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Identification of CEACAM5 -

as a stemness-related inhibitory immune
checkpoint in pancreatic cancer
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Abstract

Background: Immunotherapy has emerged as a new cancer treatment modality. However, tumour heterogene-
ity can diminish checkpoint blockade response and shorten patient survival. As a source of tumour heterogeneity,
cancer stem cells act as an indispensable reservoir for local recurrence and distant metastasis. Thus, precision immu-
notherapy targeting tumour heterogeneity requires a comprehensive understanding of cancer stem cell immunol-
ogy. Our study aimed to identify stemness-related inhibitory immune checkpoints and relevant regulatory pathways
in pancreatic cancer.

Methods: Pancreatic cancer-specific datasets in The Cancer Genome Atlas and the Cancer Therapeutics Response
Portal were collected for in-depth bioinformatic analysis. Differentially expressed genes between pancreatic cancers
with high and low stemness index (mRNAsi) scores were compared to screen out inhibitory immune checkpoints.
Survival analysis was used to predict the prognostic value of immune checkpoint plus immune infiltrate in patients
with pancreatic cancer. The expression of stemness-related immune checkpoint across immune subtypes of pan-
Creatic cancer was detected and gene set enrichment analysis was performed to figure out the relevant regulatory
signallings.

Results: The abundance of cancer stemness predicted a low immunotherapy response to pancreatic cancer. The
inhibitory immune checkpoint CEACAMS that was enriched in pancreatic cancers with high mRNAsi scores also
exhibited a strong correlation with invasive cell-enriched signature and Msi™ tumour-initiating cell-enriched signa-
ture. Levels of CEACAMS expression were higher in the interferon-y dominant immune subtype of pancreatic cancers
that are characterized by high M1 macrophage infiltration. The patient group with high levels of CEACAMS5 expression
had a high risk of poor overall survival, even if accompanied by high infiltration of M1 macrophages. Furthermore,
prostanoid and long-chain unsaturated fatty acid metabolic processes showed a significant association with cancer
stemness and CEACAMD5 expression.

Conclusions: Our findings suggest that CEACAMS is a candidate stemness-related innate immune checkpoint in
pancreatic cancer, and is potentially regulated by prostanoid and long-chain unsaturated fatty acid metabolic pro-
cesses. Immune checkpoint blockade of CEACAM5, which synergizes with inhibition of those regulatory pathways,
may improve the efficacy of precision immunotherapy targeting tumour heterogeneity caused by cancer stem cells.
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Introduction

Pancreatic cancer continues to be the seventh leading
cause of cancer death worldwide [1]. The 5-year sur-
vival rate for all stages combined is only 10%. Approxi-
mately 80-85% of pancreatic cancer are determined as
unresectable at the time of diagnosis [2]. Those patients
with either locally advanced or metastatic disease
have to receive chemotherapy combinations, including
FOLFIRINOX (5-fluorouracil, leucovorin, irinotecan,
and oxaliplatin) and gemcitabine plus nab-paclitaxel,
which merely prolong the survival by 6-12 months [3].
Although immunotherapy has emerged as a new cancer
treatment modality, advances in pancreatic cancer have
lagged far behind compared with melanoma [4] and non-
small-cell lung carcinoma [5]. Early clinical trials on the
efficacy of anti-CTLA-4 and anti-PD-L1 antibody in
patients with advanced pancreatic cancer had disappoint-
ing results [6, 7]. Despite encouraging response rates of
immune checkpoint agonist/antagonist-based regimens
recently observed in patients with metastatic pancreatic
cancer [8, 9], the limitations of current immunotherapy
for pancreatic cancer are inevitably highlighted.

