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Abstract 
Background and Aims: Invariant natural killer T [iNKT] cells perform pleiotropic functions in different tissues by secreting a vast array of pro-
inflammatory and cytotoxic molecules. However, the presence and function of human intestinal iNKT cells capable of secreting immunomodulatory 
molecules such as IL-10 has never been reported so far. Here we describe for the first time the presence of IL10-producing iNKT cells [NKT10 
cells] in the intestinal lamina propria of healthy individuals and of Crohn’s disease [CD] patients.
Methods: Frequency and phenotype of NKT10 cells were analysed ex vivo from intestinal specimens of Crohn’s disease [n = 17] and controls 
[n = 7]. Stable CD-derived intestinal NKT10 cell lines were used to perform in vitro suppression assays and co-cultures with patient-derived 
mucosa-associated microbiota. Experimental colitis models were performed by adoptive cell transfer of splenic naïve CD4+ T cells in the pres-
ence or absence of IL10-sufficient or -deficient iNKT cells. In vivo induction of NKT10 cells was performed by administration of short chain fatty 
acids [SCFA] by oral gavage.
Results: Patient-derived intestinal NKT10 cells demonstrated suppressive capabilities towards pathogenic CD4+ T cells. The presence of in-
creased proportions of mucosal NKT10 cells associated with better clinical outcomes in CD patients. Moreover, an intestinal microbial commu-
nity enriched in SCFA-producing bacteria sustained the production of IL10 by iNKT cells. Finally, IL10-deficient iNKT cells failed to control the 
pathogenic activity of adoptively transferred CD4+ T cells in an experimental colitis model.
Conclusions: These results describe an unprecedentd IL10-mediated immunoregulatory role of intestinal iNKT cells in controlling the patho-
genic functions of mucosal T helper subsets and in maintaining the intestinal immune homeostasis.
Key Words: Crohn’s disease; IL10; iNKT cells; SCFA; microbiota
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Graphical Abstract 

1

Microbiota-derived SCFAs induce IL10
secretion by intestinal iNKT cells

2

Intestinal NKT10 cells reduce the 
proliferation of pathogenic mucosal

Th1/Th17 cells

3

IL10-mediated immunoregulation by
iNKT cells controls intestinal

in�ammation and immune homeostasis

NKT10 are a positive
prognostic factor in

Crohn’s disease patients

Th1 & Th17

IL10

iNKT
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1.  Introduction
Invariant natural killer T [iNKT] cells are a unique T cell subset 
bearing a semi-invariantly rearranged αβ T Cell Receptor 
[TCR] and recognising lipid antigens presented in the context 
of the non-polymorphic, Major Histocompatibility Complex 
[MHC]-I-like CD1d molecules.1 In mice and men the cyto-
kine profile and transcription factor signature subdivide 
iNKT cells into distinct functional populations, i.e., NKT1, 
NKT2, and NKT17, closely resembling CD4+ conventional T 
helper cells.2–4 These iNKT cell populations have been shown 
to participate in immune responses against infectious micro-
organisms [bacteria, viruses, parasites5], in autoimmune path-
ologies with either protective or detrimental roles,6 and in 
anti-tumour responses.7,8

Recently, IL10-producing iNKT cells [NKT10] have been 
reported in visceral adipose tissues and peripheral blood,9 
but their presence has never been reported in the human 
intestinal compartment, either during homeostatic or in 
pathological conditions. In murine models of experimental 
autoimmune encephalomyelitis [EAE],2,10 obesity, and dia-
betes,9,11,12 NKT10 cells have been associated with regula-
tory and protective functions, to suppress pro-inflammatory 
macrophages9 and to promote tolerogenic dendritic cell dif-
ferentiation.13 Murine iNKT cells can also directly suppress T 
cell pathogenicity in EAE-affected mice by inhibiting IL17A 
and/or IFN gamma [IFNγ] production of T helper cells in an 
IL4/IL10-dependent manner.10

Crohn’s disease [CD], a form of inflammatory bowel disease 
[IBD], is characterised by a pathological inflammation of the 
gastrointestinal tract which is driven by abnormal T cell re-
sponses14 in genetically susceptible individuals. Genome-wide 
association studies [GWAS] identified more than 200 gen-
etic risk loci, including genes involved in IL10 signalling,15 
and patients bearing mutations in the IL10 pathway [IL10, 
IL10R, STAT3] manifest early and more severe disease due to 
the expansion of pro-inflammatory Th17 cells.16 Finally, ab-
normalities in the IL10 signalling pathway17,18 are invariantly 
associated with intestinal inflammation in animal models.

The involvement of iNKT cells in the inflammatory pro-
cesses occurring in IBD patients is still not completely under-
stood.19–22 We previously observed that murine iNKT cells 

release pro-inflammatory cytokines, such as IFNγ, IL17 and 
IL13 during the acute23,24 and chronic25 phases of intestinal 
inflammation in mice. Moreover, iNKT cells are present in 
IBD patients’ lamina propria where, concomitantly with an 
altered gut microbiota, they secrete pro-inflammatory cyto-
kines.22 Yet, murine iNKT cells have been shown to contribute 
to gut homeostasis maintenance through the CD1d-mediated 
induction of IL10 expression in intestinal epithelial cells.26 
Recently, we showed the presence of NKT10 cells upon res-
toration of normobiosis by faecal microbiota transplantation 
[FMT] in the colons of mice suffering from intestinal inflam-
mation.23 However, there is no evidence so far concerning the 
existence of human NKT10 cell in the intestinal compart-
ment and what might be their functions during homeostatic 
or pathological conditions.

Building up from our previous work in mice,23 we here de-
scribe for the first time the presence of human IL10-producing 
iNKT cells in the lamina propria of healthy individuals and 
CD patients. Mechanistically, we show that murine iNKT cells 
are capable of exerting regulatory functions by inhibiting the 
proliferation of pathogenic CD4+T cells in an IL10-dependent 
manner. In Crohn’s disease patients, the abundance of NKT10 
cells inversely correlated with pro-inflammatory Th1 and 
Th17 cells, and those showing higher frequencies of colonic 
NKT10 reported better clinical outcomes. Similarly to what 
observed in mice, iNKT cells isolated from NKT10-high CD 
patients were also suppressive towards CD4+ T cell prolifer-
ation in vitro. Moreover, the abundance of NKT10 cells asso-
ciated with the presence of an intestinal mucosal microbiota 
enriched in health-promoting short chain fatty acid [SCFA]-
producing bacteria, both in mice and in CD patients.

