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A B S T R A C T

Background and Aims: Crohn’s disease (CD) is a chronic inflammatory disorder characterized by discontinuous 
and transmural inflammation of the gastrointestinal tract. While most studies have focused on mucosal immunity 
and individual immune cell subsets, little is known about the coordinated immune activity across the different 
ileal layers. This study aimed to characterize and compare, for the first time, the transcriptomic and immune 
landscape of the mucosa, submucosa, and serosa in diseased and adjacent healthy ileal tissue from CD patients.
Methods: Matched healthy and damaged ileal samples from 17 CD patients were dissected into three layers. 
Expression of 579 immune-related genes was quantified using the NanoString nCounter® GX Human Immu
nology V2 kit.
Results: Distinct transcriptional profiles were found between diseased and healthy tissues across all layers, with 
the mucosa showing the most pronounced dysregulation. Damaged mucosa exhibited upregulation of innate 
immunity-related genes, while neutrophil-associated transcripts and chemokines predominated in the serosa. 
Interestingly, healthy ileal tissue mirrored, layer by layer, the same distribution of innate (neutrophils) and 
adaptive (T and B) immune cells as diseased areas. A vertical immune gradient from mucosa to serosa was 
identified in both tissue types.
Conclusions: This study provides novel insights into the compartmentalized immune architecture of the ileum in 
CD. The findings highlight a potential role of healthy tissue and serosal neutrophils in CD pathogenesis and 
progression. Layer-resolved transcriptomic profiling could aid early diagnosis, reveal new biomarkers, and 
support the development of personalized therapeutic strategies targeting specific ileal compartments.

1. Introduction

Inflammatory bowel disease (IBD) encompasses a group of chronic 
conditions characterized by persistent inflammation of the gastrointes
tinal (GI) tract, including Crohn's disease (CD) [1,2]. Affecting over 6.8 
million people worldwide, IBD represents a growing global health 
concern due to its increasing prevalence. Among IBD subtypes, CD is 
mainly prominent as it can affect any part of the GI tract. It is a complex 
disorder arising from an imbalanced immune response driven by a 
multifactorial interplay of environmental, genetic, and 
microbiome-related factors, with many of the underlying mechanisms 

yet to be fully elucidated. Current evidence suggest that CD develops in 
genetically susceptible individuals as a result of dysregulated immune 
responses, with altered expression of intestinal genes playing a key role 
in disease pathogenesis [3]. Several studies have documented that in CD 
patients, the mucosal immune system is over-activated, leading to an 
aberrant cytokines’ production and sustained inflammation [4].

Even among patients with clinical remission, up to half still experi
ence inflammation [5]. Approximately 50 % of the total risk for devel
oping CD is attributed to genetics, with over 70 genes identified as 
contributing to its onset and progression [6].

CD is typically classified as a condition driven by T helper-1 (Th1) 

* Corresponding author at: Department of Experimental and Clinical Medicine, University of Firenze, Viale Pieraccini 6, I-50134, Firenze, Italy.
E-mail address: amedeo.amedei@unifi.it (A. Amedei). 

1 These authors have contributed equally.

Contents lists available at ScienceDirect

Immunology Letters

journal homepage: www.elsevier.com/locate/immlet

https://doi.org/10.1016/j.imlet.2026.107168
Received 20 November 2025; Accepted 9 March 2026  

Immunology Letters 280 (2026) 107168 

Available online 10 March 2026 
0165-2478/© 2026 The Authors. Published by Elsevier B.V. on behalf of European Federation of Immunological Societies. This is an open access article under the 
CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0009-0002-0449-2164
https://orcid.org/0009-0002-0449-2164
https://orcid.org/0009-0008-7749-667X
https://orcid.org/0009-0008-7749-667X
https://orcid.org/0009-0005-2267-7551
https://orcid.org/0009-0005-2267-7551
https://orcid.org/0000-0003-0624-7445
https://orcid.org/0000-0003-0624-7445
mailto:amedeo.amedei@unifi.it
www.sciencedirect.com/science/journal/01652478
https://www.elsevier.com/locate/immlet
https://doi.org/10.1016/j.imlet.2026.107168
https://doi.org/10.1016/j.imlet.2026.107168
http://crossmark.crossref.org/dialog/?doi=10.1016/j.imlet.2026.107168&domain=pdf
http://creativecommons.org/licenses/by/4.0/


and − 17 (Th17) cells, characterized by increased levels of interleukin- 
12 (IL-12), IL-23, interferon-gamma (IFN-γ), and IL-17 [7]. Even with 
effective therapies available, 30–50 % of patients either do not 
adequately respond, suffer from serious side effects, or eventually lose 
the treatment’s effectiveness [8–10]. Nevertheless, although the right 
mechanisms behind the disease are not fully understood, it is widely 
accepted that the innate immune system plays a central role in begin
ning intestinal inflammation. Within the gut, the majority of 
pro-inflammatory immune cells are located in the mucosal layer, 
whereas the submucosa may contain fewer, primarily recruited, immune 
cells. In contrast, the inflammatory processes occurring in the serosa are 
still poorly characterized.

