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Abstract: Inflammatory bowel disease (IBD) is an idiopathic and chronic disorder that includes
ulcerative colitis (UC) and Crohn’s disease (CD). Both diseases show an uncontrolled intestinal
immune response that generates tissue inflammation. Dendritic cells (DCs) are antigen-presenting
cells that play a key role in tolerance maintenance in the gastrointestinal mucosa. Although it has
been reported that DC recruitment by the intestinal mucosa is more prominent in IBD patients, the
specific mechanisms governing this migration are currently unknown. In this study, the expression of
several homing markers and the migratory profile of circulating DC subsets towards intestinal chemo-
attractants were evaluated and the effect of biological drugs with different mechanisms of action,
such as anti-TNFα or anti-integrin α4β7 (vedolizumab), on this mechanism in healthy controls (HCs)
and IBD patients was also assessed. Our results revealed that type 2 conventional DCs (cDC2) express
differential homing marker profiles in UC and CD patients compared to HCs. Indeed, integrin β7
was differentially modulated by vedolizumab in CD and UC. Additionally, although CCL2 displayed
a chemo-attractant effect over cDC2, while biological therapies did not modulate the expression of
the homing markers, we paradoxically found that anti-TNF-treated cDC2 increased their migratory
capacity towards CCL2 in HCs and IBD. Our results therefore suggest a key role for cDC2 migration
towards the intestinal mucosa in IBD, something that could be explored in order to develop novel
diagnostic biomarkers or to unravel new immunomodulatory targets in IBD.

Keywords: biological drugs; inflammatory bowel disease; dendritic cells; migration; intestinal
mucosa; anti-TNFα; vedolizumab

1. Introduction

Inflammatory bowel disease (IBD) is an idiopathic and chronic disorder that includes
ulcerative colitis (UC) and Crohn’s disease (CD). Although both diseases differ in their
location, type of inflammation and symptoms, they develop as the consequence of a
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pathological response to both the innate and the adaptive immune systems against harmless
antigens, including commensal microbiota and food antigens, generating an inflammation
of the gastrointestinal (GI) tract. Currently, IBD is a global disease affecting more than
2 million people in the United States and more than 3.2 million people in Europe [1]. Indeed,
some studies have suggested that it may affect 1 out of 125 individuals in western countries,
and its incidence is on the rise [2–4]. Unfortunately, there is no cure for CD or UC, so the
main therapeutic objective is to induce clinical remission of the disease.

Biological treatments, which are considered the most potent drugs for IBD treatment,
are efficient at inducing remission in only one-third of patients. Indeed, another one-
third of patients experience clinical improvement but without fully reaching control of the
inflammatory process, while the last third of patients do not respond at all to treatment [5].
Furthermore, biological drugs are expensive. Indeed, within Europe, it is estimated that
the cost to health care is EUR 4.6–5.6 billion per year [6]. If the medical treatment fails,
patients must usually undergo surgery. A high proportion of patients also have recurrent
disease, which often leads to repeated bowel resections, which consequently leads to the
risk of short bowel syndrome, increased disability, a negative social impact and increased
healthcare costs in these patients.

In recent years, the understanding of the role of some cytokines involved in IBD
pathogenesis has deepened, facilitating the development of biological drugs against specific
immune molecules. Biological treatments approved for both CD and UC act against the
tumor necrosis factor TNF-α (infliximab, adalimumab, certolizumab pegol and golimumab),
as well as against α4β7 integrin (vedolizumab) and the p40 subunit of the interleukins IL-12
and IL-23 (ustekimumab) [7,8]. Moreover, new small molecules have been developed, such
us tofacitinib, which is a pan-inhibitor of the janus kinase (JAK) pathway, although the latter
has been only approved in UC patients [9]. However, the exact mechanisms of action of
these biological treatments are still unknown. Although these compounds usually modulate
the tissue cytokine milieu and, therefore, the phenotype and function of circulant and
tissue resident immune cells [10–12], others, such as vedolizumab (monoclonal antibody
against α4β7 integrin), prevent the immune cell migration towards the GI mucosa [13].
Nevertheless, it is currently unknown whether anti-inflammatory biological drugs can also
modulate this migration mechanism.

In this regard, dendritic cells (DCs) are phagocytic professional antigen-presenting
cells that link the innate and the adaptive immune systems. Indeed, they are a unique cell
type able to stimulate naïve T cells into generating an antigen-specific immune response.
In humans, DCs can be divided into plasmacytoid dendritic cells (pDCs: CD123+ BDCA2+)
and classical or conventional dendritic cells (cDCs: CD11c+), the latter being further
subdivided into type 1 (cDC1: CD141+ CXCR1+), that is specialized in cross presentation
and type 2 (cDC2: CD1c+ SIRPα+), that is involved in classical antigen presentation [14,15].
In the GI tract, cDCs maintain mechanisms of immune tolerance towards nutrients and
commensals [16,17]. However, the process is dysregulated in IBD where they promote
the development of pro-inflammatory T cells. The alteration in human intestinal DCs
during UC enhances Th2 immunity, rendering a loss of cytokine production involved
in epithelial barrier maintenance [18]. Indeed, cDCs are thought to migrate to GI tissue
through the expression of the surface integrin α4β7, which interacts with Mucosal Vascular
Addressin Cell Adhesion Molecule 1 (MadCam1), expressed by vascular endothelial cells.
Furthermore, they also migrate by CCR9 binding to its ligand (CCL25), expressed by small
bowel epithelial cells, as well as by CCR2 [19]. Therefore, although the cDC migration
towards the GI mucosa is enhanced in IBD [20,21], (with the cDC homing marker expression
correlating with the phenotype of the disease [22]) the mechanisms underlying these
migrations and whether biological drugs can modulate them are currently unknown.
Therefore, this study aimed to analyze the cDC and pDC migratory capacity towards the
GI mucosa and whether biological drugs can modulate this mechanism in healthy controls
and IBD.
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2. Materials and Methods
2.1. Patients and Sample Collection

Biological samples were obtained from a total of 72 individuals, including 15 healthy
controls (HCs), 13 patients with UC with endoscopic inflammation (active, aUC), 15 patients
with UC without endoscopic inflammation (quiescent, qUC), 15 patients with CD with
endoscopic inflammation (active, aCD) and 14 patients with CD without endoscopic in-
flammation (quiescent, qCD). HCs were patients referred due to changes in bowel transit,
colorectal cancer screening or rectal bleeding. Nevertheless, they all had macroscopically
and histologically normal mucosa and lacked known inflammatory, autoimmune or ma-
lignancy diseases. The demographic data of the patients can be found in Supplementary
Tables S1–S5. The study was approved by the local ethics committee at La Princesa Hospital
(Madrid, Spain). All patients gave written informed consent for sample collection. From
each individual, 20 mL of blood was obtained and immediately processed in the laboratory.

