypes. These immu
notypes relate to circulating Tmem responses, clinical parameters, and 
intestinal disease and thus allow identification of the networks of cells 
and proteins driving immunopathogenesis in IBD. Therapeutic inter
vention normalizes immune protein profiles, reflecting the effects of 
therapy. Moreover, pretreatment stratification based on immune pro
files identified UC patients who required earlier initiation of 
immunomodulators.

Plasma profiling identified two different clusters of UC patients at 
diagnosis. UC#2 had a greater extent of disease and severity of histo
logical disease, with more severe infiltration of Th17 and neutrophils in 
lesional biopsies. Crucially, UC#2 required earlier initiation of thio
purine than UC#1. Greater disease extent and more severe clinico
pathological features are prognostic,31 but are heterogeneous and would 
not have discriminated all patients in UC#2. Thus, plasma proteomics 
represents a more sensitive technique to discriminate UC patients who 
will develop different disease courses and enable tailored treatment 
strategies.

UC#1 and UC#2 share a core signature of increased IL-17A, IL-8, 
CCL11, and MMP-10 vs. HC. High plasma IL-17A and increased abun
dance of IL-17A-producing cells in lesional biopsies are strongly asso
ciated with UC.3 IL-17A drives recruitment of tissue damaging 
neutrophils by inducing IL-8.32 However, IL-17A-secreting Th17 also 
promote barrier integrity and coordinate tissue protective responses.24

CCL11, produced by macrophages and epithelial cells, selectively drives 
eosinophil recruitment and is increased in serum in UC.33 MMP-10 is 
selectively increased in plasma in UC but not CD. MMP-10 is produced 
by macrophages and accumulates at healing ulcer edges in UC, possibly 
having a protective function.34 Compared to UC#1, UC#2 had increased 
plasma IL-17A and MMP-10 and selective accumulation of CCL20 
(which recruits CCR6-expressing Th17 to lamina propria), and IL-17C 
(which mediates neutrophil attraction and antimicrobial peptide pro
duction), thereby extending the core Th17/neutrophil-related signature. 
Additionally, UC#2 had higher plasma OSM, an inflammatory IL-6 
family member; high pre-treatment OSM has been associated with 
anti-TNFα resistance and may have predictive value for a poor prognosis 
in CD and UC.21,22,35,36 Crucially, selective accumulation of the IFN- 
γ-induced chemokines CXCL9, CXCL10, CXCL11, and CDCP-1 indicates 
that the UC#2 immunotype has Th1-related features that are absent in 
UC#1, in agreement with the significant correlation between histolog
ical disease activity and plasma IFN-γ (Fig. S4B) and increased intestinal 

CXCL9 mRNA (Fig. 2B). This Th1-related response appears intestinally 
compartmentalized as circulating gut-homing Tmem did not differ be
tween UC#1 or UC#2. In agreement, high-resolution single-cell analyses 
of UC lamina propria revealed increased ratios of IL-17A-IFN-γ-double- 
producing T cells in a subgroup of adult UC, suggesting intestinal ex- 
Th17 adopt a Th1-like profile in these patients.37 The combined Th1/ 
Th17-related immunotype in UC#2 could indicate a distinct immuno
pathogenesis leading to increased uncontrolled mucosal inflammation, 
greater disease extent, and more severe disease.

Plasma immune profiling identified three clusters of CD patients at 
diagnosis. CD#1 and CD#2 had higher concentrations of most inflam
matory plasma proteins (particularly the IFN-γ pathway), increased 
frequencies of circulating IFN-γ-related HLADR+ and gut-homing Th1* 
Tmem, and increased expression of IFN-γ-related mRNA in lesional bi
opsies vs. CD#3. Accordingly, CD#3 had less severe clinicopathological 
parameters than CD#1 and CD#2. Thus, immune profiling could avoid 
overtreatment of milder CD (CD#3) and enable initiation of more 
intensive induction treatment in more severe CD (CD#1, CD#2). The 
strong blood and tissue IFN-γ signature combined with increased 
circulating gut-homing Th1* Tmem implies that ex-Th17 drive disease 
in CD#2 and CD#1. Th1* are strong IFN-γ producers, pathogenic in 
inflammatory autoimmune disorders such as juvenile idiopathic 
arthritis, and have been identified in inflamed CD tissues10. Th1* 
pathogenicity may partly be related to expression of MDR-1 (or P- 
glycoprotein/ABCB1), a membrane efflux pump that binds glucocorti
coids leading to resistance to corticosteroid therapy.38,39