The resistance of pancreatic cancer to immunotherapy
has been attributed to a low tumour mutational bur-
den owing to a low incidence of mismatch repair defi-
ciencies [10], a dense desmoplastic stroma caused by
cancer-associated fibroblasts, and an immunosuppres-
sive tumour microenvironment comprised of myeloid-
derived suppressor cells, M2-like macrophages, and
regulatory T cells [11]. However, a recent study demon-
strates that intra-tumour heterogeneity characterized
by clone numbers and their genetic diversity diminishes
immune response and shortens patient survival [12].
As a source of intra-tumour heterogeneity, cancer stem
cells residing at the top of the cancer hierarchy can self-
renew and differentiate into diverse cell lineages found
in malignant lesions [13]. More importantly, they may
act as an indispensable reservoir for local recurrence
and distant metastasis following radical surgery and sys-
tematic therapy [14]. For example, a subpopulation of
CD133TCXCR4" cancer stem cells was identified in the
invasive front of pancreatic cancers. Eradication of this
cancer stem cell pool abrogated the metastatic pheno-
type of pancreatic cancers [15]. a,[;-expressing cancer
stem cells acquired high resistance to receptor tyrosine
kinase inhibitors such as erlotinib by recruiting KRAS
and RalB and activating TBK1 and NF-«B [16]. To fuel
tumour growth, CD9" pancreatic cancer stem cells real-
located the glutamine transporter ASCT?2 to the plasma
membrane for enhancing glutamine uptake [17]. It is
worth noting that the inconsistency between the tumour-
initiating capacity of cancer stem cells in models with
distinct immune responses reveals the immune privilege
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of cancer stem cells [18]. A subset of squamous cell car-
cinoma stem cells was found refractory to adoptive T cell
transfer-based immunotherapy through acquiring CD80
to dampen cytotoxic T cell attack [19]. Cancer stem cells
of head and neck squamous cell carcinoma upregulated
CD276 to evade host immune responses of CD8"' T cells.
CD276 blockade remodels tumor heterogeneity, reduces
epithelial-mesenchymal transition, inhibits tumor growth
and lymph node metastases [20]. Thus, it is also possible
that pancreatic cancer stemness may be competent to
drive tumour relapse due to immune checkpoint-medi-
ated immune evasion. However, little is known about
the immunological property of stemness-high pancreatic
cancers.

Here, we used the datasets of pancreatic cancer from
The Cancer Genome Atlas (TCGA), the Cancer Thera-
peutics Response Portal (CTRP) and the GEO dataset to
identify stemness-related inhibitory immune checkpoints
in pancreatic cancer. The interaction of pancreatic cancer
stemness with the immune microenvironment and the
consequent impact on patient prognosis were also eval-
uated to highlight the immune privilege of cancer stem
cells within stemness-high pancreatic cancers. Given
that downregulation of immune checkpoint expression
and attenuation of cancer stemness can synergize with
immune checkpoint blockade (ICB) in stemness-high
pancreatic cancers, we also determined the regulatory
pathways of cancer stemness and immune checkpoint
and screened the drugs potentially sensitive to stemness-
high pancreatic cancers with high CEACAM expression.
In-depth knowledge of immunology in stemness-high
pancreatic cancers will facilitate the development of
efficient immunotherapies targeting pancreatic cancer
stem cells to prevent and treat cancer recurrence and
metastasis.

Methods

Sample collection and data processing

Gene expression data and corresponding clinical phe-
notypes of tumour samples were obtained from TCGA.
RNA-seq data and clinical phenotypes for the TCGA
cohorts were downloaded from the UCSC Xena project,
including cholangiocarcinoma (CHOL, n=36), colorec-
tal adenocarcinoma (CRC, n=620), oesophagal carci-
noma (ESCA, n=163), liver hepatocellular carcinoma
(LIHC, n=371), pancreatic adenocarcinoma (PAAD,
n=179), stomach adenocarcinoma (STAD, n=375).
RNA-seq data and drug activity for 22 pancreatic cancer
cell lines were obtained from CTRP. The GEO dataset
with accession number GSE21501 [21], which contains
microarray and clinical data of 101 pancreatic cancer
patients, was downloaded for validation of TCGA results.
Because all data that our study used were from publicly
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available datasets TCGA, CTRP and GSE21501, no ethi-
cal approval was required to seek.

Cancer stemness and immune landscape analysis

The stemness index (mRNAsi) was based on a one-
class logistic regression (OCLR) machine learning algo-
rithm and reflected transcriptomic stemness features
of tumour cells [22]. The mRNAsi ranged from 0 to
1, and the closer mRNAsi was to 1, the more stem-like
tumour cells. Tumour Immune Dysfunction and Exclu-
sion (TIDE) algorithm is a computational method to pre-
dict cancer immunotherapy response [23]. Two distinct
mechanisms were modelled to estimate tumour immune
evasion, including dysfunction of infiltrating cytotoxic
T lymphocytes and exclusion of cytotoxic T lympho-
cytes by immunosuppressive factors. A lower TIDE score
indicates a slight chance of a satisfactory response to
immunotherapy.