In a previous study, we documented that the amounts of cytokines 
involved in immune cell recruitment varies across the ileal wall, with 
distinct patterns observed between the submucosal and serosal com
partments [11]. Currently, most research focuses on individual immune 
cells or specific subsets thereof, often through longitudinal studies. 
However, the immune system operates as a complex and dynamic 
network, in which immune cells interact extensively with one another 
and with a variety of molecular and environmental factors [12].

For these reasons, this study aimed to finely explore the tran
scriptomic signature of the intestinal mucosa, submucosa, and serosa in 
CD patients by analyzing gene expression patterns to better characterize 
the differences between damaged and surrounding healthy tissue, as 
well as to assess layer-specific alterations across the intestinal wall.

3. Results

3.1. Study population

Seventeen adult patients (eleven males and six females, with a mean 
age of 44 years, ranging from 21 to 74 years), diagnosed with ileal (16 
patients) or ileocolic CD (1 patient), were enrolled (between January 
2021 and September 2021) at ‘Careggi University Hospital’ (Florence, 
Italy). Among them, 47 % (8 patients) were diagnosed with stricturing 
disease, 35,3 % (6 patients) with stricturing-penetrating disease, and 
17,7 % (3 patients) with penetrating CD. Of the enrolled patients, 52,9 % 
(9 patients) underwent their first surgery, while 47,1 % (8 patients) were 
enrolled during disease recurrence. Demographic and clinical data for 
each patient are summarized in Table 1.

3.2. Differentially expressed genes in damaged layers vs. healthy 
counterparts

The gene expression analysis of diseased vs surrounding healthy ileal 
layers identified distinct patterns of dysregulation. In sum, we identified 
47 significantly upregulated genes (log2(fc) ≥ 1, BH-p< 0.05), and 8 
downregulated genes (log2(fc) ≤ − 1, BH-p< 0.05) in CDM compared to 
HM. CDSM and CDS exhibited less dramatic gene expression changes, 
with 12 and 2 upregulated genes, respectively log2(fc) ≤ − 1, BH-p<
0.05)(Fig. 1). Among these, comparing to the healthy counterparts, 17 
genes (FCGR2A, TAGAP, ARG2, THY1, LILRA5, SOCS3, FCGR3A/B, 
LY96, FCGR2A/C, CD24, IDO1, PLAU, IL1B, CXCL10, IL1R2, MUC1, 
IL8) showed a strong differential expression (log2(fc) ≥ 2 or ≤ − 2, BH- 
p< 0.05) in CDM and 3 (CD79A, CXCL9, CD27) in CDSM.

In detail, CDM samples exhibited the highest number of upregulated 
genes associated with the inflammatory response. Notably, IDO1 
(log2(fc)=2.75, BH-p = 0.004), LY96 (log2(fc)=3.23, BH-p = 0.003), 
SOCS3 (log2(fc)=2.54, BH-p = 0.003) and MUC1 (log2(fc)=2.26, BH-p =
0.023) were strongly upregulated. Additionally, CDM samples showed 
pronounced upregulation of genes associated with cytokine signaling, 
including IL1β (log2(fc)=3.37, BH-p = 0.008) and IL1R2 (log2(fc)=2.23, 
BH-p = 0.023).

Interestingly, no cytokine or cytokine receptor-encoding genes were 
detected in the deeper layers, except for CD27 in CDSM (log2(fc)=2.32, 
BH-p = 0.034) (Table 2). Additionally, in CDM, multiple chemokines Ta
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were upregulated, including CXCL10 (log2(fc)= 2.46; BH.p= 0.015) and 
IL-8 (log2(fc)= 3.05; BH.p = 0.033). Conversely, in CDSM, only two 
chemokines were significantly upregulated, among which CXCL9 
showed a strong expression (log2(fc)= 3.66; BH.p = 0.034) (Table 2 and 
Table 3).

Notably, CDM was the only tissue layer exhibiting a significant 
downregulation of immune-related genes, specifically those involved in 
the negative regulation of inflammation, including CD36 (log2(fc)=−

1.96, BH-p = 0.0005) and ARG2 (log2(fc)=− 2.39, BH-p = 0.002).
In addition, CDM showed a strong upregulation of genes encoding 

cell-surface receptors involved in innate immune responses, such as 
FCGR2A (log2(fc)=4.1, BH-p = 0.0005), FCGR3A/B (log2(fc)=2.54, BH- 
p = 0.003), FCGR2A/C (log2(fc)=2.29, BH-p = 0.003), LILRA5 
(log2(fc)=3.02, BH-p = 0.003) and CD24 (log2(fc)=2.07, BH-p = 0.003) 
(Table 2), while genes involved in the complement system were upre
gulated in CDSM, as shown in Table 3.

Finally, several genes involved in T cell- and B cell-mediated re
sponses showed a differential expression across different tissue layers 
(Tables 2–4). Notably, our samples showed a strong upregulation of 
TAGAP (log2(fc)=3.88, BH-p = 0.002) and THY1 (log2(fc)=2.55, BH-p =
0.002) in CDM while CD79A (log2(fc)=3.05, BH-p = 0.031) was upre
gulated in CDSM.

