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ABSTRACT

The interaction between the gut microbiota and invariant Natural Killer T (iNKT) cells plays a pivotal role
in colorectal cancer (CRC). The pathobiont Fusobacterium nucleatum influences the anti-tumor functions
of CRC-infiltrating iNKT cells. However, the impact of other bacteria associated with CRC, like
Porphyromonas gingivalis, on their activation status remains unexplored. In this study, we demonstrate
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that mucosa-associated P. gingivalis induces a protumour phenotype in iNKT cells, subsequently iNKT cells; CRC;
influencing the composition of mononuclear-phagocyte cells within the tumor microenvironment. Porphyromonas gingivalis;
Mechanistically, in vivo and in vitro experiments showed that P. gingivalis reduces the cytotoxic functions CHI3L1

of iNKT cells, hampering the iNKT cell lytic machinery through increased expression of chitinase 3-like-1
protein (CHI3L1). Neutralization of CHI3L1 effectively restores iNKT cell cytotoxic functions suggesting a
therapeutic potential to reactivate iNKT cell-mediated antitumour immunity. In conclusion, our data
demonstrate how P. gingivalis accelerates CRC progression by inducing the upregulation of CHI3L1 in
iNKT cells, thus impairing their cytotoxic functions and promoting host tumor immune evasion.

Introduction Pro-carcinogenic bacteria are able to initiate and
promote colon cancer, partly through mechanisms
that are not fully understood.* Porphyromonas gin-
givalis is an opportunistic oral pathogen associated
with different inflammatory diseases and cancers™®
and specifically enriched in CRC patients.”® P. gin-

givalis accelerates epithelial cell proliferation

Colorectal cancer (CRC) is the third most prevalent
cancer worldwide and the second leading cause of
cancer-related death.' The mutational landscape
and the mechanisms of tumor initiation in CRC
have been widely described, but colon carcinogen-
esis also depends on the interaction between cancer

cells and the tumor microenvironment (TME).>
Indeed, the polarization and activation profiles of
immune cells within the TME are highly informa-
tive to predict CRC patient survival or their response
to therapy, highlighting the importance of the
inflammatory  microenvironment for CRC
tumorigenesis.” Microbiota-elicited inflammation
is an important contributor to CRC pathogenesis
regardless of pre-cancer inflammatory history.’

through the MAPK/ERK signaling pathway’ and
upregulates the expression of senescence and proin-
flammatory genes through the local production of
butyrate.'” Moreover, P. gingivalis promotes CRC
immune subversion through activation of the hema-
topoietic NOD-like receptor protein 3 inflamma-
some in tumor-infiltrating myeloid cells."
Recently, we demonstrated that tumor-infiltrating
invariant Natural Killer T (iNKT) cells favor a
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proinflammatory yet immunosuppressive TME in
CRC by sensing Fusobacterium nucleatum, an
opportunistic pathogen in the oral cavity.'” Indeed,
F. nucleatum induces the iNKT cell-mediated
recruitment of immunosuppressive PMN-MDSCs-
like neutrophils, supporting CRC progression.'?
iNKT cells are lipid-specific, evolutionary con-
served, T lymphocytes'” expressing a semi-invariant
ap T cell receptor (Va24-Jal18/VP11 in humans and
Val4-Jal8 in mice) together with NK surface recep-
tors and manifest both adaptive and innate/cyto-
toxic functional properties.'* iNKT cells are
specialized in the recognition of glycolipid antigens
presented by the non-polymorphic MHC-Ib mole-
cule CD1d. The a-galactosylceramide (aGalCer) is
the prototypical iNKT cell antigen,'” although other
related microbial and endogenous glycolipid anti-
gens have been identified.'®"” iNKT cells are active
players in cancer immune surveillance®® showing
either direct or indirect anti-tumor effects on cancer
cells.” Moreover, iNKT cells are able to kill CRC
cells through the perforin-granzyme pathway.>
Nevertheless, the role of iNKT cells in cancer biol-
ogy is still controversial, which may reflect the
negative impact of the TME on their functions.
We and others demonstrated that in CRC, the
TME impairs the killing ability of tumor infiltrat-
ing iNKT cells promoting immunosuppressive
responses in myeloid cells'>** and favoring liver
metastasis.”* The suppression of iNKT cell anti-
tumor functions by the TME is associated with
poor overall survival in solid and hematologic
tumors, but the environmental factors modulat-
ing their functionality are incompletely
elucidated.”® Nonetheless, the functional impair-
ment of iNKT cells is reversible upon modulation
of the iNKT cell activation status.'>*> Here, we
address the contribution of P. gingivalis to the
activation status and functions of tumor-infiltrat-
ing iNKT cells in CRC. We demonstrate that P.
gingivalis imprints a protumour phenotype on
iNKT cells which in turn affects the intratumour
mononuclear-phagocyte cell landscape.
Mechanistically, P. gingivalis impairs iNKT cell
cytotoxicity by interfering with the iNKT cell
lytic machinery through the upregulation of chit-
inase 3-like-1 protein (CHI3L1) while promoting
recruitment of neutrophils within the TME.