Deconvolution algorithms were used to quantify the
cell composition of infiltrating immunocytes in tumour
samples. MCP-counter deduced a global picture of
stromal cells including T cells, CD8" cells, cytotoxic
lymphocytes, NK cells, B lineage, monocytic lineage,
myeloid dendritic cells, neutrophils, endothelial cells
and fibroblasts [24], while CIBERSORT estimated the
abundance of 22 tumour-infiltrating lymphocytes in the
tumour microenvironment more comprehensively [25].
Additionally, pancreatic cancers were divided into five
immune subtypes with distinct therapeutic and prog-
nostic implications for cancer management, including
wounding healing, interferon-y (IFN-y), inflammatory,
lymphocyte depleted, transforming growth factor-p
(TGE-p) [26].

Identification of differentially expressed genes and gene
set enrichment analysis

Differentially expressed genes between low and high
gene expression groups were screened out by the DESeq2
package. An adjusted p-value<0.05 and |log2 (Fold
Change)|>1 was considered significant. Gene set enrich-
ment analysis (GSEA) was conducted to analyse the
pathways enriched in the high gene expression group to
explore the underlying mechanisms. The screening con-
ditions were |normalized enrichment score (NES)|>1,
nominal (NOM) p-value <0.05 and FDR <0.25.
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Correlation, mutually exclusivity and survival analysis
When performing comparison or correlation analysis in
our study, we used log2(TPM + 1)-transformed data to
normalize gene expression. Tumour purity adjustment
was conducted to reduce the bias caused by the heteroge-
neous microenvironment. Mutations and CNAs of pan-
creatic cancer were used to identify mutually exclusive
or co-occurrent events in the 37 selected immune check-
point genes. An odds ratio indicated the likelihood, and
a value over 2 meant a tendency toward co-occurrence.
The results with a q-value <0.05 were considered statisti-
cally significant.

Results

Association of cancer stemness with immune infiltrates
across gastrointestinal cancer types

Cancer stemness not only underlies chemotherapy resist-
ance but may also exhibit distinct properties of immune
evasion [27]. To investigate the effect of cancer stemness
on the efficacy of ICB across six gastrointestinal cancer
types, we calculated mRNAsi, a gene expression-based
stemness index, to estimate the abundance of cancer
stemness [22], and utilized TIDE signatures to predict
ICB immunotherapy response [23]. Correlation analysis
showed that mRNAsi scores were associated with TIDE
prediction scores in CRC, ESCA, PAAD, and STAD
(Fig. 1B, C, E, F) instead of LIHC (Fig. 1D), suggesting
that cancer stemness indeed contributes to insensitivity
to immunotherapy in most gastrointestinal cancer types.
While CHOL stemness had little impact on ICB efficacy
(Fig. 1A), it cannot be excluded that the low number of
CHOL cases could lead to bias and inaccuracy.

The outcome of ICB is linked to the quality and mag-
nitude of tumour-infiltrating immune cells within the
tumour microenvironment [28]. To have a comprehen-
sive understanding of immune heterogeneity across six
gastrointestinal cancer types, we used MCP-counter, a
deconvolution approach, to characterize the cell compo-
sition of the immune microenvironment from their gene
expression profiles [24]. PAAD and STAD had a higher
proportion of monocytic lineage, myeloid dendritic cells,
CD8™ T cells and B lineage (Fig. 1G-J), which implies that
PAAD and STAD suppress anti-cancer immunity in spite
that those two cancer types are populated with antigen-
presenting cells and cytotoxic cells. On the other hand,
the proportion of monocytic lineage and neutrophils in
CRC was the lowest among six gastrointestinal cancers

(See figure on next page.)

Fig. 1 Association of cancer stemness with immunotherapy response across six gastrointestinal cancers. A-F Spearman’s correlation of TIDE
prediction scores with stemness index (MRNAsi) scores in (A) CHOL, (B) CRC, (C) ESCA, (D) LIHC, (E) PAAD and (F) STAD. G-H Infiltration of (G)
monocytic lineage, (H) myeloid dendritic cells, (I) CD8* T cells, (J) B lineage, (K) neutrophils and (L) NK cells across six gastrointestinal cancers. M-R
Spearman correlation of mRNAsi scores in PAAD with infiltration of (M) monocytic lineage, (N) myeloid dendritic cells, (0) CD8™ T cells, (P) B lineage,

(Q) neutrophils and (R) NK cells
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(Fig. 1G, K), which reveals that the CRC microenviron-
ment could be characterized by a lack of antigen pres-
entation by the innate immune system. LIHC had low
infiltration of lymphoid lineage cells including CD8* T
cells, B cells, and natural killer (NK) cells (Fig. 11, ], L),
which can be classified into the immune desert subtype.