Although exhibiting a similar IFN-γ-related signature, CD#1 and 
CD#2 have distinct plasma immune profiles with four notable differ
ences. CD#1 has significantly higher plasma TNFSF14 (or LIGHT), 
which can enhance phagocyte bactericidal activity and lymphocyte 
proliferation, and higher HGF, which has a range of functions including 
angiogenesis and tissue regeneration.27,28,40 In our previous study, high 
pre-treatment serum TNFSF14 and HGF were associated with poorer 
prognosis at 52 weeks in moderate-to-severe pediatric CD in the first- 
line arm.22 In addition, CD#1 had higher plasma ADA than CD#2. 
Total ADA, an enzyme important for immune cell maturation, and its 
isoenzyme ADA2 were increased in the serum of CD patients with active 
disease vs. remission.41 Finally, CD#1 had high plasma CCL28, a che
mokine produced by epithelial cells that recruits CCR3- and CCR10- 
expressing T and B cells and eosinophils and has antimicrobial activ
ity. Interestingly, inflammatory mediators, such as bacterial flagellin, IL- 
1, and the short chain fatty acid butyrate, elicit CCL28 production.42

Together, these data argue that CD#1 may have a worse disease course 
than CD#2; a larger cohort with longer follow-up is required to assess 
this hypothesis.

In general, the plasma immune protein concentrations related to 
intestinal immune responses in lesional tissues and captured the extent 
of disease. However, plasma immune profiles were only associated with 
circulating gut-homing Tmem frequencies in CD. In UC, plasma immune 
protein profiles only relate to a small decrease in gut-homing Th2 vs. HC, 
which could indicate depletion from peripheral blood as a result of 
increased recruitment.43 However, except for detection of eosinophil- 
recruiting chemokines, type-2 related intestinal inflammation or Th2- 
related plasma cytokines IL-13 and IL-5 were not different between 
UC and HC in contrast6,7 and agreement44 with previous studies. Some 
plasma cytokine concentrations were associated with disease location. 
In particular, IL-17A was directly associated with colonic involvement in 
CD. Intriguingly, high plasma IL-17A in CD is strongly associated with 
severe histological disease, indicating severe CD involves a stronger 
Th17-related response.

Plasma immune profiles partially restored to HC patterns after 
10–12 weeks’ induction therapy. However, seven CD patients main
tained high concentrations of inflammatory proteins at week 10–12 (Fig. 
S9A). These patients had more severe clinicopathological parameters, 
indicative of remnant inflammation, but equivalent disease outcomes at 
one year (Fig.S9B, Table S8). This inception cohort received a variety of 
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different treatments; thus, we cannot assess which treatment strategy 
was most efficient for each cluster.

Although we anticipate that genetic susceptibility may play a role in 
the heterogeneity of the immune response in the identified patient 
clusters, we have not yet assessed IBD-associated polymorphisms in this 
cohort. It would be of particular interest to assess the HLA genes and the 
proinflammatory Th17-associated loci in our cohort, as they have been 
associated with increased IBD susceptibility and could relate to our 
results.45,46

Overall, immune plasma protein profiling is a powerful tool that 
discriminates individual patient immunotypes at diagnosis with high 
sensitivity. These data warrant future immune protein profiling studies 
to design tailored therapies and determine treatment success in ran
domized controlled trials.

