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disease-free survival in treatment-naive CRC patients
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Abstract

A variety of variables, such as microsatellite instability or inflammatory mediators, are critical players in the development
and progression of colorectal cancer (CRC). Natural killer (NK) and natural killer T (NKT) cells are involved in the prog-
noses of CRC. Immunological components of the tumor microenvironment (TME) impact cancer progression and thera-
peutic responses. We report that CRC patients with higher frequencies of tumor-infiltrating PD-1* NK and NKT cells had
significantly longer disease-free survival (DFS) than patients with lower frequencies. In agreement with that, patients with
higher frequencies of tumor-infiltrating PD-1" NK and NKT cells showed shorter DFS. There were no significant associa-
tions between tumor-infiltrating PD-17TIM-3*, PD-1*TIGIT™, PD-1*ICOS*, PD-1*LAG-3* NK cells, and PD-1"TIM-3*,
PD-1*TIGIT*, and PD-1*LAG-3" NKT cells with DFS. This study highlights the significance of PD-1 expression on tumor-
infiltrating NK and NKT cells and its association with disease prognoses in CRC patients.
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Introduction

Colorectal cancer (CRC) is one of the most prevalent causes
of cancer-related death [1]. Cytokine pathways are critical
components, particularly in the case of colorectal cancer,
where inflammation and antitumor immunity are primary
factors determining disease progression [2]. In addition,
chronic inflammation in colon tissues could increase CRC
incidence [3].

Many different types of immune cells make up the human
immune system. Natural killer (NK) cells, T lymphocytes,
B lymphocytes, and other cells all play important roles in
the host immune system’s ability to combat tumors [4]. NK
cells are innate immune cells that are characterized by their
quick and powerful cytolytic activity in response to infected
or mutated cells. There is a diverse collection of receptors on
their surface that may have either inhibitory or stimulatory
functions [5]. Also, they are responsible for regulating the

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00262-022-03337-8&domain=pdf

1934

Cancer Immunology, Immunotherapy (2023) 72:1933-1939

immune response via the production of cytokines including
interferon-alpha (IFN-alpha) and tumor necrosis factor alpha
(TNF-alpha) [6]. In CRC, it has been shown that a higher
percentage of NK cells in the peripheral blood indicated a
longer survival time [7]. Interestingly, a study found that
patients with low NK cell activity had a 10-time higher risk
of CRC, compared with patients with high NK cell activ-
ity [8]. Another study found that NK cell receptor ligands
expressed by CRC cells may modify the phenotype of cir-
culating NK and NKT cells, allowing cancer cells to evade
the immune system [9].

NKT cells are a distinct subset of T cells, which are
located at the boundary between the innate and the adaptive
immune systems. NKT cells, as opposed to ordinary T cells,
express a T cell receptor (TCRs) that is capable of recog-
nizing glycolipids that are presented via an HLA-like pro-
tein [10]. Upon activation, NKT cells secrete large amounts
of either pro- or anti-inflammatory cytokines, resulting in
amplification or inhibition of the immune responses [11].

We have recently reported that some inhibitory or stimu-
latory receptors, including programmed cell death-1 (PD-1),
T cell immunoreceptor with Ig and ITIM domains (TIGIT),
T cell immunoglobulin and mucin domain-containing pro-
tein-3 (TIM-3), cytotoxic T lymphocyte-associated anti-
gen (CTLA-4), inducible T cell costimulatory (ICOS), and
lymphocyte-activation gene-3 (LAG-3), are expressed on T
cells, B cells, and NK cells and play a significant role in
CRC disease progression [12, 13]. In this study, we investi-
gated correlations of immune checkpoints (ICs) expression
on NK and NKT cells in the TME with disease-free survival
(DES). This is the first study to report potential associations
between frequencies of NK and NKT cells expressing ICs
with DFS in CRC patients.