Results

Intestinal colonization by Porphyromonas gingivalis
promotes CRC through iNKT cells

We have recently demonstrated that tumor-infil-
trating iNKT cells contribute to CRC tumorigen-
esis through interaction with F. nucleatum.'” Given
the common pathogenic features of P. gingivalis
(Pg) and F. nucleatum,”*® we hypothesized that
Pg might similarly induce a protumour phenotype
in iNKT cells. Thus, we classified our previously
described cohort of CRC patients based on the
presence of Pg in their mucosal-associated micro-
biota, which had been characterized in our prior
study.'”” We observed a significant enrichment of
tumor-infiltrating iNKT cells and neutrophils in
PgPos'™¥e a5 compared to Pg"°*"V* CRC patients
(Figure 1(a,b)). The enrichment of both neutro-
phils and iNKT cells is consistent with our previous
observations which underscore the iNKT cell-
mediated recruitment of tumor-associated neutro-
phils (TANs) in CRC lesions.'?

The upregulation of IL17A, CD274 (PD-L1I), and
CCL20 in PgP**"™* patients suggested that iNKT
cells might accumulate within a TME favoring a
Th17-like protumour response (Supplementary
Figure S1A), where the cytotoxic functions akin
to Th1-like responses are dampened. This hypoth-
esis is further suggested by the diminished expres-
sion of TBX21, encoding for the Thl transcription
factor T-bet (Suplementary Figure S1A). Moreover,
we found a trend increase (p =0.067) in the con-
centration of intratumour CXCL16, a key chemo-
kine responsible for recruiting iNKT cells,*”*® in
PgPos'"™e patients (Figure 1c).

Next, we evaluated the contribution of Pg to
CRC pathogenesis using the chemical azoxy-
methane—dextran sodium sulfate (AOM-DSS)
model of colitis-associated CRC (Figure 1d). Pg-
treated C57BL/6 (B6) mice (AOM™®) showed an
increased tumor burden compared to control
tumor-bearing mice (Figure le-g). A multidimen-
sional immunophenotyping of T cells by
Phenograph unsupervised clustering showed a dif-
ferent distribution of CD3"T cell density between
AOM"® vs AOM®™" B6 mice (Supplementary
Figure S1B-C) although the frequencies of
tumor-infiltrating CD4" and CD8" T cells as well
as of NK cells did not differ by manual gating FACS
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Figure 1. P. gingivalis promotes colorectal tumorigenesis by modulating iNKT cell functions. A) frequency of tumor-infiltrating iNKT
cells and B) tumor-associated neutrophils in CRC patients (n = 31) positive (PgP°; n = 16) or negative (Pg"®%; n = 15) for P. gingivalis in
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analysis (Supplementary Figure S1D). In contrast,
iNKT cells were significantly enriched in AOM"®
samples (Figure 1h). The metaclustering analysis of
the iNKT cell cluster C2 (Supplementary Figure
$1C) showed that tumor-infiltrating iNKT cells in
AOM"™ mice are characterized by an overall
increased expression of IL17, GM-CSF, and IL10
(C9; p=0.08, Mann-Whitney U test) (Figure 1i-j).
We further confirmed the overall higher expression
of GM-CSF, IL17, and IL10 in iNKT cells by man-
ual gating FACS analysis (Figure lk-m and
Supplementary Figure S1E). Notably, different
iNKT cell clusters showed positivity for CD8, a
quite rare feature among iNKT cells in mice®
whose existence may be dictated by defects in
mechanisms of negative selection on developing
iNKT cells.”® As expected, CD8"iNKT cells were
almost absent in the thymus and barely present in
the spleen of C57BL/6 mice at steady-state
(Supplementary Figure S2A). However, a relevant
fraction of colonic iNKT cells (~13%) expressed the
CD8 as single-positive or double-positive (DP)
cells in colon and CRC samples (Supplementary
Figure S2B-C) suggesting unique tissue-specific
features of colonic iNKT cells.

To demonstrate that Pg promotes CRC by
modulating the iNKT cell functions, we induced
tumorigenesis in iNKT cell deficient Cdl1d”" and
Traj187/7 mice (Jal8 ). The results obtained
underscore the essential role of iNKT cells in
Pg-mediated CRC tumorigenesis. Indeed, tumor-
bearing iNKT knockout mice treated with Pg
exhibited a comparable tumor burden to untreated
AOM-DSS Cdid” and Jal8'~ animals (Figure 2a-
c). Intriguingly, frequencies and phenotypes of NK
cells and conventional T cells remained largely
unchanged in JaI8 '~ mice irrespective of Pg treat-
ment (Supplementary Figure S1F), further support-
ing the notion of a specific interplay between Pg and
iNKT cells.

Then, we performed a multidimensional
Phenograph analysis of tumor-infiltrating myeloid
cells in tumor-bearing B6 and Ja18~'~ mice treated
with Pg (Figure 2d-e) to investigate how Pg may
condition the composition of myeloid cell popula-
tions through iNKT cells. Pg specifically induced
the iNKT cell-dependent enrichment of
CD11b"monocytic cells (C08; p =0.03, One-way
ANOVA), F4/80"CD1d" activated (ROS™) macro-
phages (C02; p=0.06, One-way ANOVA) and
Ly6G"CD11b neutrophils (C12; p=0.08, One-
way ANOVA) (Figure 2e). In agreement with our
previous study,'” we observed the enrichment of
TANSs in Pg-treated B6 mice compared to untreated
AOM-DSS animals (Figure 2f). This enrichment is
accompanied by TANs reduced respiratory burst
capacity (Figure 2g), suggesting a diminished cyto-
toxic potential.’’