To verify whether cancer stemness affects immune
infiltrates, we evaluated the association of cancer
stemness enrichment with the infiltration of different
immunocytes across six gastrointestinal cancer types.
The mRNAsi scores of CRC, ESCA, PAAD and STAD
were associated with their respective infiltration of mye-
loid dendritic cells (Fig. 1M-R, Figure S1B, C, E). Besides,
the mRNAsi scores of CRC and PAAD also had an associ-
ation with the infiltration of monocytic lineage, whereas
no association of CHOL and LIHC with either myeloid
or lymphatic cells was observed (Figure S1A, D). These
results suggest that cancer stemness tends to impede
the infiltration of the innate immune system, including
monocytic lineage and dendritic cells, rather than the
adaptive immune system, including CD8" T cells, B cell
lineage and neutrophils.

Identification of a stemness-related inhibitory immune
checkpoint in pancreatic cancer

Since cancer stemness can regulate the immune micro-
environment, we intended to characterize pancreatic
cancer stemness and figure out their way of immune eva-
sion. We found that the mRNAsi scores of tumour tissues
were lower than that of normal tissues (Fig. 2A), which
means cancer stemness is weaker than normal tissue
stemness in the pancreas. Next, we compared the differ-
entially expressed genes between pancreatic cancers with
high and low mRNAsi scores to explore the changes in
the transcriptomic level. The selection criteria p.adj <0.05
and |log,FC|>1 resulted in the identification of 289 up-
regulated genes and 361 down-regulated genes (Fig. 2B).
GSEA showed that the transcriptional signature of pan-
creatic cancer stemness was correlated with cell cycle-
related targets of E2F transcription factors, nucleosome
assembly, respiratory electron transport and oxidative
phosphorylation (Fig. 2C). This reveals that the main-
tenance of pancreatic cancer stemness may depend on
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oxidative phosphorylation instead of glycolysis to pro-
duce ATPs more efficiently. It is worth noting that the
program of pancreatic cancer stemness was inversely
correlated with cytokine production, myeloid leuko-
cyte-mediated immunity, and innate immune response
(Fig. 2C). Given that pancreatic cancer stemness nega-
tively regulated anti-cancer immunity, we screened out
CEACAMS5, which was highly expressed in the high
mRNAsi score group, among the 37 selected inhibi-
tory immune checkpoint genes (Fig. 2B). Additionally,
we evaluated the correlation of those selected inhibitory
immune checkpoints with two individual sets of gene
signatures that are representative of pancreatic can-
cer stem cells. Invasive cell-enriched signature (ICS) is
enriched in cancer stem cell-like ductal cells with inva-
sive potential [29]. Msit tumour-initiating cell-enriched
signature (MTS) was generated by comparison of the
gene expression profiles of drug-resistant Msi™ can-
cer stem cells and differentiated tumour cells [30]. As
expected, ICS and MTS were closely correlated in pan-
creatic cancer (Fig. 2F), indicating that a high correlation
with either of the two individual signatures strongly sig-
nifies pancreatic cancer stemness. Correlation analysis
showed that the expression of CEACAM1, CEACAMS5,
NECTIN2, LGALS9, CD47 and HHLA2 was found sig-
nificantly correlated with ICS, respectively (Fig. 2D, Fig-
ure S2A). Meanwhile, the expression of HHLA2, CD24,
CEACAMS5 and LGALS9 was found significantly corre-
lated with MTS, respectively (Fig. 2E, Figure S2B). Nota-
bly, only CEACAMS5 expression had a close correlation
with both ICS and MTS (Fig. 2G, H). Taken together,
CEACAMS5 was a potential stemness-related inhibitory
immune checkpoint in pancreatic cancer.

As heterogeneity also exists in cancer stem cells [31], we
wondered whether different subpopulations of pancreatic
cancer stem cells exhibit distinct inhibitory immune check-
points except for CEACAM5. When correlation analysis
was performed, we adopted tumour purity adjustment to
reduce the bias caused by the mixture with immunocytes
during data processing. In both TCGA and CTRP data,
CEACAMS5 was found to have a close correlation with
CEACAM1 (Fig. 3A, B). Although CEACAM1 was not
proven highly expressed in the high mRNAsi score group,

(See figure on next page.)

pancreatic cancer

Fig. 2 Identification of a stemness-related inhibitory immune checkpoint in pancreatic cancer. A Differential levels of mRNASsi scores in pancreatic
cancer and paired normal tissues. B Volcano plot for differentially expressed genes between pancreatic cancers with high vs. low mRNAsi scores.