2.  Results
2.1.  iNKT cells are not colitogenic when 
adoptively transferred into lymphopenic and 
control CD4+ T cell pathogenicity in vivo
iNKT cells represent the predominant subset of CD3+ 
lymphocytes in murine liver and they are present in other 
peripheral organs including the colon [Supplementary 
Figure S1A–D]. Interestingly, as compared with cells isolated 
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from liver, spleen, and blood, iNKT cells from colon lamina 
propria [LP], visceral adipose tissue [VAT], and mesenteric 
lymphnodes [mLNs] were specifically characterised by a 
high expression of IL1023,27 [Supplementary Figure S1E], 
thus suggesting that also the intestinal microenvironment 
might induce IL10 in resident or recently egressed intestinal 
iNKT cells. Consistently, IL-10 expression was driven by the 
E4BP4 transcription factor, as previously observed in VAT-
associated iNKT cells11 [Supplementary Figure S1F and G]. 
Furthermore, intestinal iNKT cells expressed TIM-3, PD-1, 
and LAG3, surface receptors previously associated with 
IL10-expressing immune-suppressive mucosal cells such as 
Tr128,29 [Supplementary Figure S1H]. To note, the expression 
of IL4, an immunomodulatory cytokine produced by iNKT 
cells,30 has been detected only in the mLN. To test whether 

iNKT cells might have a suppressive phenotype in vivo, we 
first excluded that iNKT were colitogenic per se by adop-
tive transfer of splenic iNKT cells into lymphopenic Rag1-/- 
mice [Figure 1A; and Supplementary Figure S2A]. Whereas 
conventional naïve CD4+ T cells transferred into Rag1-

/- mice induced a transmural colitis,31 the same number of 
mCD1d:PBS57 Tetramer+-sorted iNKT cells failed to do so 
[Figure 1B], although we did not observe significant changes 
in colon length [Figure 1C] and body weight [Supplementary 
Figure S2B]. Colonic expression of Il1β, upregulated during 
colitis in mice and humans,23,32 showed higher levels of in-
duction 4 weeks after conventional CD4+ T cell transfer, 
compared with iNKT cell transfer [Figure 1D].

Moreover, colonic CD4+ T cell frequencies steadily in-
creased over time, whereas iNKT cells were detectable for the 
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Figure 1. iNKT cells are not pro-inflammatory when adoptively transferred in Rag1-/- hosts. [A] Schematic representation of the experiment. [B] H&E 
staining [left, scalebar 100 µm] and cumulative histological score [right plots] of colon specimens obtained at sacrifice 2 weeks [square symbols] or 
4 weeks [round symbols] post iNKT [white symbols] or naïve CD4+ T [black symbols] transfer; Rag1-/- mice controls are also shown. [C] Colon length. 
[D] Il1β colonic expression at sacrifice 2- or 4-weeks post transfer. [E-G] Frequency of colonic iNKT cells and CD4+ T cells at sacrifice. Representative 
dot plots [E] for total [F] and Ki67+ [G] colonic iNKT cells [white symbols] and CD4+ T cells [black symbols] 2 or 4 weeks after transfer gated on CD45+ 
Lin- cells. [H] Representative dot plots and cumulative percentages of IFNγ-producing colonic iNKT cells and CD4+ T cells 2 or 4 weeks after adoptive 
transfer. Statistical significance was calculated using the Mann-Whitney U test corrected for multiple comparisons by controlling the false-discovery rate 
[FDR]; *p ≤0.05, **p ≤0.01, ***p ≤0.001. H&E, haematoxylin and eosin.
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2 weeks after transfer but their presence decreased thereafter 
[Figure 1F]. The observed lack of expansion of iNKT cells was 
in line with their reduced proliferative capacity [Figure 1E and 
G] and activation status [Supplementary Figure S2C] as com-
pared with conventional CD4+ T cells. The vast majority of 
transplanted iNKT cells homed to the intestine and expressed 
IL-10 [Supplementary Figure S2D-G]. With respect to colonic 
CD4+ T cells, iNKT cells expressed also significantly lower 
levels of the pro-inflammatory cytokine IFNγ [Figure 1H].

These results collectively indicate that iNKT cells isolated 
from healthy mice are not pro-inflammatory per se when 
adoptively transferred into a lymphopenic host.

We next wondered whether iNKT cells might be directly 
endowed with regulatory functions, similar to Treg or Tr1 
cells.29,31 According to the protocol described originally for 
Tregs,31 we co-transferred iNKT cells with naïve CD4+ T cells 

[T0] [Figure 2A]. Because of the low expansion capacity that 
iNKT cells showed in vivo [Figure 1E and F], we tested the 
suppressive capacity of iNKT cells also by injecting them 2 
weeks after [T2] CD4+ T cells colitis induction [T0] [Figure 
2B], i.e., when CD4+ T cell expansion was already detectable.