In summary, these data show that Pg promotes
CRC by modulating the iNKT cell phenotype and
the mononuclear-phagocyte cell landscape.

Porphyromonas gingivalis impairs iNKT cell
cytotoxicity while promoting iNKT cell-mediated
recruitment of TANs

To unravel the mechanisms governing the interac-
tion between Pg and iNKT cells, we performed a
series of experiments involving the priming of
intestinal and circulating human iNKT cell lines****
with monocyte-derived dendritic cells (moDC)
loaded with Pg. Subsequently, we conducted a
range of in vitro functional assays and RNA sequen-
cing on iNKT cells (Figure 3a). iNKT cells primed
with Pg display a pronounced enrichment in genes
associated with neutrophil chemotaxis, marked by
the upregulation of key chemokines such as CXCL1,
CXCL2, CXCL5, CXCL8, CCL2, and CCL4
(Figure 3b-c, Supplementary Figure S3A-B,
Supplementary Table S1) as compared to iNKT

their mucosa-associated microbiota with representative dot plots. C) CXCL16 concentration from tissue lysates (200 pug of total
protein). D) schematic representation of the AOM-DSS experimental plan. E) tumour endoscopic score, AUC and representative
endoscopic pictures, F) number and G) volume of tumors from AOM-DSS treated C57BL/6 animals orally gavaged with PBS (AOM“™")
or 10° CFUs of P. gingivalis (AOM®9). H) frequency of tumor-infiltrating iNKT cells in AOM ™" and AOM®@ C57BL/6 mice with
representative plots. I) t-sne map of iNKT cells based on phenograph metaclustering analysis of AOM ™" and AOM™ tumor samples.
J) balloon plot of the scaled integrated mean fluorescent intensity (iMFI) of phenograph clusters generated in panel J. K-M) frequency
of tumor-infiltrating K) GM-CSF* L) IL17" and M) IL10™ iNKT cells in AOM™®" and AOMP? C57BL/6 mice with representative plots. Data
(n=10, AOM ™, n =11, AOMP9) from two pooled independent experiments representative of at least three.
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Figure 2. iNKT cells are essential to promote P. gingivalis-elicited colorectal tumorigenesis. A) Tumour endoscopic score and
representative endoscopic pictures, B) number and C) volume of tumors from AOM-DSS treated B6, Traj18_/_ Ua187) and Cd1d™'~
mice orally gavaged with PBS (AOM™") or 10° CFUs of P. gingivalis (AOM®9); data (n = 4) from one representative experiment. D) t-sne
map of intratumour myeloid cells based on phenograph clustering from AOM-DSS, P. gingivalis treated C57BL/6 (B6 - AOM™) and
Traj18™"~ mice (Ja18~'~ - AOM®). E) heatmap of scaled integrated MFI data from phenograph clustering analysis; relative abundance
of the identified clusters is also shown. F) frequency of CD11b*Ly6G" and G) respiratory burst quantification of tumor-associated
neutrophils from AOM-DSS treated C57BL/6 mice orally gavaged with PBS (AOM™) or 10° CFUs of P. gingivalis (AOM™), with
representative dot plots. Data (n = 8-10) from two pooled independent experiments representative of at least three.

cells activated by aGalCer, the prototype agonist of
these cells.”® This finding strongly suggests that Pg
can foster the iNKT cell-mediated recruitment of
neutrophils. To validate this, we performed a migra-
tion assay that confirmed the capability of Pg-
primed iNKT cells to induce neutrophil chemotaxis
(Figure 3d). Furthermore, iNKT cell activation

induced by Pg led to a reduction in the respiratory
burst capability of neutrophils (Figure 3e) coupled
with an elevated expression of the immunosuppres-
sive marker PD-L1 (Figure 3f).

From a phenotypic perspective, Pg induced a
Th17-like profile in iNKT cells, characterized by
the expression of IL17, GM-CSF, and IL10
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Figure 3. P. gingivalis promotes the iNKT cell-mediated recruitment of TANs while impairing iNKT cell cytotoxicity. A) schematic
representation of the experimental plan. B) volcano plot representing the differentially expressed genes (DEGs) in Pg- vs aGalCer-
primed iNKT cells; the volcano plot shows for each gene (dots) the differential expression [log,fold-change (log,FC)] and its associated
statistical significance (log;op-value). Dots indicate those genes with an fdr-corrected p < 0.05 and log,FC > |1]. C) gene ontology (GO)
analysis of differentially expressed genes (Bonferroni-corrected p < 0.05 and log,FC >2). D) absolute numbers of migrating neutrophils
upon exposure to RPMI + 2%FBS (negative control), RPMI + 10%FBS (positive control), unloaded moDC (CTRL), aGalCer- and pg-
primed (+Pg) iNKT cell supernatants. Results are representative of three (n = 3) independent experiments. p < 0.05 (*), p < 0.01 (*¥),
one-way ANOVA. E) respiratory burst assay quantification and F) frequency of PD-L1* cells from neutrophils exposed to the culture
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unloaded moDC (CTRL), aGalCer- and Pg-primed (+Pg) iNKT cells. M) frequency of CD107a*iNKT cells. Data are representative of at
least three independent experiments.