Fig. 1. Volcano plots showing the differentially expressed genes in damaged tissue vs. healthy tissue. Red dots represent genes exhibiting significant upregulation, 
defined as log2(fold change) ≥ 1 and BH-p< 0.05; purple dots indicate genes with significant downregulation, defined as log2(fold change) ≤ − 1 and BH-p< 0.05. 
Genes not meeting these criteria are depicted in gray. CDM, damaged mucosa; CDSM, damaged submucosa; CDS, damaged serosa; HM, healthy mucosa; HSM, 
healthy submucosa; HS, healthy serosa.

Table 2 
Differentially expressed genes in CDM vs. HM. For each gene with log2(fold 
change) ≥ +1 (overexpressed) or ≤ − 1 (downregulated), log2(fold change) is 
presented, along with an adjusted p-value. aBH, Benjamini-Hochberg.

Gene log2(fold 
change)

BH.p- 
valuea

Gene log2(fold 
change)

BH.p- 
valuea

CD36 − 1.96 0.000475 IL1B 3.37 0.00841
FCGR2A 4.1 0.000475 IFITM1 1.4 0.0113
TAGAP 3.88 0.00165 FCER1G 1.22 0.0128
ARG2 − 2.39 0.00179 CXCR4 1.58 0.0138
THY1 2.55 0.00225 ICAM1 1.69 0.0138
PECAM1 1.7 0.00317 SERPING1 1.35 0.0138
LILRA5 3.02 0.00346 TGFB1 1.03 0.015
SOCS3 2.54 0.00346 CXCL10 2.46 0.015
ITGA5 1.82 0.00349 CXCL2 1.79 0.015
CD59 1.03 0.00349 C1R 1.39 0.0155
FCGR3A/ 

B
2.54 0.00349 CSF2RB 1.69 0.0167

LY96 3.23 0.00354 CCL11 1.71 0.0167
FCGR2A/ 

C
2.29 0.00354 IL1R2 2.23 0.0226

XBP1 1.19 0.00354 PDGFRB 1.46 0.0227
CD24 2.07 0.00354 MUC1 2.26 0.0232
IDO1 2.75 0.00446 FN1 1.56 0.0235
MAF − 1.79 0.00616 CEACAM6 1.59 0.0235
PLAU 2 0.00635 CD79B 1.63 0.0241
NFKBIZ 1.25 0.00635 CXCL9 1.84 0.0241
GBP1 1.76 0.00741 C4A/B 1.57 0.0244
BST2 1.05 0.00741 STAT1 1.06 0.0258
CEBPB 1.22 0.00767 ITLN2 − 1.88 0.0263
CXCL1 1.82 0.00767 TNFAIP3 1.2 0.0335
CD44 1.14 0.00835 C1S 1.22 0.0335
TLR3 − 1.07 0.037 IL8 3.05 0.0335
CXCR2 1.62 0.037 CTLA4_all 1.38 0.037
DPP4 − 1.3 0.0385 MME − 1.74 0.037
ABCB1 − 1.42 0.0397 ​ ​ ​

Table 3 
Differentially expressed genes in CDSM vs. HSM. For each gene with log2(fold 
change) ≥ +1 (overexpressed) or ≤ − 1 (downregulated), log2(fold change) is 
presented, along with an adjusted p-value. aBH, Benjamini-Hochberg.

Gene log2(fold change) BH.p.valuea

CD79A 3.05 0.0311
VCAM1 1.01 0.0311
BST2 1 0.0341
C4A/B 1.49 0.0341
CCL11 1.41 0.0341
CFI 1.12 0.0341
CXCL9 3.66 0.0341
CD27 2.32 0.0341
CD24 1.59 0.0394
IFI16 1 0.0396
C2 1.3 0.0433
IFITM1 1 0.0434

Table 4 
Differentially expressed genes in CDS vs. HS. For each gene with log2(fold 
change) ≥ +1 (overexpressed) or ≤ − 1 (downregulated), log2(fold change) is 
presented, along with an adjusted p-value.

Gene log2(fold change) BH.p.valuea

XBP1 1.48 0.0173
IRF4 1.85 0.0313

a BH, Benjamini-Hochberg.
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3.3. Immune-pathway scores were differentially regulated in damaged vs. 
healthy layers

Nanostring pathway score analysis revealed a trend of upregulation 
across several pathway signatures in all three diseased ileal layers 
compared to their healthy counterparts (Fig. 2). Notably, pathway 
scores for NF-KB signaling, cytokine and chemokine signaling 

underscored the involvement of all three damaged ileal layers in the 
inflammatory response (Fig. 2b). Furthermore, pathways with the 
highest scores were predominantly associated with innate immunity and 
lymphocyte activation in all three tissue layers, and host-pathogen in
teractions in CDSM and CDS (Fig. 2b).