C Expression profiles of the inhibitory immune checkpoints in pancreatic cancers with high vs. low mRNAsi scores. D Ridgeline plot for gene set
enrichment analysis of differentially expressed genes between pancreatic cancers with high vs. low mRNAsi scores. E Spearman’s correlation of the
inhibitory immune checkpoints with invasive cell-enriched signature (ICS) in pancreatic cancer. The threshold of the correlation coefficient was

set at 0.5. F Spearman’s correlation of the inhibitory immune checkpoints with Msi* tumour-initiating cell-enriched signature (MTS) in pancreatic
cancer. The threshold of the correlation coefficient was set at 0.5. G Spearman’s correlation between ICS and MTS in pancreatic cancer. H Spearman’s
correlation between CEACAMS expression and ICS in pancreatic cancer. | Spearman’s correlation between CEACAMS expression and MTS in
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or closely correlated with ICS and MTS (Fig. 2B, E, F), it
can be inferred that CEACAMI1t CEACAM5™ cancer cells
may be a small subpopulation of CEACAM5" pancreatic
cancer stem cells endowed with an elevated immune privi-
lege. Besides, mutual exclusivity analysis based on muta-
tion and copy number data demonstrated that CEACAMS5
exhibited significant co-occurrence with CD80, CD86 and
AXL (Fig. 3C, Table 1). Correspondingly, CD80, CD86 and
AXL levels were higher in the low mRNAsi score group
than in the high mRNAsi score group (Fig. 3D-F). These
results imply that CD80, CD86 and AXL may be respon-
sible for protecting pancreatic cancer non-stem cells from
immune clearance while CEACAMS5 disrupts immune
clearance of cancer stem cells.

Function and regulation of the stemness-related inhibitory
immune checkpoint in pancreatic cancer

Since the interplay between cancer stemness and the
immune microenvironment affects cancer progres-
sion [32], we wondered which immune environment
CEACAMS5 pancreatic cancers with high stemness tend
to reside in. The levels of CEACAMS5 were found the high-
est in the IFN-y dominant pancreatic cancers (Fig. 4E, Fig-
ure S5A) which generate the most complex intra-tumour
heterogeneity with a high proliferation rate [26]. Despite
high infiltration of M1 macrophages and CD8" T cells in
the IFN-y dominant pancreatic cancers [26], poor progno-
sis reflected the potential inhibitory effect of CEACAM5"
cancer cells on anti-cancer immunity in pancreatic can-
cer. To further clarify the clinical significance of this
stemness-related immune checkpoint, we estimated the
influence of CEACAMS5 expression on immunocyte infil-
tration and activity by correlation and survival analysis. A
more elaborated deconvolution approach CIBERSORT
was utilized to distinguish immunocyte composition in
the tumour microenvironment [25]. As a result, no asso-
ciation of CEACAMS5 expression with infiltration of either
innate or adaptive immunocytes was found (Fig. 41 and
], Figure S3A-T). However, any patient group with high
levels of CEACAMS5 expression had a high risk of poor
overall survival, even if accompanied by high infiltration
of M1 macrophages or neutrophils (Fig. 4K and L, Fig-
ure S4A-T). Consistently, the GEO dataset with accession
number GSE21501 also showed that the patients with low
levels of CEACAMS5 expression and high infiltration of M1
macrophages or neutrophils had the best overall survival
(Figure S5C and B). It can be inferred that CEACAM5"
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pancreatic cancer cells may inhibit the tumoricidal func-
tion of M1 macrophages and neutrophils despite no impact
on immunocyte infiltration. Thus, stemness-high pan-
creatic cancers may impair innate immunity such as mac-
rophage through the expression of CEACAMS5.