Histological examination and colon length variation re-
vealed that inflammation and tissue damage induced by 
pathogenic CD4+ T cells were reduced upon a delayed iNKT 
cell transfer, but not in the original setting, i.e., injected at 
T0 [Figure 2C] as described by Powrie and colleagues.31 As 
expected, the co-transfer of Treg cells prevented the patho-
genic CD4+ T cell-induced colitis [Figure 2C and D]. iNKT 
cells injected at T2 showed also a comparable ability to 
modulate the colonic expression of Il1β with respect to Treg 
cells [Figure 2E]. Furthermore, upon transfer of iNKT cells 
at T2, colonic CD4+ T cells showed a reduced proliferative 
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Figure 2. iNKT cells suppress colitogenic CD4+T cells in vivo. [A, B] Schematic representation of the experiment.[C] H&E staining [C, left, scalebar 
100 µm] and cumulative histological score [C, right], [D] colon length, [E] Il1β colonic expression, and [F] Ki67+CD4+ T cells absolute numbers in colon 
specimens of the indicated experimental groups. [G] Representative dot plots and cumulative frequency of IFNγ-producing colonic CD4+ T cells and [H] 
IL10-producing colonic iNKT cells. Statistical significance was calculated using the Kruskal-Wallis test corrected for multiple comparisons by controlling 
the false-discovery rate [FDR]; *p ≤0.05, **p ≤0.01, ***p ≤0.001. H&E, haematoxylin and eosin.
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Figure 3. IL10 secretion by iNKT is required to suppress colitogenic CD4+T cells. [A] Cumulative histological scores, [B] colon length, [C] Il1β colonic 
expression, [D] Ki67+CD4+ T cells absolute numbers, and [E] frequency of IFNγ-producing colonic CD4+ T cells in colon specimens of the indicated 
experimental groups. Statistical significance was calculated using the Kruskal-Wallis test corrected for multiple comparisons by controlling the false-
discovery rate [FDR]; *p ≤0.05, **p ≤0.01, ***p ≤0.001. [F] PCoA of microbiota beta-diversity as measured by Weighted UniFrac distance. [G] Volcano 
plot representing the significantly enriched bacterial taxa [FDR p <0.05] in transplanted IL10+/+ vs IL10-/- iNKT animals by DEseq2 analysis. The names 
of the significantly enriched amplicon sequence variants [ASVs] classified to the genus and family levels are reported. [H] Relative abundance of the 
significantly enriched SCFA-producing bacteria identified by DEseq2 analysis in mice injected with naïve CD4+T, IL10-deficient iNKT [+iNKT IL10-/-] and 
IL10-proficient iNKT [+iNKT IL10+/+] cells. [I] Representative dot plots and cumulative graphs of IL10 production by murine colonic iNKT cells upon in vivo 
exposure to SCFAs. Statistical significance was calculated using the Kruskal-Wallis test corrected for multiple comparisons by controlling the false-
discovery rate [FDR]; *p ≤0.05. SCFA, short chain fatty acid.
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capacity, not observed when iNKT cells were simultaneously 
co-transferred with naïve CD4+ T cells [T0] [Figure 2F]. 
Consistently, CD4+ T cells expressed less IFNγ when iNKT 
cells were injected at T2 but not when they were co-injected 
at T0 [Figure 2G], a condition associated with the highest 
levels of IL10 secretion by iNKT cells [Figure 2H]. iNKT cells 
injected at T0 were mostly absent 4 weeks after transfer in the 
colon, mLN, and spleen.

2.2.  iNKT cells control CD4+ T cell pathogenicity 
through IL10 secretion
To evaluate if IL10 secretion by iNKT cells was required for 
their immunoregulatory function, we adoptively transferred 
IL10-deficient or -sufficient iNKT cells into colitic mice. The 
characterisation of IL10-\- mice showed no differences in 
the frequency and phenotype of iNKT cells compared with 
wild-type [WT] animals [Supplementary Figure S2H–K]. The 
IL10-proficient iNKT cells were able to control the CD4+ T 
cell-driven inflammation as measured by histoscores, colon 
length, and colonic Il1β expression analysis [Figure 3A–C], 
and reduced proliferation status of pathogenic CD4+ T cells 
[Figure 3D], similarly to Tregs. The production of IFNγ by co-
lonic CD4+ T cells was also significantly reduced in presence 
of iNKT cell-derived IL10 [Figure 3E].

The gut microbiota is implicated in the functional plasticity 
of intestinal T cells,33 including iNKT cells.23 Analysis of the mi-
crobial community structure in iNKT and Treg-transplanted 

animals [Figure 3F; and Supplementary Figure S3] revealed a 
distinct clustering of the gut microbiota isolated from mice 
receiving IL10+/+ or IL10-/- iNKT cells, the latter being more 
similar to CD4+ T cell-induced colitic mice [Figure 3F].

In particular, mice transferred with IL10-producing iNKT 
cells were enriched in SCFA-producing bacteria, such as 
Clostridium XIVa, Lachnospiraceae, and Ruminococcaceae 
[Figure 3G and H]. Importantly, in vivo administration of 
SCFAs induced sustained secretion of IL10 by colonic iNKT 
cells [Figure 3I].

Altogether, these results suggest that iNKT cells can control 
T cell-mediated intestinal inflammation by suppressing CD4+ 
T cell pathogenicity through the secretion of IL10, favouring 
the structure of a microbial community enriched in SCFA-
producing gut microbes.

2.3.  Crohn’s disease patient-derived intestinal 
NKT10 cells suppress CD4+ T cells
Next, we tested if IL10+iNKT [NKT10] cells were also pre-
sent in the human gut and if they were capable of modulating 
gut inflammation. To do so, lamina propria [LP] mononuclear 
cells from patients suffering from Crohn’s Disease [CD] were 
isolated and analysed by multiparametric flow cytometry 
[Supplementary FigureS4A and B]; uninflamed specimens 
from patients undergoing surgical resection for intestinal 
tumours [non-IBD] were analysed as controls [Table 1]. We 
observed a significantly higher abundance of NKT10 cells in 

Table 1. Clinical parameters

Clinical parameter Crohn’s disease Healthy donors 

n = 17 n = 7

Male [%] 14 [82.35] 4 [57.1]

Age at enrolment [mean ± SD, yr] 41.9 [±11.8] 64.9 [±8.1]

Disease duration [mean ± SD, yr] 15.4 [±10] -

Smoking status [yes/no/ex] 5/2/10 -

Crohn’s disease location []

  L1 [ileal] 2 [11.76] -

  L2 [colonic] 1 [5.88] -

  L3 [ileocolonic] 14 [82.35] -

  L4 [upper disease] 0 [0] -

Crohn’s disease behaviour [%]

  B1 [non-stricturing, non-penetrating] 3 [17.64] -

  B2 [stricturing] 2 [11.76] -

  B3 [penetrating] 12 [70.58] -

Concomitant therapy at enrolment [%] 3 [17.64] -

  Antibiotics [%]