Fig. 2. (a) Trend plots illustrating broad upregulation in immune pathway scores in damaged tissues; (b) Box-plots depicting pathway score signatures involved in 
inflammation, highlighting a marked dysregulation in NF-kB, cytokine and chemokine pathway activity between damaged and healthy tissues. CDM, damaged 
mucosa; CDSM, damaged submucosa; CDS, damaged serosa; HM, healthy mucosa; HSM, healthy submucosa; HS, healthy serosa.
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3.4. Cell-type profiling

The overall abundance of most cell type profiles was elevated across 
the wall of the diseased ileum, as depicted in the trend plots in Fig. 3. In 
addition, using the nCounter® advanced analysis module, we assessed 
the abundance of immune cell populations characterized by cell type- 
specific expression patterns. The raw cell type measurements revealed 
an increase in neutrophils and immune cells (CD45+) in CDM; T cell 
levels did not show a clear decrease in median values between healthy 
and diseased mucosa, but CDM exhibited greater variability and 
included notably lower individual scores. In contrast, CDSM exhibited 
the highest scores for CD45+ cells and T-cells, with similar trends 
observed in CDS (Fig. 3).

3.5. Transmural gene expression pattern and cell-types in damaged and 
healthy ileum

The vertical analysis of differentially expressed genes across the 
tissue layers of both healthy and diseased ileum revealed distinct gene 
expression profiles along the intestinal wall. Using pairwise compari
sons, we identified 28 genes that were differentially expressed in both 
CDSM and CDS compared to CDM (log2(fc) ≥ 1 or ≤ − 1 and BH.p< 0.05) 
(Fig. 4a) and 33 genes differentially expressed in both HSM and HS 
compared to HM (Fig. 4d), allowing us to define a gradient of gene 
expression from the mucosa to the serosa for both healthy and diseased 
ileum. Additionally, 9 genes were uniquely differentially expressed in 
CDSM vs. CDM (log2(fc) ≥ 1 or ≤ − 1 and BH.p< 0.05) (Fig. 4b), and 43 
genes in CDS vs. CDM (log2(fc) ≥ 1 or ≤ − 1 and BH.p< 0.05) (Fig. 4c). 
Notably, no significant differences were observed in CDS vs. baseline of 
CDSM. For what concerns the healthy tissues, 1 gene was uniquely 
differentially expressed in HSM vs. HM (log2(fc) ≥ 1 or ≤ − 1 and BH.p<
0.05) (Fig. 4e) and 78 genes in HS vs. HM (log2(fc) ≥ 1 or ≤ − 1 and BH. 
p< 0.05). Similarly, to the diseased ileum, no significant differences 
were observed in HS vs. baseline of HSM.

To further visualize these gradients, we constructed a heatmap 
(Fig. 4) in which the mucosa was set as the baseline, assigning a log2(fold 
change) value of zero to all genes. The subsequent rows represented the 
submucosa and serosa, displaying their respective log2(fold change) 

values relative to the baseline (CDM). This approach allowed us to 
clearly observe the progression of gene expression changes through the 
intestinal layers and capture the transmural heterogeneity in healthy 
and diseased tissue, thus helping capture the dynamics of immune 
responses.

Starting from these different genetic expression patterns and cell 
type profiling results, we documented a significant gradient of immune 
cell distribution across the CD and healthy tissues. Specifically, the 
analysis indicated a putative increased abundance of CD45+ immune 
cells near the luminal surface in both damaged and healthy ileum (CDM 
and HM), with a progressive decline in the deeper submucosa e serosa. 
In fact, further analyses of specific immune cell populations within the 
diseased tissues showed a decreasing trend in T and B cells, and cyto
toxic cells from CDM to CDS, with a similar trend for T cells and cyto
toxic cells in the healthy counterparts. Notably, neutrophils exhibited an 
opposite pattern, with higher scores in both diseased and healthy serosa 
compared to healthy and diseased mucosa and submucosa (Fig. 5).

4. Discussion

Our results provide a comprehensive view of the dynamics of gene 
expression across the three distinct layers of the intestinal wall in CD 
patients. Unlike previous similar research that focused mainly on the 
lamina propria, our study stands out as the first to innovatively inves
tigate differentially expressed immune-related genes in the mucosa, 
submucosa, and serosa, moving beyond the traditional focus only on 
ileal mucosa, and considering the same approach also in adjacent 
healthy tissues. Thus, predicting pathway scores and cell-type profiles in 
analyzed tissues, we documented how the typical discontinuity of the 
intestinal inflammation in human CD implies distinct underlying gene 
expression profiles between visibly diseased areas and contiguous 
healthy tissues in the same patients.