2.2. Blood Processing

Peripheral blood mononuclear cells (PBMCs) were obtained by centrifugation using
Ficoll–Paque PLUS (Amersham Biosciences, Buckinghamshire, UK). The PBMCs were
washed twice in a complete medium (RPMI 1640 (Sigma-Aldrich, Burlington, MA, USA)
consisting of 100 µg/mL penicillin/streptomycin, 2 mM L-glutamine, 50 ug/mL gentamicin
(Sigma-Aldrich) and 10% fetal bovine serum (TCS cellworks, Northampton, UK)). Then,
the PBMCs were stained in PBS containing 1mM EDTA and 0.02% sodium azide (FACS
buffer) with fluorochrome-conjugated antibodies, as explained below.

2.3. Antibody Labelling

The PBMCs were stained with monoclonal antibodies and characterized by flow cy-
tometry. In all cases, a Live/Dead fixable near-IR dead cell stain kit (Molecular Probes,
Eugene, OR, USA) was added to the cells for 1 min at room temperature prior to perform-
ing the antibody staining, hence allowing the exclusion of dead cells from the analysis.
Supplementary Table S6 shows the specificity, clone, fluorochrome and sources of the
antibodies used. Cells were labeled in a FACS buffer on ice and in the dark for 20 min fol-
lowing a nonspecific binding block. The circulating pDCs, cDC1 and cDC2 were identified
within singlet viable leukocytes and further assessed for the expression of different homing
markers (CCR2, CCR5, CCR6, CCR9 and β7) related to the migration towards the GI tract.

2.4. PBMC Culture

The PBMCs from HCs and IBD patients were also cultured in a complete medium
(1 million PBMCs/1 mL) in a 24-well cell culture plate at 37 ◦C for 18 h in the presence of
an anti-TNF drug (infliximab, inflectra and adalimumab, 10 µg/mL) and anti-α4β7 drug
mAb (vedolizumab, 100 µg/mL). As an internal and negative control, the paired PBMCs
were cultured in a complete medium in the absence of any drug.

2.5. Transwell Migration Experiments

The migratory capacity of circulating DC subsets from the different study groups
(HCs/IBD; with/without conditioning) was determined using 3 µm pore polycarbonate
membrane culture inserts (transwell). The migration towards the complete culture medium
(basal control) or medium supplemented with 100 ng/mL CCL2 (CCR2 ligand), 500 ng/mL
CCL25 (CCR9 ligand) or 1 µg/mL MadCAM1 (β7 ligand) was assessed. Briefly, cells
from different groups with or without conditioning were seeded in the apical chamber
at 200.000 PBMCs per well. Then, in the basal chamber, 200 µL of the medium with the
corresponding chemo-attractant was added. After 4 h, the migrated cells in the basal
chamber were further harvested and analyzed by flow cytometry.
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2.6. Flow Cytometry and Data Analysis

The cells were analyzed using an LSR–Fortessa (BD Biosciences, San Jose, CA, USA)
for the DC characterization and on a BD Canto II flow cytometer (BD Biosciences) for the
migration assays. In all cases, the results were analyzed using FlowJo version 10.1 (Becton
Dickenson and Company, Ashland, OR, USA). All cells were analyzed within the singlet
viable fraction. Positive and negative gates were set by the FMO method.

2.7. Statistical Analysis

The data were analyzed using GraphPad Prism 6.01 software (San Diego, CA, USA) by
one-way or two-way analysis of variance (ANOVA) (with or without repeated measures).
The subsequent post hoc correction for multiple comparisons was applied when required,
as detailed in each figure legend. The significance threshold was fixed at p < 0.05 in all cases.

3. Results
3.1. Differential Migration Pattern in Dendritic Cell Subsets from HCs and IBD Patients

Human circulating DC subsets were identified within singlet viable CD19−HLA-
DR+CD14− cells. The pDCs were identified as CD123+ while cDCs were identified as
CD11c+. The latter were further subdivided into cDC1 (CD141+) and cDC2 (CD1c+), based
on the expressions of CD141 and CD1c, respectively (Figure 1A). All DC subsets were
further characterized for the expressions of β7, CCR2, CCR5, CCR6 and CCR9, revealing
that cDC2 expressed higher levels of β7, CCR5 and CCR6, compared to pDCs and cDC1
(Figure 1B). Furthermore, cDC1 showed a lower expression of CCR2, compared to its pDC
and cDC2 counterparts.
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Figure 1. Characterization of circulating dendritic cell subsets. (A) Dendritic cell (DC) subsets
were identified by flow cytometry within singlet viable peripheral blood mononuclear cells. HLA-
DR+CD19−CD14− cells were further subdivided into plasmacytoid dendritic cells (pDCs) (CD123+