(Figure 3g-i). Functionally, Pg abrogated the cyto-
toxic capabilities of iNKT cells against colon ade-
nocarcinoma cell lines (Figure 3j) because of the
reduced expression of granzyme B (GMZB) and
perforin (PFN) (Figure 3k-l) and impaired lytic
degranulation as shown by decreased CD107a
expression (Figure 3m). Nevertheless, this mechan-
ism appears to be independent of antigen presenta-
tion, as inhibition of CD1d-mediated signaling
neither reduce the expression of IL-17, GM-CSF,
and IL-10 in Pg-primed iNKT cells, nor does its
rescue iNKT cell cytotoxicity (Supplementary
Figure S3C-F). This suggests that CD1d may not
be central to this response. Nevertheless, some lines
of evidence have shown that the upregulation of
Th17 genes on CD4'T cells by P. gingivalis is
mediated by TLR-4 signaling,”* whereas IL-10
expression is mediated by TLR-2.>> Thus, we
primed iNKT cells with Pg in the presence of neu-
tralizing antibodies for TLR-2 and TLR-4. We
observed that the inhibition of both TLRs provoked
a reduction in the frequencies of IL17, GM-CSF,
and IL-10 positive iNKT cells (Supplementary
Figure S3G-I). iNKT cell cytotoxic functions were
not affected by TLR blockade (Supplementary
Figure S3J) suggesting that the activation of
iNKT cells by Pg might partly involve TLR
signaling.

Collectively, these data suggest that Pg has the
potential to foster CRC tumorigenesis by compro-
mising the cytotoxic functions of iNKT cells.

Porphyromonas gingivalis impairs iNKT cell
cytotoxicity through CHI3L1

The RNA-seq analysis of Pg-primed iNKT cells
revealed the upregulation of CHI3LI (Figure 3b).
CHI3L1 is known to be a proinflammatory protein
°® that exerts its influence on the cytotoxic machin-
ery of NK cells, resulting in the inhibition of their
killing functions.>” Thus, we hypothesized that Pg
might undermine iNKT cell cytotoxicity through a
similar mechanism. In agreement with its mRNA
expression, we measured a higher concentration of
CHI3L1 in the culture supernatant of Pg-primed
iNKT cells (Figure 4a).

In order to assess whether CHI3L1 directly
affects iNKT cell cytotoxicity, we pre-treated
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human iNKT cell lines with varying concentrations
of CHI3L1 before their co-incubation with target
cells. Our findings indicate that CHI3L1 indeed
impairs the iNKT cell cytotoxicity in a dose-depen-
dent manner (Figure 4b), mirroring the effects
observed with Pg treatment (Figure 4c). To further
investigate this aspect, we neutralized CHI3L1
using an anti-human CHI3L1 antibody on iNKT
cells treated with both Pg and CHI3L1. This inter-
vention successfully restored iNKT cell functions
(Figure 4d) and STAT3 signaling (Figure 4e), a
transcription factor critical to promote tumor-spe-
cific cytotoxic T cell development and effector
functions in cancer.’® Collectively, these results
highlight the potential of targeting CHI3L1 as a
therapeutic strategy to restore iNKT cell activity.

Discussion

Numerous studies have unveiled the capacity of the
gut microbiome to regulate iNKT cell functions in
health and disease.'®**?>**"*® Nonetheless, the
mechanisms by which gut microbes exert their
influence on iNKT cells are not fully elucidated,
and warrant further investigations for their safe use
for adoptive cell therapies.”>** The identification of
such mechanisms assumes paramount importance
given our recent findings in which we demonstrated
that tumor-infiltrating iNKT cells bear unfavorable
prognostic implications in human CRC because of
the functional interaction with the periodontal
pathogen F. nucleatum.'> Although iNKT cells are
recognized as crucial components of anti-tumor
immunity and their infiltration within tumor lesions
is regarded as a positive prognostic factor,**° in the
presence of F. nucleatum, iNKT cells acquire a pro-
tumour Th17-like phenotype that facilitates the
recruitment of immune suppressive TANs and fos-
ters CRC progression."

P. gingivalis is a keystone periodontal pathogen
that is enriched in CRC and associated with poor
overall and relapse-free survival.'®'' Here, we
show that P. gingivalis increases the intratumour
abundance of pro-inflammatory, yet immune sup-
pressive iNKT cells in CRC patients and in in vivo
models of CRC. Prior studies have indeed empha-
sized the elicitation of IL17- and IL10-mediated
responses by P. gingivalis.”>>'>* P. gingivalis has
the potential to enhance Thl7 responses by
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Figure 4. P. gingivalis exerts its effect on iNKT cells through CHI3L1. A) CHI3L1 concentration in the culture supernatant of Pg-primed
(+Pg) iNKT cells and unloaded moDC (CTRL). B) percentage of killed tumor cells by iNKT cells treated with increasing doses of
rhCHI3L1. C) percentage of killed tumor cells by iNKT cells basal activated (CTRL), primed with 10° CFUs of P. gingivalis (+Pg) or treated
with rhCHI3L1 (100 ng/ml). D) Log, fold-change of the percentage of killed tumor cells by iNKT cells primed with 10° CFUs of P.
gingivalis (+Pg) or treated with rhCHI3L1 (100 ng/ml) upon neutralization with anti-CHI3L1 antibody (full bars); data have been
normalized vs iNKT cells primed with unloaded moDC. E) western blot analysis; MFI is expressed as log, fold-change normalized vs
iNKT cells primed with unloaded moDC. Data are representative of at least three independent experiments.