Mesalazine [%] 2 [11.76] -

  Thiopurines[%] 3 [17.64] -

  Corticosteroids [%] 2 [11.76] -

  Anti-TNF 6 [35.29] -

  Vedolizumab 1 [5.88] -

  Anti-IL23 1 [5.88] -

None 4 [23.52] -

HBI score [median; IQR] 6 [3.5] -

SES-CD [median; IQR] 8.5 [4.25] -

SD, standard deviation; yr, year; TNF, tumour necrosis factor; HBI, Harvey-Bradshaw Index; SES-CD, Simple endoscopic score for Crohn’s disease.
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the LP of CD patients [Figure 4A] which was unrelated to 
the age of the enrolled subjects [r =  -0.27, p = 0.14]. Since 
CD patients showed also a wider frequency distribution of 
NKT10 than non-IBD subjects [Figure 4A], we subdivided 
CD patients according to their median NKT10 abundance as 
threshold, i.e., in NKT10-high [NKT10hi] and NKT10-low 
[NKT10lo] patients [Figure 4B]. NKT10hi and NKT10lo pa-
tients differed not only because of their IL10+iNKT cell abun-
dance, but clustered apart also according to their intestinal 

T cell immunophenotype [Figure 4C]. NKT10hi patients 
showed reduced infiltration of pro-inflammatory Th1 and 
Th17 cells in the intestinal LP [Figure 4D] as well as a re-
duction of infiltrating antigen-presenting cells [APC cells] 
including dendritic cells [DCs], macrophages, and monocytes 
[Supplementary Figure S4C]. Furthermore, the frequency of 
NKT10 correlated negatively with the abundance of Th1 and 
Th17 in the LP of CD patients, whereas no significant correl-
ations were observed in the LP of non-IBD patients [Figure 
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Figure 4. Intestinal NKT10 cells derived from CD patients suppress naïve CD4+ T cell proliferation through IL10 production. [A] Frequency of IL10+ 
iNKT cells among intestinal LPMC of non-IBD patients [green, n = 7] and CD patients [purple, n = 17]; *p ≤0.05, Mann-Whitney U test. [B] Individual 
IL10+iNKT cells abundance in LPMC of CD patients [red bars, NKT10-low patients; purple bars, NKT10-high patients]; the horizontal line indicates the 
median IL10+iNKT frequency used to stratify patients according to NKT10, i.e., NKT10-high and -low. [C] Hierarchical clustering and multidimensional 
scaling analysis of immunophenotyped NKT10-high and -low CD patients were calculated by samples’ distance similarities [Jaccard index] from LPMC 
FACS analysis on TNF+, IFNγ+, IL17+, IL10+iNKT, and CD4+T cells. [D] Representative dot plots [left] and cumulative histograms [right, n = 17 CD patients] 
of Th1 and Th17 CD4+ T cell frequency in NKT10-high and -low CD patients. [E] Spearman correlation analyses between IL10-producing iNKT cells and 
Th17 [upper panels] or Th1 [lower panels] cell frequencies in non-IBD LPMC [left plots] and CD LPMC [right plots]. [F] Proliferation indexes of naïve CD4+ 
T cells exposed to supernatants of aCD3/aCD28-stimulated iNKT cell lines isolated from the LP of iNKT10-high [purple bars] and -low [red bars] CD 
patients. [G] IL10 protein concentration in the supernatants of unstimulated or aCD3/28-stimulated iNKT cell lines isolated from the LP of NKT10-high 
[purple bars] and -low [red bars] CD patients in the presence or absence of IL10 blocking antibodies. [H] Two-tailed Spearman’s correlation test between 
IL10 protein concentration and suppression indexes. [I] Proliferation indexes of naïve CD4+ T cells exposed to supernatants of aCD3/aCD28-stimulated 
iNKT cell lines isolated from the LP of NKT10-high CD patients in the presence or absence of IL10 blocking antibodies. Statistical significance was 
calculated using the one-way ANOVA test corrected for multiple comparisons by controlling the false-discovery rate [FDR]; *p ≤0.05, **p ≤0.01, ***p 
≤0.001. LPMC, lamina propria mononuclear cells; IBD, inflammatory bowel disease.

D
ow

nloaded from
 https://academ

ic.oup.com
/ecco-jcc/article/16/9/1461/6561819 by D

ivisione C
oordinam

ento Biblioteche U
N

I M
ilano user on 15 N

ovem
ber 2022

http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjac049#supplementary-data


1468 C. Burrello et al.

4E]. To note, the frequency of NKT10 cells mirrored the ex-
pression of IL10 and of TGFB in the colonic tissue of CD 
patients, although to a less significant extent [Supplementary 
Figure S4D]; there was no overlap between IL10-producing 
iNKT cells and IL13-, IFNγ- or IL17-producing ones 
[Supplementary Figure S5].

To evaluate if the IL10 produced by human iNKT cells 
might directly regulate T cell proliferation,34 we performed 
an in vitro suppression assay. The supernatants of stimu-
lated mucosal iNKT cell lines derived from the intestinal LP 
of NKT10hi and NKT10lo patients were used for in vitro 
suppression assays with naïve CD4+CD62L+CD25-T cells 
[Supplementary Figure S6A]. We observed that only the ex-
posure of naïve T cells to the secretome of iNKT cell lines 
from NKT10hi patients resulted in a significant suppression 
of naïve CD4+ T cell proliferation [Figure 4F]. Indeed, the 
supernatants of iNKT cells derived from iNKT10hi patients 
had higher levels of soluble IL10 compared with iNKT cells 
derived from iNKT10lo patients [Figure 4G]. The suppression 
effect was mediated by the secreted IL10 [Figure 4H], since 
reduction of available IL10 by using an anti-IL10 blocking 
antibody [Figure 4G] impaired the suppressive capacity of the 
iNKT-derived supernatant from NKT10hi patients [Figure 
4I].

TCR stimulation of iNKT cell lines induced the upregulation 
of FOXP3 and E4BP4 transcription factors [Supplementary 
Figure S6B and D], classically associated with IL10 produc-
tion and tolerogenic activity of T and iNKT cells35 and of 
surface receptors associated with a regulatory phenotype, 
including PD1, CTLA4, CD200, and 41BB, but not T-bet and 
RORγ [Supplementary Figure S6C and E].

Altogether, these data indicate that a subset of human LP 
iNKT cells characterised by the expression of IL10 are pre-
sent in the mucosa of CD patients and are able to suppress 
naïve CD4+ T cell proliferation in vitro.