CD11c−) and conventional dendritic cells (cDCs) (CD11c+). The cDC cells were further divided
based on the expressions of CD141 (cDC1) and CD1c (cDC2). (B) Phenotype of the different DC
subsets from healthy controls was determined by analyzing the expressions of integrin β7, CCR2,
CCR5, CCR6 and CCR9. Results are expressed as the percentage of positive cells (%) (mean ± SEM
n = 13–15) referred to as a fluorescence minus one. One-way ANOVA repeated measures with the
Tukey correction was applied to compare the basal expression of the different markers between pDCs,
cDC1 and cDC2. p-values < 0.05 were considered significant (* < 0.05, ** < 0.01, *** < 0.001).
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Having characterized the resting levels of these homing markers in healthy controls,
we studied whether their expression was altered in IBD patients including aUC, qUC,
aCD and qCD. First, we found that the homing profile of pDCs did not change among the
different study groups. Moreover, the percentage of integrin β7+ cells was not altered in
any DC subset either. On the contrary, cDC2 from aUC patients showed a lower expression
of both CCR2 and CCR6 compared to HCs and aCD, while the expression of CCR9 within
this subset was expanded in both quiescent groups (qUC and qCD) compared to HCs and
their respective inflamed counterparts. Lastly, CCR5 and CCR6 were decreased on cDC1 in
aUC patients compared to HCs and qUC (CCR5) and to qUC (CCR6) (Figure 2).
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Figure 2. Integrin β7, CCR2, CCR5, CCR6 and CCR9 expressions on circulating dendritic cells from
healthy controls and patients with inflammatory bowel disease. Dendritic cell (DC) subsets were
identified as in Figure 1 in healthy controls (HCs) and in patients with active ulcerative colitis (aUC),
quiescent ulcerative colitis (qUC), active Crohn’s disease (aCD) and quiescent Crohn’s disease (qCD).
The expressions of β7, CCR2, CCR5, CCR6 and CCR9 were further determined in each subset within
each study group. Results are shown as the percentage of positive cells (%) (mean ± SEM n = 13–15).
One-way ANOVA with the Tukey correction was applied to compare integrin β7, CCR2, CCR5, CCR6
and CCR9 expression levels on pDCs, cDC2 and cDC1 between HCs and the different groups of
inflammatory bowel disease patients. Furthermore, homing marker expressions were compared
between quiescent and active patients for each disease in order to evaluate changes associated with
the different mucosal statuses within the same disease. In addition, aUC and aCD, as well as qUC
and qCD were compared in order to evaluate changes associated to different diseases with the same
mucosal status. p-values < 0.05 were considered significant (* < 0.05, ** < 0.01).

3.2. DC Subset Migration towards GI Chemo-Attractants

Having described the migratory profile of DC subsets in HCs and IBD, we focused
on the expressions of CCR2, CCR9 and integrin β7 as the most relevant markers related
to the DC subset migration towards the GI tract. Therefore, in order to assess whether
their expression was functional, we performed transwell migration assays towards their
respective ligands (CCL2, CCL25 and Madcam1, respectively). Results for each subset in



Biomedicines 2022, 10, 1885 6 of 12

each study group were relativized with respect to the spontaneous migration towards a
non-supplemented culture medium denoted as the basal migratory capacity. The number
of different DC subsets migrated are indicated in Supplementary Figure S2.

Only CCL2 showed a statistically significant chemo-attractant capacity (referred to
as the basal migratory capacity, data not shown) over pDCs and cDC2, not just in HCs
but also in IBD (Figure 3). Indeed, the increased migration of cDC2 towards CCL2 was
observed in all IBD groups (CD/UC; active/quiescent), while in pDCs, this increase was
only observed in patients with qUC and aCD. CCL25 and MadCam1, on the contrary, did
not exhibit any statistically significant chemo-attractant capacity over any circulating DC
subset from HCs or IBD patients.
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quiescent Crohn’s disease (qCD) were allowed to migrate towards gut-homing chemo-attractants,
including CCL2, CCL25 and MadCam1. Numbers of migrated DC subsets (pDCs, cDC2 and cDC1),
as identified in Figure 1, were further determined. All results were relativized with respect to the
spontaneous migration of the cells towards a non-supplemented culture medium (basal condition,
dotted line) (mean ± SEM n = 15). One-way ANOVA with the Tukey correction was applied to
compare with the basal condition. p-values < 0.05 were considered significant (* < 0.05, ** < 0.01,
*** < 0.001).

3.3. Vedolizumab but Not Anti-TNF Drugs Modify the Surface Expression of Migratory Markers
on DCs

Taking into account that the different DC subsets from IBD patients showed an altered
expression pattern of migratory receptors and a different migratory capacity towards GI
chemo-attractants, we studied whether this mechanism could also be modulated with
biological drugs. Hence, the PBMCs from HCs and IBD patients were conditioned with
three different anti-TNF drugs (infliximab, inflectra and adalimumab) and one anti-α4β7
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(vedolizumab). None of the anti-TNF treatments modulated the expression of any of the
studied homing markers in the different DC subsets (Supplementary Figure S1). Therefore,
for the subsequent studies, all three studied anti-TNF drugs were considered as a single
treatment. On the contrary and as expected, vedolizumab showed a strong effect in
reducing the expression of integrin β7 in all DC subsets in all groups, except for qCD and
aUC, in both cDC1 and cDC2 (Figure 4).

Biomedicines 2022, 10, x FOR PEER REVIEW 7 of 12 
 

Figure 3. Dendritic cell subset migration towards CCL2 is increased in patients with inflammatory 
bowel disease. Peripheral blood mononuclear cells from healthy controls (HCs) and patients with 
active ulcerative colitis (aUC), quiescent ulcerative colitis (qUC), active Crohn’s disease (aCD) and 
quiescent Crohn’s disease (qCD) were allowed to migrate towards gut-homing chemo-attractants, 
including CCL2, CCL25 and MadCam1. Numbers of migrated DC subsets (pDCs, cDC2 and cDC1), 
as identified in Figure 1, were further determined. All results were relativized with respect to the 
spontaneous migration of the cells towards a non-supplemented culture medium (basal condition, 
dotted line) (mean ± SEM n = 15). One-way ANOVA with the Tukey correction was applied to com-
pare with the basal condition. p-values < 0.05 were considered significant (* < 0.05, ** < 0.01, *** < 
0.001). 

3.3. Vedolizumab but Not Anti-TNF Drugs Modify the Surface Expression of Migratory 
Markers on DCs 

Taking into account that the different DC subsets from IBD patients showed an al-
tered expression pattern of migratory receptors and a different migratory capacity to-
wards GI chemo-attractants, we studied whether this mechanism could also be modulated 
with biological drugs. Hence, the PBMCs from HCs and IBD patients were conditioned 
with three different anti-TNF drugs (infliximab, inflectra and adalimumab) and one anti-
α4β7 (vedolizumab). None of the anti-TNF treatments modulated the expression of any 
of the studied homing markers in the different DC subsets (Supplementary Figure S1). 
Therefore, for the subsequent studies, all three studied anti-TNF drugs were considered 
as a single treatment. On the contrary and as expected, vedolizumab showed a strong 
effect in reducing the expression of integrin β7 in all DC subsets in all groups, except for 
qCD and aUC, in both cDC1 and cDC2 (Figure 4). 