upregulating the expression of key cytokines such
as IL-6, IL-23, and IL-1B on myeloid cells,”'~>>
while simultaneously exerting a suppressive effect
on IL-12 production.” iNKT cell activation and
differentiation into NKT17 relies on the presence
of these cytokines,”” >’ suggesting that P. gingivalis
may similarly induce a Th17-like phenotype in
iNKT cells. Remarkably, the involvement of gingi-
pains and FimA, two significant P. gingivalis viru-
lence factors® involved in bacterial adhesion to

tissues,”>>’ emerge as pivotal determinants of

IL17 and IL10 production and the promotion of
pathogenic responses in chronic inflammatory
conditions.”>”">* In this context, the suppression
of anti-tumor immunity by P. gingivalis might
resemble the mechanism used by F. nucleatum,
where adhesion of the Fap2 virulence factor to
TIGIT receptor inhibits NK cell cytotoxicity.®
This mechanism could partly explain why modula-
tion of the iNKT pro-tumor phenotype by P. gingi-
valis seems to be independent of antigen
presentation by the CD1d antigen-presenting



molecule. Moreover, P. gingivalis fosters an inflam-
matory response in CRC achieved through the
recruitment of tumor-infiltrating CD11b" myeloid
cells and activation of the NLPR3 inflammasome."'
However, evidence regarding the mechanism by
which P. gingivalis mediates the active recruitment
of these myeloid cells within the TME is still lack-
ing. Our study suggests that the Pg-mediated
recruitment of myeloid cells in tumor lesions
might be predominantly orchestrated by iNKT
cells, as we previously demonstrated for F.
nucleatum.'” Indeed, upon exposure to F. nuclea-
tum, INKT cells actively recruit neutrophils
through an IL-8 mediated mechanism,'? a mechan-
ism described also in CRC and PDAC cells.®"*
Similarly, Pg-primed iNKT cells upregulated the
expression of several neutrophil chemotaxis genes
such as CXCL8, CXCL1, CXCL3, CXCL5, and CCL4
promoting the active recruitment of these cells in
vitro and the enrichment of myeloid cells within
tumor lesions in vivo. iNKT cells elicited remark-
able changes in the intratumour mononuclear-pha-
gocyte cell landscape in response to P. gingivalis,
while the composition of conventional CD4" and
CD8" T cells within the TME remained unaltered,
as also shown in previous studies.'' Furthermore,
P. gingivalis showed a unique and distinguishing
pathogenic trait compared to F. nucleatum, i.e., the
impairment of iNKT cell cytotoxic functions. The
immune-mediated elimination of cancer cells
depends on the lytic granule machinery of cyto-
toxic lymphocytes, including iNKT cells, CD8"
cytotoxic T lymphocytes, and NK cells. Cancer
cells can use a variety of evasion mechanisms to
prevent these cells from killing them. P. gingivalis
was shown to interfere with the iNKT cell lytic
granule machinery, since we observed a decreased
secretion of perforin and reduced expression of the
degranulation marker CD107a upon treatment
with Pg. Our data suggest that P. gingivalis impairs
iNKT cell cytotoxicity by inducing the production
of CHI3L1 by iNKT cells, thus diminishing their
ability to eliminate CRC cells.

CHI3L1 protein is a mammalian member of the
evolutionarily conserved chitinase protein family.
Although its precise physiological function
remains incompletely understood, aberrant expres-
sion of CHI3L1 is linked to the development of
various human diseases, including cancer.’
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CHI3L1 expression by T cells promotes lung
metastasis by dampening antitumour Thl
responses.”” When acting on NK cells, a population
that shares phenotypic and functional features with
iNKT cells, CHI3L1 disrupts the proper alignment
of the microtubule-organizing center and lytic
granules at the immunological synapse.’’
Remarkably, we show that neutralization of
CHI3L1 is sufficient to restore iNKT cell activity,
even in the presence of exogenous CHI3L1 supple-
mentation. CHI3L1 can signal through CD44, one
of its physiological receptors,®* °® which is upregu-
lated in Pg-primed iNKT cells. This signaling may
act as an immune checkpoint to suppress iNKT cell
activation via the PI3K/AKT pathway, a known
repressor of STAT3 transcription®>®”~®° Indeed,
although STAT3 is a cell-intrinsic regulator of
human unconventional T cell numbers and
NKT17 function,”””® we observed that CHI3LI
downregulated STAT3 while inducing AKT signal-
ing. This suggests that STAT3 could be mainly
involved in the modulation of iNKT cell cytotoxic
functions rather than in the polarization of an
NKT17 response, as demonstrated for conven-
tional CD8'T cells.”® However, upon neutraliza-
tion of CHI3L1, we did not find differences in the
expression of GSK3, which is important for the
induction of Th17 responses by leading to the
activation of STAT3,”" nor in STATI, which is
important for the polarization of Thl responses in
opposition to STAT3’? and is an important regu-
lator of NK cell cytotoxicity.”> This warrants
further investigations to dissect the molecular
mechanisms induced by Pg modulating iNKT cell
functions. Moreover, we acknowledge that a direct
demonstration of iNKT cells impacting CRC devel-
opment due to the exacerbation of their pro-
tumoral effect by Pg in vivo is still lacking.
Further investigations are therefore required,
including adoptive transfer experiments of iNKT
cells from Pg-treated and non-treated mice into
iNKT cell-deficient mice, as well as the use of
littermate controls to account for microbiota and
uncontrolled genetic differences.