To figure out the potential regulatory pathways, we
characterized CEACAMS5M8" pancreatic cancers at the
transcriptomic level. GSEA showed that CEACAM5Meh
pancreatic cancers were enriched with pathways for
IEN-y response, prostanoid metabolic process, and long-
chain unsaturated fatty acid metabolic process (Fig. 4A-
D). Given that IFN-y switches the status of long-term
haematopoietic stem cells from quiescence to prolif-
eration [33], proliferating pancreatic cancers with high
stemness may, to some extent, depend on IFN-y stimu-
lus to sustain cancer progression. As prostaglandin E2
can shape an immunosuppressive barrier in the tumour
microenvironment [34], the prostanoid metabolic pro-
cess is likely to promote the immune resistance of
CEACAMS5™ stemness-high pancreatic cancers. Consid-
ering that long-chain unsaturated fatty acid elongation
supports membrane architecture and signalling transduc-
tion in cancer stem cells [35, 36], the long-chain unsatu-
rated fatty acid metabolic process may modulate the
immune privilege of cancer stem cells within stemness-
high pancreatic cancers. Meanwhile, those three meta-
bolic processes were found associated with CEACAMS5
expression as expected (Fig. 4F-H), suggesting prostanoid
and long-chain unsaturated fatty acid metabolic pro-
cesses could regulate CEACAMS5 expression to influence
the immune evasion of stemness-high pancreatic can-
cers. Furthermore, CellMinerCBD was used to screen out
the potential drugs sensitive to stemness-high pancreatic
cancers with high CEACAM expression. The pancreatic
cancer cell lines with higher levels of CEACAMS5 gener-
ated fewer ATPs when exposed to niclosamide, palmosta-
tin, SB-225002, SGX-523, axitinib, SCH-79797, sorafenib
and 3-CI-AHPC (Fig. 5A-H), which means that those
inhibitors could efficiently target CEACAMS5"8" pancre-
atic cancer cells. Conversely, treatment with MK-2206,
BYL-719, BRD-K85133207, semagacestat, PDMP, vora-
paxar, linsitinib and PF-543 had a better impact on
the pancreatic cancer cell lines with lower levels of
CEACAMS5 (Fig. 5I-P), which means that those inhibitors
could be used for clearance of CEACAM5'°%/~ pancreatic
cancer cells. Therefore, blockade of IFN-y signalling or
those metabolic processes, and application of those small

(See figure on next page.)

Fig. 3 Mutual relevance of the inhibitory immune checkpoints in pancreatic cancer. A Profile of Spearman’s correlation between the inhibitory
immune checkpoints in pancreatic cancer based on the TCGA data. B Profile of Pearson’s correlation between the inhibitory immune checkpoints in
pancreatic cancer based on the CTRP data. C The landscape of genetic alterations of the inhibitory immune checkpoints in pancreatic cancer. D-F
The levels of (D) CD80, (E) CD86 and (F) AXL expression in pancreatic cancers with high vs. low mRNAsi scores
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Table 1 Mutual exclusivity analysis of the inhibitory immune checkpoints in pancreatic cancer

A B Neither ANotB BNotA Both Log2 Odds  p-Value g-Value Tendency

Ratio

BTN2A2 BTNL2 144 0 3 2 >3 <0.001 0.046 Co-occurrence
CD274 PDCD1LG2 146 1 0 2 >3 <0.001 0.03 Co-occurrence
CD274 FGL1 145 1 1 2 >3 <0.001 0.046 Co-occurrence
CD276 BTNL9 145 1 1 2 >3 <0.001 0.046 Co-occurrence
CD80 CD86 144 0 3 2 >3 <0.001 0.046 Co-occurrence
CEACAM5 CD86 142 2 2 3 >3 <0.001 0.03 Co-occurrence
CEACAMS AXL 140 2 4 3 >3 <0.001 0.046 Co-occurrence
CEACAM5 CD80 144 3 0 2 >3 <0.001 0.046 Co-occurrence
IDO1 IDO2 143 1 1 4 >3 <0.001 <0.001 Co-occurrence
NECTIN2 PVR 144 1 0 4 >3 <0.001 <0.001 Co-occurrence
NECTIN2 AXL 141 1 3 4 >3 <0.001 0.002 Co-occurrence
PVR AXL 141 1 4 3 >3 <0.001 0.03 Co-occurrence
VTCN1 CD80o 145 2 0 2 >3 <0.001 0.046 Co-occurrence

inhibitors may synergize with anti-CEACAMS5 antibod-
ies to improve the elimination of immune evasion in
stemness-high pancreatic cancers.

Discussion
Immunotherapy has to rise to a new level in the context
of tumour heterogeneity. As a source of heterogeneity,
cancer stem cells have been proposed to be responsible
for local recurrence, distant metastasis, and resistance
to existing therapies. Precision immunotherapy tar-
geting tumour heterogeneity requires a comprehen-
sive understanding of cancer stem cell immunology. In
this study, we found the impact of cancer stemness on
immunotherapy responses to pancreatic cancer and
identified CEACAMS5 as a candidate stemness-related
inhibitory immune checkpoint in pancreatic cancer. Lev-
els of CEACAMS5 expression were higher in the IFN-y
dominant pancreatic cancer than in the other immune
subtypes of pancreatic cancer. The patient group with a
high level of CEACAMS5 expression and low infiltration
of neutrophils or M1 macrophages had poor overall survival.
Moreover, prostanoid and long-chain unsaturated fatty acid
metabolic processes enriched in stemness-high pancreatic
cancers were associated with CEACAMS5 expression.
Manipulating the immune system to eliminate the
source of tumour heterogeneity remained at the hypo-
thetical stage until the association between cancer
stemness and immune evasion was vaguely observed. The
inconsistent data on the tumour formation frequency of
melanoma-initiating cells in the mouse models with dif-
ferent immunological properties reflected that malignant
behaviours of cancer stem cells depend on their immune
privilege to some extent [18]. Analysis of gene-expres-
sion-based metrics showed the negative association