 
Figure 4. Vedolizumab downregulates the integrin β7 expression on circulating dendritic cell sub-
sets. Dendritic cell (DC) subsets were identified as in Figure 1 and studied for the expressions of β7, 
CCR2, CCR5, CCR6 and CCR9 in healthy controls (HCs) and in patients with active ulcerative colitis 
(aUC), quiescent ulcerative colitis (qUC), active Crohn’s disease (aCD) and quiescent Crohn’s dis-
ease (qCD) following conditioning with an anti-TNF biological drug (black bars) or anti-α4β7 (grey 
bars). Results were compared with untreated controls (white bars). The percentages of positive cells 
were determined within each different subset (mean ± SEM n = 13–15). Two-way ANOVA with the 
subsequent post hoc correction was performed in order to compare integrin β7, CCR2, CCR5, CCR6 
and CCR9 expression levels on pDCs, cDC2 and cDC1 from HCs and patients with a different dis-
ease status between cells subjected to different treatments, as described above. p-values < 0.05 were 
considered significant (** < 0.01). 

  

Figure 4. Vedolizumab downregulates the integrin β7 expression on circulating dendritic cell subsets.
Dendritic cell (DC) subsets were identified as in Figure 1 and studied for the expressions of β7,
CCR2, CCR5, CCR6 and CCR9 in healthy controls (HCs) and in patients with active ulcerative
colitis (aUC), quiescent ulcerative colitis (qUC), active Crohn’s disease (aCD) and quiescent Crohn’s
disease (qCD) following conditioning with an anti-TNF biological drug (black bars) or anti-α4β7
(grey bars). Results were compared with untreated controls (white bars). The percentages of positive
cells were determined within each different subset (mean ± SEM n = 13–15). Two-way ANOVA with
the subsequent post hoc correction was performed in order to compare integrin β7, CCR2, CCR5,
CCR6 and CCR9 expression levels on pDCs, cDC2 and cDC1 from HCs and patients with a different
disease status between cells subjected to different treatments, as described above. p-values < 0.05
were considered significant (** < 0.01).

3.4. Biological Drugs Modify the Migratory Capacity of Different Circulating DC Subsets

Finally, although biological treatments (except for vedolizumab) did not alter DC
homing markers, we studied whether they could modulate the DC subset migration
towards CCL2, CCL25 and MadCam1.

As above, pDCs only displayed a migration capacity towards CCL2, except in the
case of patients with aUC. The pDC from HCs conditioned with vedolizumab showed
a higher migratory capacity towards CCL2 than cells incubated with an anti-TNF. In a
similar manner, pDCs from qUC patients exhibited a higher migratory capacity compared
with the basal condition (untreated cells towards a non-supplemented culture medium)
in all cases. The pDCs from CD patients, both aCD and qCD, showed a higher migratory
capacity when cultured in the presence of an anti-TNF than in the basal condition. In the
case of aCD patients, this effect was also shown in cells cultured with vedolizumab.

When we focused on cDC2, we found that conditioning with an anti-TNF increased
their capacity to migrate towards CCL2 in all study groups except for qCD. Moreover,
an anti-TNF-treated cDC2 also displayed an increased migration towards CCL25 and
MadCam1 in patients with aUC, revealing an increased paradoxical migratory capacity
of these cells in the presence of an anti-TNF. Lastly, the cDC1 migration capacity was not
modulated by any of the studied biological treatments (Figure 5).
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Figure 5. Biological treatments modulate the dendritic cell subset migratory capacity. Peripheral
blood mononuclear cells from healthy controls (HCs) and in patients with active ulcerative colitis
(aUC), quiescent ulcerative colitis (qUC), active Crohn’s disease (aCD) and quiescent Crohn’s disease
(qCD) were allowed to migrate towards gut-homing chemo-attractants including CCL2, CCL25 and
MadCam1, following conditioning with anti-TNF drugs (black bars) or the anti-α4β7 drug (grey bars)
and compared with non-conditioned cells (white bars). Migrated dendritic cell subsets (DC) including
pDCs, cDC2 and cDC1, were identified in Figure 1. All results were relativized with respect to the
migration towards a non-supplemented culture medium (basal condition, dotted line) (mean ± SEM
n = 13–15). Two-way ANOVA with the subsequent post hoc comparison was performed in order
to determine the migration differences within each subset and condition with respect to the basal
or spontaneous migration (displayed as *) and to compare the migration within each patient group
between each culture condition (displayed as #). p-values < 0.05 were considered significant (* < 0.05,
** < 0.01, *** < 0.001) (# < 0.05, ## < 0.01).

4. Discussion

We hereby describe how the anti-α4β7 drug modulates the DC migratory capacity
towards CCL2 in IBD and HCs, thereby expanding our current knowledge on the mech-
anisms of action of biological drugs, as well as on the surface markers implicated in the
recruitment of circulating immune cells by the GI mucosa, thereby unveiling future targets
for new treatments for IBD.

Our results showed that the percentage of cDC2 that expresses homing markers is
higher than that of other DC subsets, indicating that these markers can be used as targets
to rationally design new drugs in order to prevent the recruitment of these cells to the GI
mucosa. Indeed, Canavan et al. studied the essential role of cDC2 in inflammatory arthritis
and established the need to develop therapeutic interventions focusing on these cells [23].
In agreement with our results, Bernardo et al. demonstrated that CCR2 mediates the cDC2
migration to the colonic mucosa [19], but paradoxically, the proportion of cDC2 from aUC
patients expressing CCR2 and CCR6 is lower than that from HCs and aCD patients. On
the contrary, the proportion of cDC2 expressing CCR9 is higher both in patients with qUC
or qCD. A CCR9 protective role against IBD was also described in a previous study from
our group [24]. Therefore, the expression of these markers on cDC2 should be evaluated
as a potential biomarker in order to discriminate between patients with a quiescent or
active disease, which is potentially useful in order to avoid an unnecessary colonoscopy
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and instead using multiparameter flow cytometry, which is a well-established technique
in the diagnosis of other diseases, such as B cells malignancies [25]. In this regard, it has
been published with regards to murine models, that CCR9−/− mice are more susceptible to
DSS-induced colitis [26]. In addition, a clinical trial of the anti-MadCam1 drug revealed that
CCR9 was a relevant pharmacodynamic biomarker as it was increased following treatment
in aCD patients [27]. In an attempt to evaluate this hypothesis in our study, a correlation
analysis between the percentage of cDC2 expressing CCR9 and the endoscopic index of
IBD patients was carried out with negative results (data not shown), probably due to the
higher inter-individual variability and the number of patients per group; accordingly, a
deeper study is needed in order to properly assess this hypothesis. Interestingly, integrin
β7 was the only homing marker that remained unmodulated in all DC subsets in IBD
compared with HCs. Although vedolizumab exerts its benefits by blocking this molecule,
other biological drugs, such as etrolizumab, did not demonstrate any benefit compared
with a placebo in the EUCALPTUS clinical trial; it may be because of that, that endothelial
targets are being evaluated in order to develop new pharmacological tools [28].