In conclusion, our data demonstrate that P. gin-
givalis fuels CRC progression by inducing iNKT
cells to express CHI3L1, an immune checkpoint
that can suppress iNKT cell cytotoxicity favoring
host tumor immune evasion.
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Materials & methods
Human samples

Samples were collected with informed consent
from patients (n=31) diagnosed with colorectal
adenocarcinoma between January 2017 and July
2022 undergoing surgical resection at IRCCS
Policlinico Ospedale Maggiore, Milan, Italy, as
approved by the Institutional Review Board
(Milan, Area B) with permission number
566_2015.

Tumour-associated microbiota isolation

The tumor-associated microbiota was obtained at
the moment of surgery from tumor tissue by scrap-
ing. Handling, DNA extraction, sequencing, and
analysis were performed as previously described.'?

Isolation of tumour-infiltrating cells

Tumor samples were taken transversally to collect
both marginal and core tumor zones. Human
lamina propria mononuclear cells (LPMCs) were
isolated as previously described.”* Briefly, the dis-
sected intestinal mucosa was freed of mucus and
epithelial cells in sequential steps with DTT (0.1
mmol/l) and EDTA (1 mmol/l) (Sigma-Aldrich)
and then digested with collagenase D (400 U/ml)
(Worthington Biochemical Corporation) for 5h at
37°C in agitation. LPMCs were then separated with
a Percoll gradient.

Mice

C57BL/6, B6.129S6-Del(3Cd1d2-Cd1d1)1Sbp/]
(Cd1d™), and B6(Cg)-Traj18tm1.1Kro/] (Traji8 ")
mice”” (provided by G. Casorati and P. Dellabona,
San Raffaele Scientific Institute) were housed and
bred at the European Institute of Oncology (IEO)
animal facility (Milan, Italy) in SPF conditions.
Sample size was chosen based on previous experience.
No sample exclusion criteria were applied. No litter-
mate controls were used for experiments. No method
of randomization was used during group allocation,
and investigators were not blinded. Age-matched
male and female mice were used for experiments.
Animal experimentation was approved by the
Italian Ministry of Health (Auth. 10/21 and Auth.

1217/20) and by the animal welfare committee
(OPBA) of the European Institute of Oncology
(IEO), Italy.

Porphyromonas gingivalis culture condition

P. gingivalis strain DSM 20709 (ATCC 33277) was
maintained on Columbia agar supplemented with
5% sheep blood or in Columbia broth (Difco,
Detroit, MI, USA) under anaerobic conditions at
37°C. Columbia broth was supplemented with
hemin at 5 pg-mL ~' and menadione at 1 ug-mL "
Bacterial cell density was adjusted to 1x 10"
CFU-mL™' and heat-killed at 95°C for 15 min
before being stored at —80°C until use in down-
stream experimentation.

Animal experiments

Adult mice (7-8 weeks old) were injected intraper-
itoneally with azoxymethane (AOM, Merck) dis-
solved in isotonic saline solution at a concentration
of 10 mg/kg body weight. After 7d, mice were
given 1% (w/v) dextran sodium sulfate (DSS MW
40 kD; TdB Consultancy) in their drinking water
for 7 d followed by 14 days of recovery. The cycles
were repeated for a total of two DSS cycles, and
mice sacrificed at day 49. After the first cycle of
DSS treatment, during the recovery phase, mice
were orally gavaged for 3d with 200 ul of PBS
(control) or 10° CFUs (colony forming unit) sus-
pension of P. gingivalis DSM 20,709. The treatment
schedule is shown in Figure 1d.

Murine colonoscopy

Colonoscopy was performed weekly for tumor
monitoring using the Coloview system (TP100
Karl Storz, Germany). Tumor endoscopic score
has been quantified as previously described.”®
During the endoscopic procedure mice were
anesthetized with 3% isoflurane.

Murine cells isolation

Single-cell suspensions were prepared from the
colon of C57BL/6 and Traj18™'~ mice as previously
described.*® Briefly, cells were isolated via incuba-
tion with 5 mM EDTA at 37°C for 30 min, followed



by mechanical disruption with GentleMACS
(Miltenyi Biotec). After filtration with 100-pum
and 70-pum nylon strainers (BD), the LPMCs were
counted and stained for immunophenotyping.