Materials & methods

Patient selection

We enrolled children with newly diagnosed IBD and controls at the 
Erasmus Medical Center, Rotterdam, The Netherlands. IBD was diag
nosed according to the revised Porto criteria47 and classified as CD, UC, 
or IBD unclassified (IBD-U). IBD-U (n = 3) was grouped with UC. 
Twenty-two CD patients were selected from the TISKIDS RCT48 (Euro
pean Clinical Trial Register, EudraCT number 2014-005702-37). All 
other patients were selected from the PIBD-SETQuality inception 
cohort49. Participants with intestinal complaints and clinical suspicion 
of IBD but negative for IBD diagnosis after endoscopy were included as 
IBDneg controls. Blood from age-matched HC was collected from pa
tients visiting the pediatric orthopedic department. Permission for the 
TISKIDS RCT and PIBD-SETQuality cohort was provided by the institu
tional ethical review board (MEC-2015-080 and MEC-2016-321). 
Informed consent was obtained from all patients and parents accord
ing to Dutch regulations.

Clinical data collection

Clinical data was collected at diagnosis and scheduled follow-ups at 
10/12 weeks, 6 months, and 1 year after diagnosis (for details see sup
plemental methods). Intestinal biopsies were taken via endoscopy at 
diagnosis from macroscopically non-affected and macroscopically 
affected ileum and colon; paired adjacent biopsies were collected for 
histological analysis (for histology and histological scoring see supple
mental methods) and RNA sequencing (see supplemental methods). 
After diagnosis, patients in the PIBD-SETQuality cohort started standard 
induction treatment alongside maintenance treatment as per the phy
sician’s discretion. Patients in TISKIDS received induction therapy of 
either five infusions of infliximab (biosimilar Inflectra®) in the first-line 
arm or EEN or corticosteroids in the conventional arm. All patients 
received azathioprine maintenance therapy. The primary outcomes 
were normal CRP remission at 10–12 weeks and sustained steroid-free 
remission (SSFR) at 1 year; see Table S1 for secondary outcomes and 
definitions/criteria.

Proximity extension assay

Plasma was collected from fresh whole blood EDTA tubes after 
centrifugation (321 x g, 10 min, room temperature), stored at − 80 ◦C, 
and assessed using the 92 Inflammation Panel (Olink®, Sweden) assay. 
Concentrations are expressed as normalized protein expression (NPX; 
log2, arbitrary unit) after normalization of qPCR values. See supple
mental methods for sample preparation, missing values and quality 
control.

Statistical analysis

For therapy-naïve sample analysis, Student t tests were performed 
per protein across pairs of patient disease groups and corrected for 
multiple testing using the Benjamini-Hochberg procedure, resulting in 
36 differentially abundant proteins that differentiate IBD versus non- 
IBD. To discriminate UC and CD clusters, heatmaps of the z-scores of 
the NPX values were generated for the 36 differentially abundant pro
teins. To calculate z-scores, we subtracted CD and UC NPX-values per 
protein from the mean of HC + IBDneg samples and then divided by the 
standard deviation; a value around zero can be interpreted as a healthy 
average. Hierarchical clustering was performed using the Ward criterion 
on the z-scores of the 36 differentially abundant proteins. Changes in 
protein profiles were compared between three CD therapy groups (EEN, 
corticosteroids, anti-TNFα) and two UC therapy groups (5-ASA, corti
costeroids). A mixed effect model was fitted on the protein concentra
tions before and after therapy, with treatment and time point as fixed 
effects and patients as random effects. After fitting, the differences in the 
coefficients of each treatment between time-points were used for sta
tistical testing. Limma was used for partial pooling of coefficient stan
dard errors across proteins to improve inference. Analyses were 
performed with Python version 3.9.6 (scipy 1.10.1, scikit-learn 1.2.2, 
statsmodels 0.14.0), R version 4.2.3 (limma 3.54.0), or SPSS version 
26.0 (IBM Corporation, Armonk, NY, USA). For additional analyses see 
supplemental methods.
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