Taking into account that the migration markers of DC subsets differ among the studied
patient groups, we also analyzed the migratory capacity of these subsets towards GI chemo-
attractants. What we saw is that only CCL2 was capable of recruiting pDCs and cDC2 in
both CD and UC patients. Maybe the effect of both CCL25 and MadCam1 is less evident
because CCR2 is expressed in almost 100% of the DC subsets, while the CCR9 expression is
residual and integrin β7 is only expressed in around 50% of the cells. In addition, CCR2
has been stipulated as an important homing cDC target in the colonic mucosa [19]. In this
regard, we hereby have observed that CCL2 (one of the CCR2 ligands) exerts a high cDC
chemo-attractant effect. Therefore, CCR2 could be evaluated as a new immunomodulatory
target for UC and colonic CD. Furthermore, some in vivo works demonstrate a beneficial
effect in experimental colitis when the number of CCR2+ cells is reduced in the inflamed
colon and peripheral blood [29].

According to the effect of biological drugs on the expression of migratory markers on
DC subsets, only integrin β7 was downregulated following treatment with vedolizumab,
as expected, in all patients except those with qCD. Although it has been described that the
MadCam1 expression is higher in patients with active IBD [30], this is the first time, to our
knowledge, that a different behavior of integrin β7 expression is described between CD
and UC patients. It has been previously reported that the integrin α4β1/VICAM-1 axis
plays a dominant role during immune cell migration to the small intestine [31]. Therefore,
the differential regulation of integrin β7 in CD patients may explain the differences in
leukocyte homing between CD and UC patients.

Another major finding of our study was that cDC2 treated with an anti-TNF increased
their migration capacity towards CCL2, suggesting that an anti-TNF treatment may increase
the cDC2 migration capacity towards the GI mucosa [19]. Therefore, future studies should
assess the maturation status of these cells as they may also display a regulatory profile by
diminishing the mucosal inflammation, thereby providing a novel mechanism of action for
these biological cells. In this regard, it has been published that the anti-TNF therapeutic
response in UC patients is associated with reduced monocyte activation and CCL2 serum
levels [32]. Accordingly, an anti-TNF treatment presents different mechanisms of action
in order to diminish inflammation in the mucosa, but these mechanisms are not well
understood [33–35]; hence, future studies should be carried out in order to try to describe
all of these mechanisms.

In summary, the current study found that cDC2 could be considered as a potential
diagnostic marker, given the differential expression of their homing markers between HCs
and IBD. Indeed, the CCR9 expression on cDC2 should be evaluated in the future in order
to corroborate its utility as a diagnostic marker between active and quiescent patients
that could contribute to avoiding an unnecessary colonoscopy. Additionally, only integrin
β7 is modulated by vedolizumab but not by any anti-TNFα in all groups except for CD
patients, thereby demonstrating that the mechanism of immune cell recruitment in CD and
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UC is different. In addition, CCL2 showed a predominant role in DC recruitment being
modulated by an anti-TNF but not by vedolizumab. However, the results derived from the
current work should be validated by in vivo studies, to further understand the biological
drugs’ mechanism of action and to elucidate future diagnostic and prognostic biomarkers
that could then be implemented into clinical practice.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/biomedicines10081885/s1, Table S1. Demographics of all healthy
controls (HC) including gender, age and treatment. Table S2. Demographics of all the patients
with active ulcerative colitis (aUC) including gender, age, Mayo Endoscopic score and treatment.
Table S3. Demographics of all the patients with quiescent ulcerative colitis (qUC) including gender,
age, Mayo Endoscopic score and treatment. Table S4. Demographics of all the patients with active
Crohn’s disease (aCD) including gender, age, simplified endoscopic activity score for Crohn’s disease
(SES-CD) and treatment. Table S5. Demographics of all the patients with quiescent Crohn’s disease
(qCD) including gender, age, simplified endoscopic activity score for Crohn’s disease (SES-CD) and
treatment. Table S6. Specificity, clone, fluorochrome and manufacturer of the different monoclonal
antibodies used in this work. Figure S1. Surface expression of beta7, CCR2, CCR5, CCR6 and
CCR9 on human circulating DC subsets (pDC, CD1c and CD141) in HC and patients with active
ulcerative colitis (aUC), quiescent ulcerative colitis (qUC), active Crohn’s disease (aCD) and quiescent
Crohn’s disease (qCD). All determinations were performed after 18 h culture in the presence of
infliximab (white circle), infletra (grey square) or adalimumab (back triangle) and the percentages of
positive cells (%) were determined within each different subset. One-way ANOVA with subsequent
ad-hoc comparison was performed to compare beta7, CCR2, CCR5, CCR6 and CCR9 expression
levels on pDC, CD1c and CD141 comparing each drug with the others. Figure S2. Peripheral
blood mononuclear cells from healthy controls (HC) and patients with active ulcerative colitis
(aUC), quiescent ulcerative colitis (qUC), active Crohn’s disease (aCD) and quiescent Crohn’s disease
(qCD) were allowed to migrated towards gut-homing chemoattractants including CCL2, CCL25 and
MadCam1. Graphs represent the number of migrated DC subsets (pDC, cDC2 and cDC1), identified
as in Figure 1. (mean ± SEM n = 15). One-way ANOVA with Turkey correction was applied to
compare with the basal condition, displayed as p-values < 0.05 were considered significant ( < 0.05,
* < 0.01, ** < 0.001).