Cell lines

The different cell lines used in this work are listed
in Supplementary Table S2. Human iNKT cell
lines were generated from sorted
CD45"CD3"CD1d:PBS57Tet" cells from total
LPMCs isolated from intestinal surgical speci-
mens and PBMCs from healthy donor buffy
coats, as previously described.’® Sorted iNKT
cells were stimulated with phytohemagglutinin
(PHA, 1pg-mL™", Sigma-Aldrich) and irradiated
peripheral blood feeders. PBMCs used as feeders
were irradiated at 12.5 Gy. Stimulated cells were
then expanded for 15 days by subculturing them
every 2-3 days and maintained in RPMI-1640
medium with stable glutamine, 5% v/v human
serum, and 100 [U-mL™' IL-2 (Proleukin). All
cells were maintained in a humidified incubator
with 95% air, 5% CO, at 37°C.

Pg-priming of iNKT cell

1x10° monocyte-derived dendritic cells (moDCs)
were pulsed with aGalCer (100 ng/ml) or heat-
inactivated P. gingivalis (Pg) (4 x 10> CFU) and
co-cultured with iNKT cells (2x10° cells) in
RPMI-1640 supplemented with 10% FBS, Pen/
Strep. After 24 h, iNKT cell activation status was
estimated by extracellular or intracellular staining.
iNKT cells co-cultured with unloaded moDCs were
used as control (CTRL).

iNKT cell cytotoxicity assay

iNKT cell cytotoxicity toward the human CRC cell
lines Colo205 and RKO (American Type Culture
Collection, ATCC) was performed as previously
described.”” In neutralization experiments, anti-
CD1d (10 pg/ml, clone CD1d42, BD Biosciences)
or anti-CHI3L1 (10 pg/ml, clone mYA, Millipore)
were pre-incubated with rhCHI3L1 (R&D Systems)
or Pg-primed iNKT cells for 24 h at 37°C before
performing the assay.
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Neutrophil isolation

Neutrophils were isolated from whole blood sam-
ples by dextran sedimentation (4% diluted in
HBSS). Red blood cells were lysed using ACK
lysis buffer (Life Technologies) and neutrophils
separated with Percoll gradient.

iNKT cell-neutrophil co-culture assay

P. gingivalis primed-iNKT cells (2 x 10 cells) were
co-cultured with freshly isolated neutrophils in a
1:1 ratio, in RPMI-1640 supplemented with 10%
FBS. After 24 h cells were stained for the expression
of extracellular marker and ROS production.

Neutrophil migration assay

Freshly isolated neutrophils were seeded on top of
a 3 um-pore transwell (SARSTEDT) in 200 pl of
RPMI-1640 + 2% FBS. Five hundred microliter of
chemoattracting medium was added to the bottom
of transwells and neutrophil migration was allowed
for 4 h at 37°C. RPMI-1640 + 10% FBS was used as
positive control. The total number of cells at the
bottom of the plate was stained and counted using
the FACSCelesta flow cytometer (BD Biosciences,
Franklin Lakes, NJ, USA) with plate-acquisition
mode and defined volumes.

Neutrophil survival assay

Freshly isolated neutrophils were cultured with
RPMI-1640 + 10% FBS supplemented with the cul-
ture supernatants (10%) from Pg-primed iNKT
cells for 16 h at 37°C. Cells were then stained with
FITC Annexin V Apoptosis Detection Kit with 7-
AAD (Biolegend) following manufacturer’s
instruction and acquired at a FACS Celesta flow
cytometer (BD Biosciences, Franklin Lakes,
NJ, USA).

Respiratory burst assay

ROS production was quantified using the neutro-
phil/monocyte respiratory burst assay (Cayman)
following manufacturer’s instructions.
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ELISA assay

Detection of Perforin and CHI3L1 in iNKT cell
culture supernatants was performed using the
Human Perforin Elisa Flex (Mabtech) and the
Human CHI3L1 DuoSet ELISA (R&D systems)
according to manufacturers’ instructions.

Flow cytometry

Cells were washed and stained with the combina-
tion of mAbs purchased from different vendors, as
listed in Supplementary Table S2. iNKT cells were
stained and identified using human or mouse
CD1d:PBS57 Tetramer (NIH Tetramer Core
Facility) diluted in PBS with 1% heat-inactivated
FBS for 30 min at 4°C. Unloaded CD1d tetramers
served as negative controls (Supplementary Figure
S4). For intracellular cytokine labeling, cells were
incubated for 3 h at 37°C in RPMI-1640 + 10% FBS
with PMA (50 ng/ml, Merck), Ionomycin (1 ug/ml,
Merck), and Brefeldin A (10 pg/ml, Merck). Before,
intracellular staining cells were fixed and permea-
bilized using Cytofix/Cytoperm (BD). Samples
were analyzed with a FACSCelesta flow cytometer
(BD Biosciences, Franklin Lakes, NJ, USA) and the
Flow]Jo software (Version 10.8, TreeStar, Ashland,
OR, USA). For the multidimensional analysis using
t-SNE visualization and Phenograph clustering’” of
T cells, samples were pregated as live lymphocytes
CD45+ (CD45.2 BV510-conjugated, Biolegend)
and CD3+ (CD3 PE-Cy7-conjugated, Biolegend)
and stained with the following mAbs: CD279
(PD1)  APC-conjugated, Biolegend; CD4
APCCy7-conjugated, Biolegend; CD69
PerCPcy5.5-conjugated, BD Biosciences; CD8a
BV650-conjugated, BD Biosciences; GM-CSF
FITC-conjugated, Biolegend; IFNy BV785-conju-
gated, BD Biosciences; IL10 BV421-conjugated,
Biolegend; IL17A Alexa Fluor-700-conjugated,
Biolegend; CD137 (4-1BB) BV605-conjugated, BD
Biosciences; PBS57-CD1d Tetramer PE-conju-
gated. For the analysis of myeloid cells, samples
were pregated as live lymphocytes CD45+
(CD45.2 BV510-conjugated Biolegend) and stained
with the following mAbs: CD11b APC-Cy7-conju-
gated, TONBO; CD1d PerCPCy5.5-conjugated,
BD Biosciences; CD19 BV421-conjugated, BD
Biosciences; CDI1lc BV605-conjugated, BD