2.4.  NKT10hi-derived microbiota promotes IL10 
secretion in iNKT cells
We next asked whether the gut microbiota might be linked 
to IL10 production by mucosal iNKT cells in CD patients. 
CD mucosa-associated microbiota induced a more sus-
tained IL10 production by intestinal human iNKT cells as 
compared with microbiota derived from healthy individ-
uals [Figure 5A and B] and monocyte-derived dendritic 
cells [moDC] contributed marginally to the production of 
IL10 compared with iNKT cells [Figure 5B; Supplementary 
Figure S6F]. An in-depth analysis of the gut microbiota from 
NKT10hi and NKT10lo patients showed a different micro-
bial community structures between these patients [Figure 
5C]. Furthermore, the mucosa-associated microbiota from 
NKT10hi patients was highly enriched in SCFA-producing 
bacteria36,37 [Figure 5D]. We observed the significant posi-
tive correlation of these SCFA-producing bacteria [including 
Faecalibacterium, Lachnospiraceae, Veillonella Gemmiger, 
and Prevotella,] with IL10+iNKT cells abundance and the 
mucosal expression of TGFβ [Figure 5E]. Remarkably, the 
mucosa-associated microbiota from NKT10hi patients was 
able to promote IL10 secretion upon stimulation of healthy 
donor-derived intestinal iNKT cells, whereas no differences 
were observed in the expression levels of IFNγ and IL17 
[Figure 5F].

Although the frequency of mucosal NKT10 cells was not 
significantly correlated with clinical and endoscopic scores at 

enrolment [Supplementary Figure S6G], evaluation of the clin-
ical outcomes of NKT10-high and -low CD patients showed 
that a high baseline frequency of NKT10 cells was associ-
ated with a significantly less severe disease during follow-up, 
as confirmed by histological and endoscopic activity [Figure 
5G] and reduced inflammatory biomarkers, including faecal 
calprotectin [Figure 5H].

Altogether, these data suggest that human NKT10 cells 
accumulate in the colonic mucosa of CD patients, promote 
an intestinal microbial community structure enriched in 
health-promoting, SCFA-producing bacteria, and contribute 
to controlling the pro-inflammatory activity of Th1 and 
Th17 cells.

3.  Discussion
The multifaceted nature of iNKT cells has been widely re-
ported. Here we provide, for the first time, evidence sup-
porting a direct IL10-dependent suppressive role of human, 
and murine, intestinal iNKT cells towards pathogenic CD4+T 
helper cells. Accordingly, in Crohn’s disease patients, IL10 
expression by colonic iNKT cells inversely correlated with 
the frequency of pathogenic Th17 and Th1 cells. Moreover, 
NKT10 cells were associated with a particular health-
promoting microbiota and a better clinical outcome at a 
54-week follow-up examination.

Functional iNKT cell subsets have been thoroughly de-
scribed in mice2,4 but not as meticulously in humans,3 possibly 
because human lipid-specific T cells are more diversified than 
their murine counterparts.1

iNKT cell functions have been classically associated with 
pro-inflammatory/cytotoxic phenotypes, which differentially 
contribute to exacerbate or resolve pathological conditions 
according to each unique disease aetiopathology.38 In the gut, 
iNKT cells have been shown to manifest pro-inflammatory 
NKT2-39 or NKT1/NKT17-associated phenotypes21,23–25 at 
the peak of inflammation. We also recently reported that the 
recognition of IBD patients’ dysbiotic mucosa-associated 
microbiota drives the secretion of pro-inflammatory cyto-
kines by human intestinal iNKT cells.22

However, iNKT cells do not always show pro-inflammatory 
phenotypes.23,31,35,40 Indeed, they have been associated in the 
maintenance of gut homeostasis in murine models.23,31,35,40 
Accordingly, we demonstrated that maintenance of 
normobiosis by faecal microbiota transplantation requires 
also murine colonic iNKT cell-mediated production of IL10.23

NKT10 cells were previously identified among murine 
splenocytes and in human peripheral blood,2 and Lynch and 
colleagues elegantly demonstrated the immunoregulatory 
functions of NKT10 cells in the adipose tissue.9 Here, we re-
port that IL10-producing iNKT cells are present in the co-
lonic mucosa of mice and, most importantly, of healthy and 
CD individuals. Several lines of evidence suggested the pres-
ence of intestinal NKT10 cells. In mice, interaction of iNKT 
cells with the intestinal epithelium has been shown to con-
tribute to maintenance of intestinal homeostasis, and CD1d 
signalling between iNKT cells and intestinal epithelial cells 
[IECs] induced IL10 production in the former.26 IL10 mRNA, 
but not protein, was also detected within iNKT cells in that 
context. It has also been reported that B. fragilis, a human gut 
commensal, is capable of suppressing murine mucosal iNKT 
cell proliferation,41 albeit no direct proof of IL-10 production 
by iNKT cells exposed to B. fragilis or to its lipid antigens has 
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been provided. IL10-producing iNKT cells have been detected 
also in the mLN. We hypothesise that, as occurs for Tregs, the 
lower frequency of IL10+iNKT cells in the mLN compared 
with the colon could be related to the role of the mLN in T 
cells gut-homing.42,43 This could partially explain why mLN 
and colonic NKT10 cells are phenotypically related whereas 
their frequency is significantly different.

IL10 expression and resting/Ki67-low phenotypes can be 
considered key features of NKT10 cells. Indeed in our murine 
model, IL10-producing iNKT cells were mostly not prolifer-
ating and this phenotype was associated with IL10 produc-
tion and suppressive capabilities.

Interestingly, we observed that human NKT10 cells were 
more frequent in Crohn’s disease than in healthy subjects, simi-
larly to Treg cells where frequencies have been reported to be 
increased in the intestinal lamina propria of IBD patients.44,45 
Different explanations might account for this finding. On 
one side, pre-existing, tissue-resident, naturally-occurring 
NKT10 cells might expand in CD patients to control inflam-
mation, as a negative feedback mechanism already described 
for Tregs.46 On the other hand, NKT10 cell frequency might 
increase upon the conversion of pro-inflammatory NKT cells 
into IL10-producing cells similarly to how colitogenic Th17 
cells can convert into IL10-producing cells and acquire regu-
latory functions.28 The presence of a tolerogenic microenvir-
onment [high IL10 and TGFB] may favour both hypotheses. 
Conversely, murine NKT10 cells have been shown to greatly 
expand in mice upon chronic antigen stimulation, either with 
the agonist ɑGalCer47 or within the lipid-enriched adipose 
environment.9 Albeit the nature of the antigens capable of 
activating iNKT cells in the gut of IBD patients is still undis-
covered, it is known that iNKT cells recognise antigens of mi-
crobial5,22,48 or self49 origin. Chronic antigenic stimulation has 
been previously demonstrated to be responsible for the con-
version of IFNγ-producing LCMV-CD8+activated T cells into 
low-proliferating/anergic cells, a mechanism to self-regulate 
CD8+ pro-inflammatory potential.50