between the presence of a stem cell-like phenotype and
anticancer immunity across 21 solid cancers [37], high-
lighting suppressive signals transduced from cancer stem
cells to the immune microenvironment. Previously, we
reported CD200 and CD276, respectively, as candidate
innate and adaptive immune checkpoints in breast cancer
stem cells [38]. Coincidentally, some head and neck squa-
mous cell carcinoma stem cells especially upregulated
CD276 to evade host immune responses provoked by
CD8* T cells [20]. Another subset of TGF-B-responsive
squamous cell carcinoma stem cells acquired CD80 to
modulate cytotoxic T cell attack during immunotherapy
[19]. Although breast cancer and head and neck squa-
mous cell carcinoma are ectodermal tumours which
pancreatic cancer cannot be classified into, the similar
immune privilege of cancer stem cells may still exist in
pancreatic cancer. Following the principle, our study
revealed CEACAMS5 as a candidate stemness-related
inhibitory immune checkpoint in pancreatic cancer.
Recently, it has been demonstrated that CEACAMS5 over-
expression is a reliable characteristic of CD133-positive
colorectal cancer stem cells [39]. Meanwhile, in patients
with metastatic pancreatic cancer, median overall sur-
vival became shorter as the serum CEACAMS5 levels
increased [40]. Elevated serum CEACAMS5 levels could
also predict early recurrence after curative resection
of PDAC [41]. It is reasonable to infer that proliferat-
ing CEACAMS5™ pancreatic cancer stem cells may act as
deadly seeds in recurrence and that detection of those
cells could be an approach to determining metastatic
burden. Therefore, uncovering stemness-high pancreatic
cancers with high CEACAMS5 expression increase the
possibility of applying immunotherapy for the clearance
of pancreatic cancer stem cells.
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The heterophilic interaction between CEACAMS5
on tumour cells and CEACAM1 on NK cells has been
demonstrated to inhibit NK cell-mediated anti-cancer
immunity [42]. The binding of CEACAMS5 to CD8a and
CD1d facilitated CD8% T cells to acquire suppressive
functions and then reduced the proliferation of CD4* T
cells [43]. Our study indicated that the infiltration of M1
macrophages and neutrophils in pancreatic cancer can
signify prolonged patient survival and that CEACAM5
in stemness-high pancreatic cancers could impair the
tumoricidal function of M1 macrophages and neutro-
phils. The discovery of the inhibitory role of CEACAM5"

tumour cells in the innate immune cells increases empha-
sis on harnessing innate immunity in immunotherapy,
particularly when most of the current immunomodula-
tory approaches have focused on unleashing effector T
cells. Despite good prognosis predicted by T-cell infil-
tration in the tumour microenvironment [44] and the
initial success of chimeric antigen receptor (CAR) T-cell
therapy in some haematological malignancies [45], the
onset and maintenance of T-cell responses and the devel-
opment of long-term memory T cells depend on the
activation of the innate immune system. In the preclini-
cal study, genetic ablation or antibody blockade of CD24
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resulted in a macrophage-dependent reduction of ovar-
ian and breast cancer growth [46]. In acute myeloid leu-
kaemia, VCAMI inhibition or deletion reduced tumour

burden and extends survival through restoring clearance
by mononuclear phagocytes [47]. Therefore, enhanc-
ing the effector responses of innate immunity, such as
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phagocytosis for macrophages and polymorphonuclear
cells, should be the main goal of immunotherapies target-
ing pancreatic cancer stem cells.