A weakened intestinal barrier plays a crucial role in this process [3]. 
It is widely believed that inflammatory lesions first develop in the in
testinal mucosa and that the progression of transmural inflammation 
allows the involvement of the submucosa, muscularis, and serosa in CD 
patients [13]. Specifically, IBD flare-ups are characterized by neutrophil 
transepithelial migration in the gut. Disordered architecture, neutrophil 

Fig. 3. Cell Type Profiling results suggesting increased immune cell infiltration across all three layers of the diseased ileum. The abundance of cell populations was 
assessed based on the expression of specific marker genes associated with each cell type. The trend plots depict the raw scores for each cell type, providing insights 
into the putative abundance of immune cells across the different layers of the disease-affected ileum. CDM, diseased mucosa; CDSM, diseased submucosa; CDS, 
diseased serosa; HM, healthy mucosa; HSM, healthy submucosa; HS, healthy serosa. * p< 0.05, ** p< 0.01, *** p< 0.001.
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transepithelial migration with crypt abscesses, and extensive mucosal 
ulcers linked to neutrophil infiltration are typical histological charac
teristics of intestinal biopsies [14,15].

Our findings confirm the CD complexity, driven by multiple cell 
types contributing to the chronic inflammatory milieu, [16] mainly in 
the lamina propria [17]. Among these, neutrophils are known to be a 
major source of pro-inflammatory cytokines and chemokines and play a 
critical role in the inflammation endurance [18,16]. Our gene expres
sion analysis revealed increased cell-type scores characterized by a 
widespread presence of neutrophils when comparing damaged and 
healthy tissues, different from the transmural scores obtained in the 
vertical analysis, which were higher within the diseased serosa 
compared to the upper CD layers. These findings suggest a prominent 
role for neutrophils in driving transmural inflammation, consistent with 
the known pathological hallmark of polymorphonuclear neutrophils 
infiltration in IBD [19]. Neutrophils possess strong antimicrobial activ
ity and have been implicated in pathological intestinal inflammation 
through the production of reactive oxygen species by the neutrophil 
NADPH oxidase [20]. Moreover, these cells are highly responsive to 
IL-8, [21] a chemokine for which we have documented increased 
expression levels in the CD mucosa compared to healthy mucosa, as well 
as elevated protein levels in patients with active CD, as we have previ
ously reported [11]. However, the neutrophils’ recruitment to a specific 
tissue site through chemokines alone, without their simultaneous acti
vation, is not enough to induce tissue damage, as demonstrated in a 
transgenic mouse model with doxycycline-induced human IL-8 expres
sion in the ileal and cecal epithelium [22]. In addition, our data showed 
increased expression levels of the chemokines’ genes CXCL1 and CXCL2, 
alongside increased levels of CXCR2-mRNA. These chemokines are 
secreted by monocytes and macrophages and are chemotactic for poly
morphonuclear leukocytes. When CXCL1 and CXCL2 bind to CXCR2, 
they activate chemokine pathways that are primarily responsible for the 
recruitment and, notably, activation of neutrophils in response to in
flammatory stimuli [23].

In contrast to the well-established proinflammatory role of neutro
phils, Kuhl A et al. investigated the effects of neutrophils depletion in a 
mouse model of chronic T cell-mediated colitis. In this model, disease is 

induced by transferring CD45RBhigh T cells (without regulatory T cells) 
into T cell-deficient RAG-1 knockout mice. Unlike DSS- or hapten- 
induced colitis models, this approach more closely resembles human 
IBD, as it involves T cell-mediated responses to gut microbiota-derived 
antigens [24]. Surprisingly, neutrophil depletion, during the T cell 
transfer, exacerbated colitis and led to earlier mortality, [24] high
lighting a more complex role for these immune cells in intestinal 
inflammation.

In other words, these findings challenge the outdated view of neu
trophils as solely proinflammatory and destructive in IBD, suggesting 
that they may also play a protective role [25] and raising the question of 
whether their presence in chronic disease mirrors a pathogenic mecha
nism or a compensatory response.

Notably, in support of the potential protective role of neutrophils, for 
the first time we have documented a similar increase (comparing 
healthy mucosa and submucosa) of these relevant cells also in healthy 
serosa. In addition, this finding suggests that the immunity cells located 
in healthy ileum could play a relevant role in CD development.

In fact, beyond neutrophils, the transmural inflammatory infiltrates 
in CD patients are characterized by effector T cells and many other 
leukocyte populations, which promote IBD [26,27] and our data suggest 
that T cells are likely more abundant in the diseased submucosa and 
serosa compared to the adjacent healthy ileum, which exhibited higher 
cell-type scores within the mucosa.

But in the meantime, we observed an increased abundance of CD45+

immune cells near the luminal surface in both diseased and healthy 
ileum (CDM and HM), with a progressive decline in the deeper sub
mucosa e serosa. In fact, further analysis of specific immune cell pop
ulations within the damaged tissues showed a decreasing trend in T and 
B cells, and cytotoxic cells from CDM to CDS, with a similar trend for T 
cells and cytotoxic cells in the healthy counterparts. Interestingly, the 
increased scores in the healthy mucosa may mirror the presence of 
exhausted CD8+ T-cells, whose typical markers were elevated in this 
tissue layer. Usually, the T cell exhaustion occurs when T cells are 
persistently activated by antigens, leading to a decline in their effector 
functions (such as cytokine secretion) and an increase in the expression 
of inhibitory receptors [28]. The persistence of less responsive, 