Materials and methods
Patients and samples

This study was approved by the Institutional Review Board
at Hamad Medical Corporation (HMC) (Study no. MRC-
02-18-012), Doha, Qatar. All patients provided informed
consent before collecting the samples. Tumor and normal
tissues were taken from 45 treatment-naive CRC patients
at various cancer stages (stage [-IV). Patients who received
neoadjuvant chemotherapy before the surgery were excluded
from the study. Clinical and pathological characteristics of
these patients are shown in Table 1. Patients with TNM stage
I/I1 did not receive any treatment after the surgery. However,
based on the American Cancer Society guidelines, patients
with stage III/IV (with lymph node metastasis and/or distant
organ metastasis) were given adjuvant chemotherapy follow-
ing the surgery.
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Table 1 Clinical and pathological features of the study cohort

CRC patients
Number 45
Median age [range] 56 [18-79]
Gender [Male/Female] 30:15
TNM stage
1 4
1I 20
1 14
v 7
Tumor histological grade
G2 (Moderately differentiated) 41
G3 (Poorly differentiated) 4
MSI-H/dAMMR 8
Loss of nuclear expression for MLH1 & PMS2 7
Loss of nuclear expression of MSH2 1
Molecular testing
KRAS mutations 4
BRAF mutations
NTRK gene fusion 1

CRC Colorectal cancer, MSI-H/dMMR high microsatellite instability /
deficient mismatch repair

Normal tissues were sampled from the wall of colon
resected for the same patient. The section from the normal
tissue was taken from a distance more than 10 cm away
from the tumor. Cell suspensions from normal and tumor
tissues were prepared by mechanical disaggregation using
gentleMACS Dissociator (Miltenyi Biotec, Bergisch Glad-
bach, Germany) without using any enzymes. To remove
aggregates and debris, cells were passed through Falcon
100 pM cell strainers. Single-cell suspensions were washed
with PBS and stained before flow cytometric analyses.

Multi-parametric flow cytometry

In this study, no extra experiments were performed, and flow
cytometric data of both NK cells and NKT cells were col-
lected. According to the protocol outlined in our previously
published work, immune staining and flow cytometry analy-
ses have been performed [13]. Briefly, cells were washed and
suspended in flow cytometry staining buffer. FcR Blocker
(Miltenyi Biotec) was used to block Fc receptors (FcR) on
cells. After that, cells were stained with antibodies against
different markers. Viability staining solution (7-Aminoac-
tinomycin D, 7-ADD, BioLegend, San Diego, CA, USA)
was used to gate live cells. Cell surface antibodies against
CD3-BrilliantTM Ultraviolet 496 (BUV496; clone UCHT-1;
BD Biosciences, Oxford, UK), CD56-Phycoerythrin (PE;
clone B159; BD Biosciences), CD4-Fluorescein Isothiocy-
anate (FITC; clone RPA-T4; BD Biosciences), PD-1-PE/
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DazzleTM 594 (clone EH12.2H7; BioLegend), ICOS-Alexa
Fluor 700 (AF700; clone C398.4A; BioLegend), LAG-
3-Brilliant violet 421 (clone T47-530; BD Biosciences),
TIM-3-Brilliant Violet 711 (BV711; clone 7D3; BD Bio-
sciences), and TIGIT-APC (clone MBSA43; eBioscience)
were added, and cells were incubated at 4 °C for 30 min. BD
LSRFortessa X-20 SORP flow cytometer was used to ana-
lyze the samples. After that, BD FACSDiva software (BD
Biosciences) was used to collect the data. Then, the col-
lected data was analyzed by FlowJo V10 software (FlowJo,
Ashland, OR, USA). According to the gating of the flow
cytometric plots, NK cells were identified as CD3~CD56™,
and NKT cells as CD3*CD56%, as previously described [13,
14].