Author Contributions: Study design was performed by D.B. and J.P.G. Patients were chosen and
recruited by M.C., J.P.G. and S.F.-T. Biological samples from patients were obtained by M.C., C.S.,
J.A.M.-M., M.J.C., F.C., S.C. and I.B. Sample processing and experiments were performed by S.F.-T.,
I.M.-G. and C.R. Data analysis and interpretation was made by S.F.-T. and I.S. Funds required to
perform the study were obtained by J.P.G., M.C. and D.B. The manuscript was drafted by I.S. and
S.F.-T. and further edited by D.B., M.B.-M., M.C. and J.P.G. All authors have read and agreed to the
published version of the manuscript.

Funding: This study has been funded through the Instituto de Salud Carlos III (Sara Borrell fellow-
ships, CD17/00014; CD21/00014), Asociación Española de Gastroenterología (Beca del Grupo Joven),
Programa Estratégico Instituto de Biología y Genética Molecular (IBGM Junta de Castilla y León.
Ref. CCVC8485), Plan Nacional (PID2019-104218RB-I00) from the Spanish Government, Janssen
and MSD.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Ethics Committee of Hospital Universitario de La
Princesa (protocol code GIS-INH-2015 and date of approval 10 October 2017).

Informed Consent Statement: Informed consent was signed by all subjects involved in the study.

Data Availability Statement: Data is contained within the article and Supplementary Materials.

Acknowledgments: Authors kindly thank the Centro de Investigación Biomédica en Red de enfer-
medades hepáticas y digestivas (CIBERehd).

https://www.mdpi.com/article/10.3390/biomedicines10081885/s1
https://www.mdpi.com/article/10.3390/biomedicines10081885/s1


Biomedicines 2022, 10, 1885 11 of 12

Conflicts of Interest: Gisbert has served as speaker, consultant and advisory member for/or has
received research funding from MSD, Abbvie, Pfizer, Kern Pharma, Biogen, Mylan, Takeda, Janssen,
Roche, Sandoz, Celgene/Bristol Myers, Gilead/Galapagos, Lilly, Ferring, Faes Farma, Shire Pharma-
ceuticals, Dr. Falk Pharma, Tillotts Pharma, Chiesi, Casen Fleet, Gebro Pharma, Otsuka Pharmaceuti-
cal, Norgine and Vifor Pharma. María Chaparro has served as a speaker and as consultant. She has
received research and/or education funding from MSD, Abbvie, Hospira, Pfizer, Takeda, Janssen,
Ferring, Shire Pharmaceuticals, Dr. Falk Pharma, Tillotts Pharma, Biogen, Gilead and Lilly.

References
1. Kaplan, G.G.; Ng, S.C. Understanding and Preventing the Global Increase of Inflammatory Bowel Disease. Gastroenterology 2017,

152, 313–321.e2. [CrossRef] [PubMed]
2. Mak, W.Y.; Zhao, M.; Ng, S.C.; Burisch, J. The Epidemiology of Inflammatory Bowel Disease: East Meets West. J. Gastroenterol.

Hepatol. 2020, 35, 380–389. [CrossRef]
3. Chaparro, M.; Acosta, M.B.-D.; Benítez, J.M.; Cabriada, J.L.; Casanova, M.J.; Ceballos, D.; Esteve, M.; Fernández, H.; Ginard, D.;

Gomollón, F.; et al. EpidemIBD: Rationale and Design of a Large-Scale Epidemiological Study of Inflammatory Bowel Disease in
Spain. Ther. Adv. Gastroenterol. 2019, 12, 1756284819847034. [CrossRef] [PubMed]

4. Jones, G.R.; Lyons, M.; Plevris, N.; Jenkinson, P.W.; Bisset, C.; Burgess, C.; Din, S.; Fulforth, J.; Henderson, P.; Ho, G.T.; et al. IBD
Prevalence in Lothian, Scotland, Derived by Capture-Recapture Methodology. Gut 2019, 68, 1953–1960. [CrossRef]

5. Gisbert, J.P.; Chaparro, M. Predictors of Primary Response to Biologic Treatment [Anti-TNF, Vedolizumab, and Ustekinumab] in
Patients with Inflammatory Bowel Disease: From Basic Science to Clinical Practice. J. Crohns Colitis 2020, 14, 694–709. [CrossRef]
[PubMed]

6. Burisch, J.; Jess, T.; Martinato, M.; Lakatos, P.L. The Burden of Inflammatory Bowel Disease in Europe. J. Crohns Colitis 2013, 7,
322–337. [CrossRef]

7. Chaparro, M.; Gisbert, J.P. New molecules in the treatment of inflammatory bowel disease. Gastroenterol. Hepatol. 2016, 39,
411–423. [CrossRef]

8. Chang, S.; Hudesman, D. First-Line Biologics or Small Molecules in Inflammatory Bowel Disease: A Practical Guide for the
Clinician. Curr. Gastroenterol. Rep. 2020, 22, 7. [CrossRef] [PubMed]

9. Panés, J.; Gisbert, J.P. Eficacia de Tofacitinib En El Tratamiento de La Colitis Ulcerosa. Gastroenterol. Hepatol. 2019, 42, 403–412.
[CrossRef]

10. Bedini, C.; Nasorri, F.; Girolomoni, G.; De Pità, O.; Cavani, A. Antitumour Necrosis Factor-Alpha Chimeric Antibody (Infliximab)
Inhibits Activation of Skin-Homing CD4+ and CD8+ T Lymphocytes and Impairs Dendritic Cell Function. Br. J. Dermatol. 2007,
157, 249–258. [CrossRef] [PubMed]

11. Brunner, P.M.; Koszik, F.; Reininger, B.; Kalb, M.L.; Bauer, W.; Stingl, G. Infliximab Induces Downregulation of the IL-12/IL-23
Axis in 6-Sulfo-LacNac (Slan)+ Dendritic Cells and Macrophages. J. Allergy Clin. Immunol. 2013, 132, 1184–1193.e8. [CrossRef]

12. Koelink, P.J.; Bloemendaal, F.M.; Li, B.; Westera, L.; Vogels, E.W.M.; van Roest, M.; Gloudemans, A.K.; van ’t Wout, A.B.; Korf, H.;
Vermeire, S.; et al. Anti-TNF Therapy in IBD Exerts Its Therapeutic Effect through Macrophage IL-10 Signalling. Gut 2020, 69,
1053–1063. [CrossRef]