Fig. 4. Heatmaps showing the gradient of differentially expressed genes across the layers of diseased (a-c) and healthy (d-f) ileum with log2(fc) ≥ 1 or ≤ − 1 and BH. 
p< 0.05. (a, d) Heatmaps (a) and (d) represent the overall gene expression gradient across the diseased and healthy mucosa, submucosa, and serosa, with the mucosa 
set as baseline. Submucosa (CDSM, HSM) and serosa (CDS, HS) rows display their respective log2(fc) values relative to the mucosa (CDM, HM), highlighting the 
progression of gene expression changes across the intestinal wall. (b, e) Heatmaps (b) and (e) show the uniquely differentially expressed genes in submucosa 
compared to mucosa, emphasizing gene expression alterations within the intermediate layer, not reported in the serosa. (c, f) Heatmaps (c) and (f) depict the uniquely 
differentially expressed genes in the serosa compared to the mucosa, illustrating the gene expression changes specific of the outermost layer. CDM, damaged mucosa; 
CDSM, damaged submucosa; CDS, damaged serosa; HM, healthy mucosa; HSM, healthy submucosa; HS, healthy serosa.
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exhausted T cells during chronic antigen exposure may help partially 
limit immunopathology, as demonstrated by McKinney F et al. who 
associated exhausted CD8+ expression patterns with a less severe dis
ease progression and a more favorable prognosis [29]. The putative 
abundance of exhausted CD8+ T cells observed in the healthy mucosa 
could indicate a homeostatic role, as these cells are known to be less 
reactive to microbial luminal content [30]. In other words, we can 
suggest a potential protective mechanism in maintaining mucosal 
integrity in the healthy ileum with a critical homeostatic role of the 
exhausted cytotoxic T cells.

While dysregulated T cell responses have long been documented in 
the CD pathogenesis, recent research has highlighted the involvement of 
both immunity branches, innate and adaptive, with growing evidence of 
altered function of innate receptors, [31] such as Fcγ receptors (FcγRs). 
Even though FcγRs signaling has been extensively studied in ulcerative 
colitis, with links to IL-1β production and type-17 immunity [32], its 
role in CD remains not fully explored. Nevertheless, our results 
emphasize the potential of such signaling pathways in CD pathogenesis. 
In fact, a key finding of our study was the strong upregulation of three 
activating FcγRs (FCGR2A, FCGR3A/B, FCGR2A/C) in the diseased 
mucosa. These genes exhibited the highest scores within our panel, and 

such results suggests enhanced phagocytic activity in the visibly 
damaged areas of the ileum, where IL-1β expression was also signifi
cantly elevated, supporting our previous protein-level findings [11]. 
Given the known increase of IgG-bound bacteria [33] and B cells within 
tissue immune infiltrates in IBDs [34], the strong upregulation observed 
for FcγRs suggests a role for phagocytic responses in mucosal inflam
mation, which may increase the downstream inflammatory cascade in 
the inflamed gut areas, a mechanism that warrants further investigations 
in CD. Finally, the heightened expression of the regulatory leukocyte 
receptor LILRA5 in the diseased mucosa, alongside CXCR2, CXCL1, IL-1β 
and IL-8, corroborates findings by Dheer et al., who described a similar 
phagocytic profile within the lamina propria of human IBD biopsies 
[35].

FcγR signaling is crucial for the production of several chemokines, 
including IL-8 and CXCR3-related chemokines such as CXCL9 and 
CXCL10 [36]. In our analysis, CXCL9 was upregulated in both the 
diseased mucosa and submucosa, showing no significant vertical 
gradient across the diseased ileal layers. In contrast, CXCL10 was spe
cifically upregulated in the mucosal diseased ileum. These findings are 
consistent with those reported by Jones et al., who observed increased 
mRNA levels of CXCR3 ligands in ileal CD patients [37] Notably, these 

Fig. 5. Cell Type Profiling of pairwise comparisons across the different layers of damaged (a, b, c) and healthy (e, f, g) ileum. The putative abundance of cell 
populations was assessed based on the expression of specific marker genes associated with each cell type. (a-f) Trend plots depicting the raw scores for each cell type. 
* p< 0.05, ** p< 0.001, *** p< 0.001.
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chemokines have been associated with CD recurrence [38] and were 
described by Singh et al. as IBD hallmarks [39].

Moreover, CXCR3-related chemokines are known to promote the 
activation of human effector T cells [37] and mediate neutrophils’ 
recruitment to inflammatory sites in mouse colitis models [40]. Isles et 
al. further demonstrated that, after recruitment, neutrophils retention at 
inflammatory sites in Zebrafish involves additional chemokines such as 
CXCL12 [41], which is expressed and upregulated in human intestinal 
epithelial cells (IECs) of IBD patients [42]. While CXCL12 over
expression has previously been reported in the mucosa of CD patients, 
[42] a key finding of our study was the increased mRNA expression in 
the diseased submucosa and serosa. This was accompanied by cell-type 
scores indicating a putative higher neutrophils’ abundance in the 
diseased serosa compared to the upper layers. These results suggest that 
CXCL12 may contribute to transmural inflammation and neutrophil 
persistence in CD. The localized expression CXCL12 pattern supports the 
presence of an organized immune response, driven by a complex 
chemotactic gradient extending beyond the mucosa into deeper layers, 
influencing the positioning and activity of granulocyte across the ileal 
wall.