Statistical analyses

GraphPad Prism 9 software (GraphPad Software, California,
USA) was utilized to perform the statistical analyses. The
normality of datasets was carried out by using Shapiro—Wilk
test. All cell subsets were divided into low and high groups
as lower/higher than the mean for normally distributed data,
and lower/higher than the median for non-normally distrib-
uted data. Kaplan—Meier curves were used to estimate the
DFS, and P values were calculated by using the log-rank
test. Paired/unpaired t tests were performed based on distri-
bution of data and the normality of datasets, for comparisons
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Fig.1 Scatter plots and Kaplan—-Meier curves of DFS based on fre-
quencies of different immune checkpoint expression in TILs and
NILs. Patients with high frequencies of PD-17 (A), TIM-3* (B),
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within and between groups, respectively. P value of <0.05
was considered to be statistically significant.

Results

Association of immune checkpoint-expressing NK
cells with DFS

Recently, numerous studies have observed that several ICs
can be expressed on TILs, as well as they have critical effects
on their functions in cancer progression [12, 13, 15]. In this
study, we first investigated any potential association between
expression of different ICs on NK cells and DFS in TILs
and NILs (as controls) in CRC patients. We divided patients
into two groups as below and above mean/median levels of
these cells (PD-1%: TILs ™edian 0, NILs ™edian 0. TIM-3*:
TILs ™" 15,5, NILs ™" 5.8; TIGIT*: TILs ™% 12.5,
NILs ™ 11.6; ICOS*: TILs ™" 6.3, NILs ™" 5; LAG-
3%: TILs median | 9 NILs median | 2) Of note, 23 patients
had no expression of PD-1 on NK cells (Fig. 1A, scatter
plot). Among the five ICs investigated, we found for the
first time that PD-1 expression on NK cells was significantly
associated with DFS. CRC patients with higher frequency
of PD-17 NK cells in TILs had significantly longer DFS
than patients with lower frequency of these immune cells
(Fig. 1A). In agreement with that, lack of expression of PD-1
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CD37CD56% NK cells were compared with those with low frequen-
cies of these cells
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on NK cells in TILs showed a trend toward shorter DFS
(Fig. 1F). Additionally, there were no associations between
other IC expressions and DFS (Fig. 1B-E).

We then investigated if co-expression of other ICs with
PD-1 can be associated with DFS. Interestingly, we did not
find any significant association between tumor-infiltrating
PD-1*TIM-3*, PD-1*TIGIT*, PD-1TICOS*, and PD-
1*LAG-3"* NK cells in TILs and NILs in CRC patients (Sup-
plementary Fig. S1). These findings indicate that co-expres-
sion of different immune checkpoints did not add any value,
and PD-1 expression on NK cells could be an independent
prognostic biomarker for DES in CRC patients.

Association of immune checkpoint-expressing NKT
cells with DFS

We did similar investigations for any possible associations
between immune checkpoint-expressing NKT cells and DFS
(Fig. 2). We divided patients into two groups as below and
above mean/median levels of these cells (PD-17: TILs ™edian
8.0, NILs ™" 1.9; TIM-3": TILs ™" 19.1, NILs ™" 10.3;
TIGIT*: TILs ™" 13.2, NILs ™% 7.5; LAG-3": TILs
median. 1 46, NILs ™edia"; 2 51). Interestingly, we found for the
first time that CRC patients with higher frequency of tumor-
infiltrating PD-1* NKT cells had significantly longer DFS
than patients with lower frequency of these immune cells
(Fig. 2A). In agreement with that, lack of expression of PD-1
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Fig.2 Scatter plots and Kaplan-Meier curves of DFS based on
frequencies of different immune checkpoint expression in TILs
and NILs. Patients with high frequencies of PD-17 (A), TIM-3*
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on NKT cells was significantly associated with shorter DFS
(Fig. 2E). There were no significant associations between
TIM-3*, TIGIT*, and LAG-3" expressing NKT cells and
DFS (Fig. 2B-D).

We then investigated the effect of co-expression of other
ICs with PD-1 on DFS. We divided patients into two groups
as below and above mean/median levels of these cells (PD-
ITTIM-3*: TILs ™% 5.5, NILs ™" 0; PD-1"TIGIT":
TILs ™% 9.5, NILs ™% 0.4; PD-1"LAG-3": TILs median
0.5, NILs ™dian 0) We did not find any significant associa-
tion between co-expression of PD-1 and other ICs with DFS
in TILs and NILs (Supplementary Fig. S2). These findings
indicate that co-expression of different immune checkpoints
did not have any additional value, and PD-1 expression on
NKT cells could be an independent prognostic biomarker
for DFS in CRC patients.