13. Luzentales-Simpson, M.; Pang, Y.C.F.; Zhang, A.; Sousa, J.A.; Sly, L.M. Vedolizumab: Potential Mechanisms of Action for
Reducing Pathological Inflammation in Inflammatory Bowel Diseases. Front. Cell Dev. Biol. 2021, 9, 612830. [CrossRef] [PubMed]

14. See, P.; Dutertre, C.-A.; Chen, J.; Günther, P.; McGovern, N.; Irac, S.E.; Gunawan, M.; Beyer, M.; Händler, K.; Duan, K.; et al.
Mapping the Human DC Lineage through the Integration of High-Dimensional Techniques. Science 2017, 356, eaag3009.
[CrossRef]

15. Shortman, K.; Liu, Y.-J. Mouse and Human Dendritic Cell Subtypes. Nat. Rev. Immunol. 2002, 2, 151–161. [CrossRef]
16. Yang, Z.-J.; Wang, B.-Y.; Wang, T.-T.; Wang, F.-F.; Guo, Y.-X.; Hua, R.-X.; Shang, H.-W.; Lu, X.; Xu, J.-D. Functions of Dendritic

Cells and Its Association with Intestinal Diseases. Cells 2021, 10, 583. [CrossRef]
17. Bernardo, D.; Chaparro, M.; Gisbert, J.P. Human Intestinal Dendritic Cells in Inflammatory Bowel Diseases. Mol. Nutr. Food Res.

2018, 62, e1700931. [CrossRef]
18. Mann, E.R.; Bernardo, D.; Ng, S.C.; Rigby, R.J.; Al-Hassi, H.O.; Landy, J.; Peake, S.T.C.; Spranger, H.; English, N.R.;

Thomas, L.V.; et al. Human Gut Dendritic Cells Drive Aberrant Gut-Specific T-Cell Responses in Ulcerative Colitis, Characterized
by Increased IL-4 Production and Loss of IL-22 and IFNγ. Inflamm. Bowel Dis. 2014, 20, 2299–2307. [CrossRef]

19. Bernardo, D.; Durant, L.; Mann, E.R.; Bassity, E.; Montalvillo, E.; Man, R.; Vora, R.; Reddi, D.; Bayiroglu, F.; Fernández-Salazar, L.; et al.
Chemokine (C-C Motif) Receptor 2 Mediates Dendritic Cell Recruitment to the Human Colon but Is Not Responsible for
Differences Observed in Dendritic Cell Subsets, Phenotype, and Function Between the Proximal and Distal Colon. Cell. Mol.
Gastroenterol. Hepatol. 2016, 2, 22–39.e5. [CrossRef]

20. Magnusson, M.K.; Brynjólfsson, S.F.; Dige, A.; Uronen-Hansson, H.; Börjesson, L.G.; Bengtsson, J.L.; Gudjonsson, S.; Öhman, L.;
Agnholt, J.; Sjövall, H.; et al. Macrophage and Dendritic Cell Subsets in IBD: ALDH+ Cells Are Reduced in Colon Tissue of
Patients with Ulcerative Colitis Regardless of Inflammation. Mucosal Immunol. 2016, 9, 171–182. [CrossRef]

21. Hart, A.L.; Al-Hassi, H.O.; Rigby, R.; Bell, S.J.; Emmanuel, A.V.; Knight, S.C.; Kamm, M.A.; Stagg, A.J. Characteristics of Intestinal
Dendritic Cells in Inflammatory Bowel Diseases. Gastroenterology 2005, 129, 50–65. [CrossRef]

http://doi.org/10.1053/j.gastro.2016.10.020
http://www.ncbi.nlm.nih.gov/pubmed/27793607
http://doi.org/10.1111/jgh.14872
http://doi.org/10.1177/1756284819847034
http://www.ncbi.nlm.nih.gov/pubmed/31205485
http://doi.org/10.1136/gutjnl-2019-318936
http://doi.org/10.1093/ecco-jcc/jjz195
http://www.ncbi.nlm.nih.gov/pubmed/31777929
http://doi.org/10.1016/j.crohns.2013.01.010
http://doi.org/10.1016/j.gastrohep.2015.09.017
http://doi.org/10.1007/s11894-020-0745-y
http://www.ncbi.nlm.nih.gov/pubmed/32002688
http://doi.org/10.1016/j.gastrohep.2019.03.002
http://doi.org/10.1111/j.1365-2133.2007.07945.x
http://www.ncbi.nlm.nih.gov/pubmed/17489975
http://doi.org/10.1016/j.jaci.2013.05.036
http://doi.org/10.1136/gutjnl-2019-318264
http://doi.org/10.3389/fcell.2021.612830
http://www.ncbi.nlm.nih.gov/pubmed/33614645
http://doi.org/10.1126/science.aag3009
http://doi.org/10.1038/nri746
http://doi.org/10.3390/cells10030583
http://doi.org/10.1002/mnfr.201700931
http://doi.org/10.1097/MIB.0000000000000223
http://doi.org/10.1016/j.jcmgh.2015.08.006
http://doi.org/10.1038/mi.2015.48
http://doi.org/10.1053/j.gastro.2005.05.013


Biomedicines 2022, 10, 1885 12 of 12

22. Peake, S.T.; Bernardo, D.; Knight, S.C.; Hart, A.L. Homing Marker Expression on Circulating Dendritic Cells Correlates with
Different Phenotypes of Crohn’s Disease. J. Crohns Colitis 2013, 7, 594–596. [CrossRef] [PubMed]

23. Canavan, M.; Marzaioli, V.; Bhargava, V.; Nagpal, S.; Gallagher, P.; Hurson, C.; Mullan, R.; Veale, D.J.; Fearon, U. Functionally
Mature CD1c+ Dendritic Cells Preferentially Accumulate in the Inflammatory Arthritis Synovium. Front. Immunol. 2021,
12, 745226. [CrossRef] [PubMed]

24. Ortega Moreno, L.; Fernández-Tomé, S.; Chaparro, M.; Marin, A.C.; Mora-Gutiérrez, I.; Santander, C.; Baldan-Martin, M.;
Gisbert, J.P.; Bernardo, D. Profiling of Human Circulating Dendritic Cells and Monocyte Subsets Discriminates Between Type and
Mucosal Status in Patients With Inflammatory Bowel Disease. Inflamm. Bowel Dis. 2021, 27, 268–274. [CrossRef]