Further analyzing genes implicated in innate immunity, our results 
underscore the pivotal role of other genes involved in innate-immune 
receptors signaling in the epithelial layer of the diseased ileum. The 
significant upregulation of LY96, encoding MD-2, a key component in 
the response to lipopolysaccharides (LPS), suggests heightened sensi
tivity to LPS in visibly inflamed areas. This result corroborates previous 
findings that IECs from IBD patients show increased LPS responsiveness 
through MD-2 upregulation, [43] compared to healthy IECs being 
physiologically poorly responsive to LPS [43,44]. MUC1 is another gene 
normally expressed at low levels in IECs but playing a crucial role in 
maintaining the integrity of intestinal barrier [45]. In the diseased 
mucosa, we observed a significant upregulation of this gene, further 
corroborating findings by Hashash et al. who associated its expression 
with endoscopic recurrence and postoperative outcomes in CD patients 
[46]. Similarly, PLAU and IDO1, both markedly upregulated in our 
samples, have well-established roles in UC and are linked to disease 
severity [47,48],. Alongside these genes, TAGAP was strongly expressed 
in the diseased mucosa and has been reported to vary with disease 
severity and location, showing the highest levels in cases of severe 
colonic CD [49]. SOCS3, a key regulator of cytokine-mediated STAT3 
signaling and strongly associated with disease activity in UC [50–52], 
showed a strong upregulation in the damaged mucosa, while CD24, 
known to be differentially expressed between diseased and healthy tis
sues in IBDs, was notably upregulated in the diseased ileum [53].

Collectively, the innovative aspect of our findings lies in the potential 
of these genes, firstly studied in UC, to form a predictive panel for 
assessing disease activity, endoscopic recurrence, and surgical out
comes, lastly aiding in the prevention of complications and relapse in 
active CD. Furthermore, our layer-specific analysis of the ileum revealed 
that several genes previously linked to overall CD severity display 
distinct expression profiles across individual tissue layers. These find
ings suggest that future diagnostic tools could leverage such differences 
to develop more refined, layer-targeted panels for the early prediction of 
clinical and surgical recurrence.

Beyond the immunological disruptions observed, our data highlight 
the molecular complexity of the CD microenvironment, indicating al
terations in metabolic pathways within the diseased ileum. Our findings 
point to an underlying immune-metabolic imbalance that may exacer
bate inflammation and contribute to the differences observed between 
diseased and healthy ileal areas [54]. Notably, we identified a strong 
downregulation of the Arginase-2 encoding gene (ARG2), which is 
known to play a protective role against oxidative stress in UC [55]. 
While the role of arginine metabolism in IBD remains debated, our re
sults contrast with previous reports of elevated Arginase-2 levels during 
active UC, [56] instead aligning with emerging evidence of impaired 
arginase pathways in IBDs [57]. Additionally, we detected a 

downregulation of CD36 in the diseased mucosa - a gene encoding a 
glycoprotein critical for the uptake of dietary lipids, including 
long-chain fatty acids (LCFA) and cholesterol [58]. These data suggest 
that disrupted lipid metabolism may contribute to chronic gut inflam
mation and epithelial barrier dysfunction in CD [59].

Surely our study shows some limits, such as the restricted number of 
enroll patients and some speculative conclusions, but summarizing, our 
data provide novel insights into pathogenesis of human CD by 
comprehensively analyzing gene expression across the distinct ileum 
layers, revealing unique expression patterns that may explain the 
characteristic patchy and discontinuous inflammation observed in CD 
patients. While inflammation and immune activation were evident in all 
diseased layers, consistent with the transmural nature of the Crohn 
disease, the mucosa and submucosa emerged as the primary compart
ments driving the inflammatory response.

In addition, and remarkably, we documented for the first time that 
the healthy ileal parts of the CD patients mirror, layer by layer, the same 
functional distribution of innate (neutrophils) and adaptative (T and B 
cells) immune cells in the ileum, highlighting a potential involvement of 
the healthy gut in the CD pathogenesis. To better clarify the role of this 
currently neglected aspect, could be crucial to fine evaluate the role of 
healthy ileum part in clinical progression such as the comparison be
tween first surgery vs. surgical relapse patients, as suggested by our 
previous studies [60].

Moreover, it would be a priority to better investigate the functional 
characteristics of neutrophils, which we have shown to be highly rep
resented in the serosa ileum of both parts (diseased and healthy) to 
rightly decipher their role, which in light of our data, appears contro
versial in the CD development.

By emphasizing the layered architecture of the intestinal wall and its 
compartmentalized inflammatory responses, our study advances our 
understanding of human CD but also underscores opportunities for 
developing more precise diagnostic tools and targeted therapies to 
tackle the disease’s heterogeneity, thereby enhancing patient’s quality 
of life.