CRC patients with MSI-H have higher levels
of tumor-infiltrating PD-1* NK cells

Colorectal cancer patients with deficient mismatch repair
(dMMR)/microsatellite instability-high (MSI-H) tumors
have better prognosis and overall survival than patients
with microsatellite-stable (MSS)/microsatellite instability-
low (MSI-L) tumors [16, 17]. This is attributed to consider-
able differences of infiltrating immune cells between both
groups. It has been found that IMMR/MSI-H tumors have
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microenvironment rich in cytotoxic CD8" T cells (CTLs)
and PD-L17% cells [16]. Therefore, MSI-H tumors have
shown higher sensitivity to ICIs than MSS/MSI-L tumors
[17, 18]. Despite that, it has been found that many patients
with AMMR/MSI still respond poorly to immunotherapies.
This is likely due to intratumor heterogeneity resulting from
complex mechanisms such as frequent immunoediting of
WNT/B-catenin signaling, antigen presentation machin-
ery, and IFN-y signaling [18]. In our study, 8 out of the 45
patients (~ 18%) had dMMR/MSI-H tumors. As expected,
we found that CRC patients with MSI-H have longer DFS
than patients with MSI-L (data not shown), which is in an
agreement with other studies [19-21]. Then, we investigated
ICs expression on NK cells in CRC patients based on MSI
status in the TME (Supplementary Fig. S3). We found that
frequency of PD-17 NK cells in CRC patients with MSI-H
was significantly higher, compared to patients with MSI-L
(median (95% CI); 2.35 (0-5.35) vs. 0 (0-0.75), P=0.032).
This supports our finding that PD-1 expression on NK cells
is associated with good prognoses. There were no differ-
ences in levels of TIM-3*, TIGIT*, and LAG-3" NK cells
between MSI-H and MSI-L tumors in our cohort. Patients
with MSI-H tumors showed lower levels of ICOS* NK cells
than patients with MSI-L tumors (Supplementary Fig. S3).

Discussion

Several inhibitory checkpoints have been identified on T
cells and NK cells, such as PD-1, TIGIT, CD96, TIM-3,
and others [13, 22, 23]. For example, Yang et al. reported
that TIGIT*PD-1" T cells are unable to stimulate effec-
tive immune responses against tumors [15]. In addition,
PD-1"TIM-3" TILs show the most highly exhausted phe-
notype in the TME [24]. Moreover, a study observed that
intratumoral NK cells expressed high levels of PD-1 on
their cell surface in NSCLC patients. Also, they found
that intratumoral NK cells were less functional compared
to peripheral NK cells, and this dysfunction correlated
with PD-1 expression [25]. These checkpoints are crucial
for maintaining the homeostasis of immune cell subsets
[22]. Under pathological conditions, some of these check-
point regulators, which are absent on resting NK cells,
may be spontaneously triggered by contact with certain
ligands that are widely expressed on the surface of cancer
cells, impairing antitumor NK cell function and facili-
tating tumor immune escape [26]. PD-1 expression was
detected on NK cells in peripheral blood of patients in
several types of cancer, such as multiple myeloma [27],
renal cell carcinoma patients [28], and Hodgkin lymphoma
[29]. In addition, tumor-infiltrating PD-1" NK cells were
identified in non-small cell lung cancer, where these cells
co-expressed more inhibitory receptors, as compared to

the PD-1" subset [25]. Liu et al. [30] found that elevated
expression of PD-1 on NK cells indicated poorer survival
in esophageal and liver cancers. However, in inflamma-
tory cancers such as CRC, high secretion of inflammatory
cytokines from activated NK cells could be a critical factor
to determine disease progression [2, 31].