25. Gross Even-Zohar, N.; Pick, M.; Hofstetter, L.; Shaulov, A.; Nachmias, B.; Lebel, E.; Gatt, M.E. CD24 Is a Prognostic Marker for
Multiple Myeloma Progression and Survival. J. Clin. Med. 2022, 11, 2913. [CrossRef]

26. Wurbel, M.-A.; McIntire, M.G.; Dwyer, P.; Fiebiger, E. CCL25/CCR9 Interactions Regulate Large Intestinal Inflammation in a
Murine Model of Acute Colitis. PLoS ONE 2011, 6, e16442. [CrossRef]

27. Hassan-Zahraee, M.; Banerjee, A.; Cheng, J.B.; Zhang, W.; Ahmad, A.; Page, K.; von Schack, D.; Zhang, B.; Martin, S.W.;
Nayak, S.; et al. Anti-MAdCAM Antibody Increases SS7+ T Cells and CCR9 Gene Expression in the Peripheral Blood of Patients
With Crohn’s Disease. J. Crohns Colitis 2018, 12, 77–86. [CrossRef]

28. Vermeire, S.; Ghosh, S.; Panes, J.; Dahlerup, J.F.; Luegering, A.; Sirotiakova, J.; Strauch, U.; Burgess, G.; Spanton, J.;
Martin, S.W.; et al. The Mucosal Addressin Cell Adhesion Molecule Antibody PF-00547,659 in Ulcerative Colitis: A Randomised
Study. Gut 2011, 60, 1068–1075. [CrossRef]

29. Hachiya, K.; Masuya, M.; Kuroda, N.; Yoneda, M.; Tsuboi, J.; Nagaharu, K.; Nishimura, K.; Shiotani, T.; Ohishi, K.; Tawara, I.; et al.
Irbesartan, an Angiotensin II Type 1 Receptor Blocker, Inhibits Colitis-Associated Tumourigenesis by Blocking the MCP-1/CCR2
Pathway. Sci. Rep. 2021, 11, 19943–19955. [CrossRef]

30. Keir, M.E.; Fuh, F.; Ichikawa, R.; Acres, M.; Hackney, J.A.; Hulme, G.; Carey, C.D.; Palmer, J.; Jones, C.J.; Long, A.K.; et al.
Regulation and Role of AE Integrin and Gut Homing Integrins in Migration and Retention of Intestinal Lymphocytes during
Inflammatory Bowel Disease. J. Immunol. 2021, 207, 2245–2254. [CrossRef]

31. Zundler, S.; Fischer, A.; Schillinger, D.; Binder, M.-T.; Atreya, R.; Rath, T.; Lopez-Pósadas, R.; Voskens, C.J.; Watson, A.;
Atreya, I.; et al. The A4β1 Homing Pathway Is Essential for Ileal Homing of Crohn’s Disease Effector T Cells In Vivo. Inflamm.
Bowel Dis. 2017, 23, 379–391. [CrossRef] [PubMed]

32. Magnusson, M.K.; Strid, H.; Isaksson, S.; Bajor, A.; Lasson, A.; Ung, K.-A.; Öhman, L. Response to Infliximab Therapy in
Ulcerative Colitis Is Associated with Decreased Monocyte Activation, Reduced CCL2 Expression and Downregulation of Tenascin
C. J. Crohns Colitis 2015, 9, 56–65. [CrossRef] [PubMed]

33. Privitera, G.; Pugliese, D.; Lopetuso, L.R.; Scaldaferri, F.; Neri, M.; Guidi, L.; Gasbarrini, A.; Armuzzi, A. Novel Trends with Bio-
logics in Inflammatory Bowel Disease: Sequential and Combined Approaches. Ther. Adv. Gastroenterol. 2021, 14, 175628482110066.
[CrossRef] [PubMed]

34. Friedrich, M.; Pohin, M.; Powrie, F. Cytokine Networks in the Pathophysiology of Inflammatory Bowel Disease. Immunity 2019,
50, 992–1006. [CrossRef]

35. Billmeier, U.; Dieterich, W.; Neurath, M.F.; Atreya, R. Molecular Mechanism of Action of Anti-Tumor Necrosis Factor Antibodies
in Inflammatory Bowel Diseases. World J. Gastroenterol. 2016, 22, 9300. [CrossRef]

http://doi.org/10.1016/j.crohns.2012.10.002
http://www.ncbi.nlm.nih.gov/pubmed/23102650
http://doi.org/10.3389/fimmu.2021.745226
http://www.ncbi.nlm.nih.gov/pubmed/34691053
http://doi.org/10.1093/ibd/izaa151
http://doi.org/10.3390/jcm11102913
http://doi.org/10.1371/journal.pone.0016442
http://doi.org/10.1093/ecco-jcc/jjx121
http://doi.org/10.1136/gut.2010.226548
http://doi.org/10.1038/s41598-021-99412-8
http://doi.org/10.4049/jimmunol.2100220
http://doi.org/10.1097/MIB.0000000000001029
http://www.ncbi.nlm.nih.gov/pubmed/28221249
http://doi.org/10.1093/ecco-jcc/jju008
http://www.ncbi.nlm.nih.gov/pubmed/25518051
http://doi.org/10.1177/17562848211006669
http://www.ncbi.nlm.nih.gov/pubmed/33995579
http://doi.org/10.1016/j.immuni.2019.03.017
http://doi.org/10.3748/wjg.v22.i42.9300

	Introduction 
	Materials and Methods 
	Patients and Sample Collection 
	Blood Processing 
	Antibody Labelling 
	PBMC Culture 
	Transwell Migration Experiments 
	Flow Cytometry and Data Analysis 
	Statistical Analysis 

	Results 
	Differential Migration Pattern in Dendritic Cell Subsets from HCs and IBD Patients 
	DC Subset Migration towards GI Chemo-Attractants 
	Vedolizumab but Not Anti-TNF Drugs Modify the Surface Expression of Migratory Markers on DCs 
	Biological Drugs Modify the Migratory Capacity of Different Circulating DC Subsets 

	Discussion 
	References