In conclusion, we provided a well fine picture of the dynamics of 
gene expression across the different ileum layers in CD patients, inno
vatively exploring the differentially expressed immune-related genes in 
the mucosa, submucosa, and serosa, moving beyond the traditional 
focus only on ileal mucosa. We remarked the different distribution and 
function of immune cells in the various ileum layers highlighting the 
potentially relevant role of healthy mucosa and neutrophils in the 
modulation of human CD development.

2. Materials and methods

2.1. Study design

Seventeen patients with ileal or ileocolic CD diagnosis were enrolled 
between January 2021 and September 2021 at ‘Careggi University 
Hospital’ (Florence, Italy). The CD diagnosis was confirmed through 
clinical evaluations, endoscopic procedures, and histopathological 
analysis. To be eligible, patients had to meet the following criteria: (i) a 
confirmed CD diagnosis for at least three months following the Montréal 
classification; (ii) ileal or ileocolic localization; (iii) an age range be
tween 20 and 75 years. Patients were excluded if they: (i) had recent (<
3 months prior to surgery) bacterial or parasitic GI infections; (ii) had 
traveled to exotic locations in the last five years. Notably, all the 
enrolled patients discontinued the use of antibiotics, aminosalicylates, 
immunosuppressants, biologic therapies, or steroids for a minimum of 
four weeks prior to surgery. The study protocol received approval from 
the local Ethics Committee (study no 2016.0842), and all participants 
provided written informed consent before inclusion.
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2.2. Tissue sample preparation

Tissue samples from both disease-affected and healthy ileal regions 
were obtained from each patient as previously described [11]. Briefly, 
the ileocolic resection (ICR) was carefully divided into three layers 
(mucosa, submucosa, muscolaris/serosa) using a cold-blade scalpel 
under 4.5x magnification, performed by the same surgeon (G.F.). This 
process yielded six ex-vivo biopsies per patient: damaged mucosa (CDM), 
damaged submucosa (CDSM), damaged muscolaris/serosa (CDS), 
healthy mucosa (HM), healthy submucosa (HSM) and healthy musco
laris/serosa (HS).

The healthy tissue samples were taken >1 cm away from the visibly 
inflamed area. The classification of tissue as healthy was based on both 
macroscopic appearance and confirmation from the surgical pathology 
report, indicating no histopathologic abnormalities. Clinical samples 
were immediately preserved in NucleoProtect RNA (Macherey-Nagel, 
Germany) and stored at − 80 ◦C for further analysis.

2.3. RNA extraction and Nanostring gene expression analysis

Total RNA was extracted from frozen ileal tissue using a Nucleo
Spin® RNA kit (Macherey-Nagel, Germany) according to the manufac
turer’s instructions. RNA concentration and purity were determined 
using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scien
tific, USA), while RNA quality was assessed using an Agilent 2100 Bio
analyzer (Agilent Technologies, USA) and the RNA 6000 Nano LabChip 
Kit (Agilent Technologies, USA). In total, 50 ng of RNA was subjected to 
Nanostring gene expression analysis with the Nanostring nCounter 
system. The relative mRNA copies number of 579 human genes that are 
differentially expressed in immunological disorders was quantified as 
per the manufacturer’s recommendations (NanoString Technologies, 
USA) using a nCounter® GX Human Immunology V2 kit (NanoString 
Technologies, USA).

2.3. Bioinformatic and statistical analysis

The raw gene expression data generated by the Nanostring system 
were processed using the nSolver™ Analysis Software 4.0 (NanoString 
Technologies, USA). To minimize the background noise, a background 
correction was performed using the geometric mean of negative con
trols. Data normalization was carried out in two steps: first, by 
normalizing to the geometric mean of six positive controls, and second, 
by normalizing to the geometric mean of 15 housekeeping genes 
(NanoString Technologies, USA). A comparative analysis of gene 
expression was then conducted by comparing counts from diseased ileal 
tissue sections to their adjacent healthy counterparts (e.g., CDM vs. HM, 
CDSM vs. HSM, CDS vs. HS). Finally, a vertical analysis was conducted in 
both diseased and healthy ileum through pairwise comparisons (CDSM 
vs. CDM, CDS vs. CDM, and CDS vs. CDSM; HSM vs. HM, HS vs HM, and 
HS vs. HSM).

For statistical analysis, differential expression was determined using 
the nCounter Advanced Analysis 2.0.134 software (NanoString Tech
nologies, USA), applying a Benjamini-Hochberg correction to adjust for 
multiple testing. For further differential expression analysis, only 
mRNAs with a log2(fc) ≥ 1 or ≤ − 1 and a BH-p< 0,05 were deemed 
biologically and statistically significant, while mRNA with a log2(fc) ≥ 2 
or ≤ − 2 and a BH-p< 0,05 were considered strongly differentially 
expressed.

Graphical representations were generated using the nCounter 
Advanced Analysis 2.0.134 software (NanoString Technologies, USA) 
and GraphPad Prism version 8.4.3.686.

Data Availability Statement: The data underlying this study are not 
publicly available due to ethical and privacy considerations involving 
human subjects. However, they are available from the corresponding 
author upon reasonable request.
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