A study found that after antigenic stimulation, PD-1
expression was increased on invariant NKT cells [32, 33].
In a melanoma model, PD-1 inhibition restored NKT cell
proliferation and cytokine production, resulting in potent
antitumor responses [32, 34]. Moreover, in non-small
cell lung cancer (NSCLC) patients, PD-1 expression was
increased on NKT cells, leading to reduced proliferation
capacity compared with controls [33]. Additionally, it has
been found that PD-1 and LAG-3 were predominantly
upregulated on NKT and CD8* T cells in NSCLC patients
[35]. Until now, the role of NKT expressing ICs on DFS
in CRC patients remains largely unknown.

In our study, high frequencies of tumor-infiltrating
PD-1" NK cells and PD-1* NKT cells in the TME were
associated with longer DFS, indicating the beneficial
anti-inflammatory role of these cells in the TME of CRC
patients. Interestingly, we did not find any significant asso-
ciation between co-expression of PD-1 with other ICs on
NK and NKT cells with DFS in TILs and NILs, suggesting
that the co-expression of different immune checkpoints
did not help to further improve the role of other ICs in the
prognoses of CRC patients. Importantly, PD-1 expression
on NK and NKT cells could be a potential prognostic bio-
marker for DFS in CRC patients.

To the best of our knowledge, this is the first study to
show the significance of PD-1 expression on tumor-infil-
trating NK cells and its association with prolonged DFS
in CRC patients. Overall, our findings highlight the sig-
nificance of PD-1 expression on NK and NKT cells, which
could be potential predictive biomarkers for CRC disease
prognoses and therapeutic approaches. However, there are
some limitations in this study. Multicenter investigations
are required to confirm these findings in larger cohorts of
patients. Additionally, more investigations and multivari-
able analyses are needed to determine the exact function
of these cells in the TME of CRC patients. Findings with P
values near 0.05 should be interpreted carefully. Addition-
ally, defining NK cells in tissues as CD3~CD56" does not
discriminate between NK cells and innate lymphoid cells
(ILCs) and this cell population could be both NK cells and
ILCs [36]. Deep phenotyping of NK cells and NKT cells
using different markers such as CD57, CD16, NKG2A,
KIRs, and NCRs is essential to identify the exact subsets
of these cells in the TME.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00262-022-03337-8.

@ Springer


https://doi.org/10.1007/s00262-022-03337-8

1938

Cancer Immunology, Immunotherapy (2023) 72:1933-1939

Acknowledgements We would like to thank all patients for donating
their samples.

Author contributions MAA was involved in writing—original draft
preparation, methodology. KM helped in investigation, writing. EE
contributed to supervision, project administration, conceptualization,
funding acquisition, writing, visualization. All authors have read and
agreed to the published version of the manuscript.

Funding The authors declare that no funds, grants, or other support
were received during the preparation of this manuscript.

Availability of data and material The datasets used and/or analyzed
during the current study are available from the corresponding author
on reasonable request.

Declarations
Conflict of interest The authors declare no competing interests.

Ethics approval and consent to participate The study was conducted
according to the guidelines of the Declaration of Helsinki and approved
by the Institutional Review Board of the Medical Research Center,
Hamad Medical Corporation (protocol no. MRC-02-18-012).

Consent for publication Informed consent for publication was obtained
from all subjects involved in the study.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Bray F et al (2018) Global cancer statistics 2018: GLOBOCAN
estimates of incidence and mortality worldwide for 36 cancers
in 185 countries. CA Cancer J Clin 68(6):394-424

2. West NR et al (2015) Emerging cytokine networks in colorectal
cancer. Nat Rev Immunol 15(10):615-629

3. Lakatos PL, Lakatos L (2008) Risk for colorectal cancer in
ulcerative colitis: changes, causes and management strategies.
World J Gastroenterol 14(25):3937-3947

4. Gonzalez H, Hagerling C, Werb Z (2018) Roles of the immune
system in cancer: from tumor initiation to metastatic progres-
sion. Genes Dev 32(19-20):1267-1284

5. Cerwenka A, Lanier LL (2016) Natural killer cell memory
in infection, inflammation and cancer. Nat Rev Immunol
16(2):112-123