The presence of a specific commensal core ecology consisting 
of bacteria from different phyla, but sharing similar metabolic 
functions, has been identified as the mechanistic driver to sup-
port host health. Among these commensals, SCFA-producing 
bacteria have been associated with IL10 secretion and intes-
tinal homeostasis promotion.33 Indeed, restoration of a micro-
bial core ecology enriched in SCFA-producing taxa by FMT 
effectively controlled experimental intestinal inflammation23,25 
and promoted IL10-secretion also by murine intestinal iNKT 
cells. Microbe-derived SCFA promoted the production of IL10 
also by murine conventional Th1 cells, endowing them with 
protective functions against severe experimental colitis out-
comes.23 Moreover, we recently demonstrated that metronida-
zole treatment shaped a microbial community promoting IL10 
secretion by human colonic iNKT cells.51

Here, we demonstrate that NKT10 cells suppress the 
pathogenic functions of IFNγ-producing Th1 cells in vitro 

and in vivo in an IL10-dependent manner. At present, only 
Treg cells and Tr1 cells have shown to directly suppress intes-
tinal inflammation in the gut.29,52,53 In IBD patients, Tregs are 
able to suppress proliferation of effector T cells but are less 
efficient in suppressing secretion of Il1b,54 similarly to what 
we observed for NKT10 cells. We reported the presence of 
NKT10 cells in the gut of CD patients inversely correlating 
with Th1 and Th17 responses; iNKT cells are able to con-
trol Th1 or Th17 activity in murine models of autoimmune 
diseases, albeit iNKT cells regulatory function was not dir-
ectly ascribed to IL10 production.12,17 Conversely, in a murine 
model of multiple sclerosis where the pathogenic functions of 
Th17 cells have been widely described,55 NKT10 cells were 
able to modulate the disease outcome.2,10

Here, we suggest that a fine balance between pro-inflammatory 
and anti-inflammatory signals, including the gut microbiota and 
their metabolic products, might involve intestinal iNKT cells, 
which in turn may enhance or suppress inflammatory responses 
according to the cytokine milieu and to their capability to 
interact with other immune cell types in health and disease. The 
functional plasticity of mucosal iNKT cells might be relevant to 
maintaining intestinal homeostasis, while remaining responsive 
to dysbiosis and inflammatory insults also in the context of in-
testinal neoplasia, where the tumour microenvironment might 
heavily influence iNKT cell functions.56

In conclusion, our study sheds light on previously un-
known functions of human iNKT cells, providing evidence 
for the importance of NKT10 cells in the homeostatic regu-
lation of the intestinal compartment. Therapies involving 
IL10-producing iNKT cells in intestinal disorders might be 
envisioned, although further knowledge is needed to fully elu-
cidate their mechanisms of activation in the periphery.

4.  Materials and Methods
4.1.  Human samples
Buffy coat blood from healthy donors was obtained from the 
IRCCS Policlinico San Matteo, Pavia, Italy. Intestinal speci-
mens of Crohn’s disease [n = 17] and of patients undergoing 
intestinal surgical resection for pathologies unrelated to IBD 
[n = 7] were obtained from the IRCCS Policlinico Ospedale 
Maggiore, Milan, Italy. The clinical characteristics and con-
comitant therapies of patients are summarised in Table 1.

4.2.  Study approval
The Institutional Review Board approved the study [permis-
sion ref. no. EA1/107/10] and informed consent was obtained 
from the subjects involved in the study. Animal procedures 
were approved by Italy’s Ministry of Health [Authorisations 
no. 913/16, 415/17].

4.3.  Mice
C57BL/6 mice [Charles River, Italy] and Rag1-/- mice [The 
Jackson laboratory] of 8-10 weeks of age were housed at 

correlations with p-value <0.05 are indicated with an asterisk [*]. FC, faecal calprotectin; CRP, C-reactive protein. [F] Cytokines production by iNKT cells 
upon co-culture with moDC and mucosa-associated microbiota derived from iNKT10-high or -low patients; *p ≤0.05, **p ≤0.01, ***p ≤0.001, Mann-
Whitney U test. G] Histological and endoscopic analyses at the beginning of the enrolment [T0] and 54 weeks post-enrolment [T54] in iNKT10-high and 
-low CD patients. [H] % of CD patients classified as inflamed [with a cumulative score ≥2 calculated summing 1 point with CRP >0.5 mg/dl, 1 point with 
FC >50 ug/g and 1 point for evident signs of inflammation/tissue damage], levels of faecal calprotectin and serum C-reactive protein 54 weeks post-
enrolment; exact p-values for Fisher’s exact test [% inflamed] and Mann-Whitney test [FC and CRP] are shown. ASV, amplicon sequence variant; SCFA, 
short chain fatty acid; FDR, false-discovery rate; PCoA, principal coordinate analysis; moDC, monocyte-derived dendritic cells.
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the IEO [Milan, Italy] animal facility in specific pathogen-
free [SPF] conditions. IL10-/- mice were kindly gifted by Dr 
Marinos Kallikurdis [Humanitas, Milan, Italy]. All mice 
were housed either at the European Institute of Oncology 
[EIO] or at the Humanitas animal facility in SPF conditions. 
Littermates of same sex and age were randomly assigned to 
the different experimental groups. A summary of the animals 
used for experimentation is reported in Supplementary Table 
S1.

4.4.  Murine adoptive transfer experiments
Naïve CD4+ T cells [CD3+CD4+CD25-CD62L+] were sorted 
from pre-enriched [CD4 mouse microbeads, Miltenyi] 
splenocytes with BD FACSAria. Approximately 2.5 x 105 
naïve CD4+ T cells were injected intraperitoneally in a male 
Rag1-/- recipient. iNKT and Treg cells were sorted from CD19-
depleted splenocytes [CD19 mouse microbeads, Miltenyi] 
respectively as CD11b-CD11c-CD3+mCD1dTetPBS57+CD25- 
and CD11b-CD11c-CD3+CD4+CD25+, and injected 
intraperitoneally at a 1:1 naïve CD4+T: iNKT/Treg cell ratio. 
The purity of sorted cells was on average over 95%.