Compared with differentiated bulk tumour cells, cancer
stem cells reside in a distinct niche which supports their
contribution to recurrence and metastasis. Our study
revealed that long-chain unsaturated fatty acids may
regulate CEACAMS5 expression and that proliferating
stemness-high pancreatic cancers with high CEACAM5
expression may adopt a dual phenotype of oxidative
phosphorylation and fatty acid oxidation. Previously,
increased serum levels of fatty acid synthase, a metabolic
enzyme that catalyses the synthesis of long-chain fatty
acids, were observed in pancreatic cancer patients [48],
and accumulation of long-chain fatty acids in the tumour
microenvironment drove dysfunction in intra-pancreatic
CD8" T cells [49]. Beyond that, genetic attenuation or
pharmacological inhibition of the metabolic process of
long-chain fatty acids impaired mitochondrial respira-
tion and fatty acid oxidation triggered decreased pro-
liferation and tumour cell engraftment [50]. It can be
inferred that the metabolism of long-chain unsaturated
fatty acids may orchestrate immune evasion of pancreatic
cancer stem cells by regulating inhibitory immune check-
points. Furthermore, our study confirmed the association
of prostanoid metabolism with CEACAMS5 expression.
Consistently, levels of prostaglandin E2 (PGE2), one of
the members of the prostanoid, correlated with cancer
stem cell markers in colorectal cancer, including CD133,
CD44, LRG5, and SOX2 [51]. Mesenchymal stem cell-
secreted PGE2 promoted the expansion of colorectal
cancer stem cells and the formation of hepatic metas-
tases, which administration of celecoxib, an inhibitor of
prostaglandin-endoperoxide synthase 2, prominently
restrained [51, 52]. Mechanically, PGE2 acted in a parac-
rine manner to activate Akt/GSK-3/B-catenin signalling,
thus inducing an increase in ALDHM" cancer stem cell-
enriched population [52, 53]. Thus, prostanoid metabo-
lism may be another process involved in the regulation
of inhibitory immune checkpoints to sustain pancreatic
cancer stem cells in the immune microenvironment.
Taken together, inhibition of the metabolic process of
long-chain unsaturated fatty acid and prostanoid could
synergize with immune checkpoint blockade to break
down the immune privilege of cancer stem cells within
stemness-high pancreatic cancers.

The current study still has several limitations that
need to be addressed in the future. First of all, our find-
ings were based on bioinformatic analysis of bulk tran-
scriptomic sequencing data. A landscape of pancreatic
cancer cells at single-cell levels will provide much more
valuable insights into the immune privilege of pancreatic
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cancer stem cells. Secondly, our results need to be veri-
fied by further experiments in patient-derived xenografts
and spontaneous tumour models, such as gene knock-
out, limiting dilution assay and lineage tracing. Thirdly,
the synergistically therapeutic effect of a combination of
ICB and relevant metabolism inhibition on local recur-
rence and distant metastasis caused by pancreatic can-
cer stem cells requires clinical trials to manifest. Despite
those limitations, the identification of stemness-related
inhibitory immune checkpoints and relevant regulatory
metabolisms is anticipated to promote the development
of cancer stem cell immunology.

Conclusions

Our study reveals CEACAMS5 as a stemness-related
inhibitory immune checkpoint in pancreatic cancer. Syn-
ergistic inhibition of stemness-related regulatory metab-
olisms, including prostanoid and long-chain unsaturated
fatty acid metabolic processes, may improve the efficacy
of ICB treatment which is aimed at eliminating immune
evasion in stemness-high pancreatic cancers with high
CEACAMS5 expression. The combination treatment will
provide a novel and efficient strategy for precision immu-
notherapy targeting tumour heterogeneity.
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Additional file 1: Fig. S1. Association of cancer stemness with immune
infiltrates in five other gastrointestinal cancers. (A) Spearman correlation
of mMRNAsi scores in CHOL with infiltration of monocytic lineage, myeloid
dendritic cells, CD8™ T cells, B lineage, neutrophils and NK cells. (B) Spear-
man correlation of MRNAsi scores in CRC with infiltration of monocytic
lineage, myeloid dendritic cells, CD8™ T cells, B lineage, neutrophils and NK
cells. (C) Spearman correlation of mMRNAsi scores in ESCA with infiltration
of monocytic lineage, myeloid dendritic cells, CD8™ T cells, B lineage, neu-
trophils and NK cells. (D) Spearman correlation of mMRNAsi scores in LIHC
with infiltration of monocytic lineage, myeloid dendritic cells, CD8™ T cells,
B lineage, neutrophils and NK cells. (E) Spearman correlation of mRNAsi
scores in STAD with infiltration of monocytic lineage, myeloid dendritic
cells, CD8* T cells, B lineage, neutrophils and NK cells.

Additional file 2: Fig. S2. Statistical significance of association between
the inhibitory immune checkpoints and two individual sets of gene
signatures in pancreatic cancer. (A) The p-value of Spearman’s correlation
between the inhibitory immune checkpoints and ICS. (B) The p-value of
Spearman's correlation between the inhibitory immune checkpoints and
MTS.
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