Biosciences; CD274 (PDL1) BV786-conjugated,
BD Biosciences; F4/80 PE-conjugated, TONBO;
Ly6G APC-conjugated, TONBO. ROS expression
was detected in FITC with the Neutrophil/
Monocyte Respiratory Burst Assay Kit Cayman
chemical. FCS files were quality checked for live,
singlets and antibody agglomerates and normalized
to avoid batch effects. Data were cleaned for anti-
body aggregates by checking each parameter in a
bimodal plot. The different cell populations were
down-sampled to 3000 events per sample using the
DownSample plugin (Version 3.3.1) of Flow]Jo to
create uniform population sizes. Down-sampled
populations were exported as FCS files with applied
compensation correction. Files were then uploaded
to RStudio environment (Version 3.5.3) using the
flowCore package (Version 1.38.2). Data were
transformed using logicleTransform() function
present in the flowCore package. To equalize the
contribution of each marker they were interrogated
for their density distribution using the densityplot
() function of the flowViz package (Version 1.36.2).
Each marker was normalized using the Per-channel
normalization based on landmark registration
using the gaussNorm() function present in the
package flowStats (Version 3.30.0). Peak.density,
peak.distance, and number of peaks were chosen
according to each marker expression. Normalized
files were analyzed using the cytofkit package
through the cytofkit_GUI interface. For data visua-
lization, we used the t-Distributed Stochastic
Neighbor Embedding (t-SNE) method, while for
clustering we used the phenograph algorithm. t-
SNE  plots were visualized on the
cytofkitShinyAPP with the following parameters:
perplexity = 50, iterations = 1000, k=50. FCS for
each cluster were generated and re-imported in
Flow]o to be manually analyzed for the determina-
tion of the integrated MFI. The iMFI of different
markers was scaled from 0 to 1 and used to identify
phenograph clusters.””

Bulk RNA sequencing of human iNKT cells

Total RNA (from 1x 10° cells) was isolated with
the RNeasy kit (Qiagen), and RNA quality was
checked with the Agilent 2100 Bioanalyzer
(Agilent Technologies). 0.5-1 pg were used to pre-
pare libraries for RNA-seq with the Illumina



TruSeq RNA Library Prep Kit v2 following the
manufacturer’s instructions. RNA-seq libraries
were then run on the Agilent 2100 Bioanalyzer
(Agilent Technologies) for quantification and qual-
ity control and pair-end sequenced on the Illumina
NovaSeq platform.

RNA sequencing data analysis

RNA-seq reads were preprocessed using the
FASTX-Toolkit tools. Quality control was per-
formed using FastQC. Pipelines for primary analysis
(filtering and alignment of the reference genome of
the raw reads) and secondary analysis (expression
quantification, differential gene expression) have
been integrated and run in the HTS-flow system.”®
Differentially expressed genes were identified using
the Bioconductor Deseq2 package.”” P-values were
False Discovery Rate corrected using the Benjamini-
Hochberg procedure implemented in DESeq2.
Functional enrichment analyses to determine Gene
Ontology categories and KEGG pathways were per-
formed using the DAVID Bioinformatics Resources
(DAVID Knowledgebase v2022q2) (https://david.
ncifcrf.gov).*’

Western blot

Total protein extracts from iNKT cells were pre-
pared as previously described,®’ and separated on
Mini-PROTEAN TGX Stain-Free Precast Gels (4-
15%, Bio-Rad Laboratories, Hercules, California,
USA) to enhance transfer efficiency and detection
of proteins with stain-free enabled imagers.
Samples were then transferred on nitrocellulose
membranes (Bio-Rad Laboratories, Hercules,
California, USA) and incubated overnight at 4°C
with the following primary antibodies: STAT-1
(1:600, E-Ab -32,977, Elabscience, Houston,
Texas, USA); STAT-3 (1:600, E-Ab -40,131,
Elabscience, Houston, Texas, USA); GSK-3ab
(1:500, sc-7291, Santa Cruz, Dallas, Texas, USA);
Akt 1/2/3 (1:500, Ab -179,463, Abcam Cambridge,
United Kingdom). Membranes were detected with
peroxidase conjugated secondary antibodies
(Agilent Technologies, California, USA) and devel-
oped by ECL (Amersham Biosciences, United
Kingdom). Image Lab Software from Bio-Rad was
used to analyze band intensity.
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