Mice were sacrificed 2 or 4 weeks following the adop-
tive transfer. At sacrifice colons were collected, their length 
measured and divided in portions to be fixed in 10% for-
malin for histological analyses as described in Cribiu et al.57 
and in Supplementary Table S2, snap-frozen for RNA extrac-
tion, and used for lamina propria mononuclear cell [LPMC] 
immunophenotyping.

4.5.  In vivo administration of SCFA
SPF C57BL/6 mice 4-5 weeks old were pre-treated with an 
antibiotic mixture containing vancomycin [1.25 mg], ampi-
cillin [2.5 mg], and metronidazole [1.25 mg] [VAM] in 100 
µl water per mouse by oral gavage for 14 days. Starting from 
the second week of VAM treatment, mice were treated with 
a short chain fatty acids [SCFAs] mix [67.5  mM acetate, 
40 mM butyrate, 25.9 mM propionate] in the drinking water 
for 21 days, and water solutions [pH- and sodium-matched] 
were prepared and changed every 5 days. At the end of the 
experiment, cells from colonic lamina propria were isolated 
and analysed as described below.

4.6.  Human and murine cell isolation
Human LPMC [lamina propria mononuclear cells] were iso-
lated as previously described.58 Murine LPMC were isolated 
as in Burrello et al.23 Briefly, the dissected human intestinal 
mucosa was freed of mucus and epithelial cells in sequential 
steps with DTT [0.1 mmol/L] and EDTA [1 mmol/L] [both 
from Sigma] and then digested with collagenase D [400 U/ml] 
[Worthington Biochemical Corporation, Lakewood, NJ] for 
5 h at 37°. LPMCs were then separated with a Percoll gradient 
and cultured in complete RPMI 1640 medium containing 5% 
human serum [Sigma] and 100 UI/ml IL-2 [Proleukin].

For murine LPMC isolation, colonic lamina propria mono-
nuclear cells were isolated via incubation with 5 mM EDTA 
at 37°C for 30 min, followed by mechanical disruption with 
GentleMACS [Miltenyi Biotec]. After filtration with 100-µm 
and 70-µm nylon strainers [BD], the LPMC were counted and 
stained for immunophenotyping.

4.7.  Flow cytometry
Human and murine cells were stained with combinations of 
directly conjugated antibodies as specified in Supplementary 

Table S3. The gating strategy using the antibodies mCD1d/
PBS-57 and hCD1d/PBS-57 to identify murine and human 
iNKT cells is described in Supplementary Figures S1A and 
S4A, respectively. The PBS-57 ligand is an analogue of the 
a-galactosylceramide complexed to CD1d tetramers, pro-
vided by the NIH Tetramer Facility.

Intracellular cytokines were detected after stimulation of 
human cells for 3 h with 50 ng/ml PMA [Sigma] and 1 µg/
ml ionomycin [Sigma] in the presence of 10 µg/ml Brefeldin 
A [Sigma]. Cells were fixed and permeabilised with Cytofix/
Cytoperm [BD] before the addition of the antibodies detecting 
the cytokine released. For the staining of transcription factors, 
cells were fixed and permeabilised with FOXP3 Transcription 
Factor Staining Buffer Set [eBioscience].

Samples were analysed with a FACSCelesta flow cytometer 
[BD], gated to exclude singlets on the basis of light scatter and 
non-viable cells by Zombie Dye labelling. Data were analysed 
using FlowJo v10 software [BD].

4.8.  Human and murine histological analyses
For histological analyses, samples were placed in neutral-
buffered 4% formalin solution for 24-36 h. All tissue samples 
were processed with a LEICA PELORIS processor before par-
affin embedding. Human samples were included either manu-
ally or with an automated system [SAKURA], based on the 
size of the specimen. After haematoxylin and eosin staining, 
scans of the histological slides were obtained using an Aperio 
AT2 scanner with a resolution of 0.5 µm/pixel with 20x ob-
jective and 0.25 µm/pixel at 40x, using a doubler.

Histological scoring of disease activity included evaluation 
of the severity and extent of the inflammatory cell infiltrate, 
epithelial hyperplasia, goblet cell loss, and alterations of the 
mucosal architecture [complete scoring criteria, definitions, 
and values are available in Supplementary Table S2].

4.9.  Supernatant and tissue ELISA for protein 
detection
Human IL10 concentration in the supernatant of stimulated 
and unstimulated iNKT cells was evaluated by ELISA assay 
[Biolegend, see Supplementary Table S3] performed following 
the manufacturer’s instructions. Colonic tissues were hom-
ogenised in 300 µl RIPA buffer [Cell Signaling Technology] 
supplemented with phosphatase inhibitors [Sigma] and pro-
tease inhibitors [Complete Ultra tablets, Roche]. The samples 
were then incubated at 4°C for 30 min under slow rotation 
and then centrifuged at 13 000 g for 15 min at 4°C. The super-
natant was quantified at the NanoDrop with Bradford Assay 
[BioRad]. Cytokines were measured by ELISA [Biolegend, 
see Supplementary Table S4] performed following the 
manufacturer’s instructions. Correlation has been performed 
upon normalisation of the samples to 1 mg/ml on the total 
protein extract for each sample.

4.10.  RNA isolation, cDNA synthesis, quantitative 
PCR, and gene expression
Total RNA from intestinal tissues was isolated using TRIzol 
[Invitrogen] and Quick-RNA MiniPrep [ZymoResearch] ac-
cording to manufacturer’s specifications. cDNAs were gen-
erated from 1 µg of total RNA with EasyScript Plus cDNA 
Synthesis kit [abm]. Gene expression levels were evaluated by 
qPCR and normalised to GAPDH [human] or Rpl32 [mouse] 
gene expression. Murine and human primers are listed in 
SupplementaryTable S5.
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4.11.  Intestinal iNKT cell lines generation
Human iNKT cell lines were generated as previously described 
in Burrello et al.22 Briefly, sorted CD45+CD3+CD1d:PBS57Tet+ 
cells from total LPMCs of CD patients or PBMCs of healthy 
donors were expanded in vitro for 2 weeks in the presence 
of irradiated peripheral blood feeders, hIL2 [100 IU/ml, 
Proleukin] and PHA [1 µg/ml, Sigma].

4.12.  In vitro suppression assay
In vitro suppression was performed as previously de-
scribed59 with some modifications. Naïve CD4+ T cells were 
sorted as CD3+CD4+CD25-CD62L+ cells on a BD FACSAria 
starting from pre-enriched CD3+ PBMCs of healthy donors 
[CD3 human microbeads, Miltenyi Biotec] [Supplementary 
Figure 3]. Cells were labelled with 1 nM Far Red CellTrace 
[ThermoFisher], re-suspended in medium containing hIL2 
[Proleukin] and anti-CD28 antibody [2 µg/ml, Tonbo] and 
plated in 96-well plates [NUNC Maxisorp] pre-coated with 
anti-CD3 antibody [2 µg/ml, Tonbo] at a concentration of 2.5 
x 104 cells/well; 2 x 105 cells/well were plated as unstimu-
lated negative control. iNKT cell lines were stimulated with 
anti-CD3 and anti-CD28 antibodies [2 µg/ml each, Tonbo] 
on NUNC Maxisorp plates for 5 days. Their supernatant 
was collected, applied to proliferating naïve CD4+ T cells in 
the presence or absence of anti-IL10 neutralising antibody 
[10 µg/ml], and in part used to evaluate cytokine concentra-
tion, as described in Supplementary Methods. After 5 days, 
proliferating naïve CD4+ T cells were labelled with Zombie 
vital dye [Biolegend] and analysed with [BD] FACS Celesta. 
Proliferation analyses were performed with a FlowJo v10 
[BD] proliferation tool. The suppression index was calculated 
by dividing the proliferation index of maximum proliferation 
controls by that of the wells under investigation.

4.13.  Human ileocolonoscopies analyses
All ileocolonoscopies were performed at the Endoscopy Unit 
of the IRCCS Policlinico Ospedale Maggiore, Milan, Italy, by 
expert endoscopists with particular expertise in endoscopy of 
IBD patients.

4.14.  Patients outcomes
CD patients outcomes were evaluated at 54 weeks after en-
rolment. We collected data of objective measures of disease 
activity, i.e., ileocolonscopy and/or faecal calprotectin and/
or C-reactive protein, assessed according to usual clinical 
practice. Endoscopic remission was defined by complete mu-
cosal healing in the absence of any ulcers. Biochemical re-
mission was defined by a faecal calprotectin <50 µg/g and/
or C-reactive protein <0.5  mg/dL. We considered patients 
without any sign of significant inflammatory activity if they 
reached both endoscopic and biochemical remission when all 
data were available. When endoscopy at 54 weeks was not 
performed, we evaluated only biochemical remission.

4.15.  16S rRNA gene sequencing and data 
analysis
Intestinal mucus scraped from the human colon and faecal 
pellets from mice were stored at -80°C until the DNA was 
extracted. DNA extraction, 16S rRNA gene amplification, 
purification, library preparation, and pair-end sequencing 
on the Illumina MiSeq platform were performed as de-
scribed in Burrello et al.25 Reads were pre-processed using 
the MICCA pipeline [v.1.7.0] [http://www.micca.org].60 

Forward and reverse primers trimming and quality filtering 
were performed using micca trim and micca filter, respect-
ively. Filtered sequences were de-noised using the UNOISE61 
algorithm implemented in micca otu to determine true 
biological sequences at the single nucleotide resolution by 
generating amplicon sequence variants [ASVs]. Bacterial 
ASVs were taxonomically classified using micca classify and 
the Ribosomal Database Project [RDP] Classifier v2.11.62 
Multiple sequence alignment [MSA] of 16S sequences was 
performed using the Nearest Alignment Space Termination 
[NAST] algorithm63 implemented in micca msa with the tem-
plate alignment clustered at 97% similarity of the Greengenes 
database64 [release 13_08]. Phylogenetic trees were inferred 
using micca tree.65 Sampling heterogeneity was reduced rar-
efying samples at the depth of the less abundant sample, 
using micca tablerare. Alpha- [within-sample richness] 
and beta-diversity [between-sample dissimilarity] estimates 
were computed using the phyloseq R package.66 A permuta-
tional multivariate analysis of variance [PERMANOVA] test 
was performed using the adonis function in the R package 
vegan with 999 permutations. Differential abundance 
testing was carried out using the R package DESeq267 using 
the non-rarefied data,68 and p-values were false-discovery 
rate-corrected using the Benjamini-Hochberg procedure im-
plemented in DESeq2.

4.16.  Microbiota in vitro assays
Mucosa-associated microbiota was scraped from surgical 
resections of CD patients and stored at -80. Three cycles 
of heat inactivation and freezing/thawing were performed 
before plating with moDC and iNKT cell lines [1:1 ratio]. 
Microbial load was normalised by qPCR. After 36 h, T cell 
activation was estimated by measuring cytokine released 
in culture supernatants by ELISA assays or intracellular 
staining.

4.17.  Statistics
Wilcoxon rank- sum tests and Spearman’s correlations were 
performed by using the R software [version 3.6.2] through 
the stats R package and the psych R package, respectively. 
Immunological data from iNKT10-high and -low patients 
have been used to calculate samples’ distance similarity ac-
cording to the Jaccard index by mean of the ‘vegdist’ func-
tion within the vegan R package. A permutational MANOVA 
[PERMANOVA] test was performed using the adonis func-
tion of the vegan R package with 999 permutations. Samples 
have been clustered hierarchically according to the UPGMA 
method by using the ‘hclust’ function within the stats R 
package.

Statistical analyses were performed with GraphPad Prism 
7 [GraphPad Software] and R. Statistical significance was cal-
culated by using the Mann-Whitney U test and the unpaired 
Student’s t test for comparison within two groups, or the 
Kruskal-Wallis and ANOVA tests for comparison within more 
than two groups. Multiple comparisons were corrected by con-
trolling for false-discovery rate [FDR]; p ≤0.05 [*], p ≤0.01 [**], 
and p ≤0.001 [***] were regarded as statistically significant.
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