6. Vivier E, Ugolini S (2011) Natural killer cells: from basic
research to treatments. Front Immunol 2:18

7. Tang YP et al (2020) Prognostic value of peripheral blood natu-
ral killer cells in colorectal cancer. BMC Gastroenterol 20(1):31

@ Springer

10.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

Jobin G, Rodriguez-Suarez R, Betito K (2017) Association
between natural killer cell activity and colorectal cancer in
high-risk subjects undergoing colonoscopy. Gastroenterology
153(4):980-987

Krijgsman D et al (2020) Expression of NK cell receptor ligands
in primary colorectal cancer tissue in relation to the phenotype
of circulating NK- and NKT cells, and clinical outcome. Mol
Immunol 128:205-218

Bendelac A, Savage PB, Teyton L (2007) The biology of NKT
cells. Annu Rev Immunol 25:297-336

. Krijgsman D, Hokland M, Kuppen PJK (2018) The role of

natural killer T cells in cancer—a phenotypical and functional
approach. Front Immunol 9:367

Toor SM et al (2019) Immune checkpoints in circulating and
tumor-infiltrating CD4(+4) T Cell subsets in colorectal cancer
patients. Front Immunol 10:2936

Toor SM et al (2021) Tumor-infiltrating lymphoid cells in colorec-
tal cancer patients with varying disease stages and microsatellite
instability-high/stable tumors. Vaccines (Basel) 9(1):64

Gurjao C et al (2019) Intrinsic resistance to immune checkpoint
blockade in a mismatch repair-deficient colorectal cancer. Cancer
Immunol Res 7(8):1230-1236

Yang ZZ et al (2020) TIGIT expression is associated with T-cell
suppression and exhaustion and predicts clinical outcome and
anti-PD-1 response in follicular lymphoma. Clin Cancer Res
26(19):5217-5231

Maby P et al (2021) License to kill: microsatellite instability and
immune contexture. Oncoimmunology 10(1):1905935

Lin A, Zhang J, Luo P (2020) Crosstalk between the MSI status
and tumor microenvironment in colorectal cancer. Front Immunol
11:2039

Wu W et al (2021) Intratumor heterogeneity: the hidden barrier
to immunotherapy against MSI tumors from the perspective of
IFN-y signaling and tumor-infiltrating lymphocytes. J] Hematol
Oncol 14(1):160

Guastadisegni C et al (2010) Microsatellite instability as a marker
of prognosis and response to therapy: a meta-analysis of colorectal
cancer survival data. Eur J Cancer 46(15):2788-2798

Popat S, Hubner R, Houlston RS (2005) Systematic review of
microsatellite instability and colorectal cancer prognosis. J Clin
Oncol 23(3):609-618

Wang B et al (2019) Is microsatellite instability-high really a
favorable prognostic factor for advanced colorectal cancer? A
meta-analysis. World J Surg Oncol 17(1):169

Chiossone L et al (2017) Natural killer cell immunotherapies
against cancer: checkpoint inhibitors and more. Semin Immunol
31:55-63

Pesce S et al (2017) Identification of a subset of human natural
killer cells expressing high levels of programmed death 1: a phe-
notypic and functional characterization. J Allergy Clin Immunol
139(1):335-346.e3

Sakuishi K et al (2010) Targeting Tim-3 and PD-1 pathways to
reverse T cell exhaustion and restore anti-tumor immunity. J Exp
Med 207(10):2187-2194

Trefny MP et al (2020) PD-1(+) natural killer cells in human non-
small cell lung cancer can be activated by PD-1/PD-L1 blockade.
Cancer Immunol Immunother 69(8):1505-1517

Mariotti FR et al (2020) Inhibitory checkpoints in human
natural killer cells: IUPHAR review 28. Br J Pharmacol
177(13):2889-2903

Benson DM Jr et al (2010) The PD-1/PD-L1 axis modulates the
natural killer cell versus multiple myeloma effect: a therapeutic
target for CT-011, a novel monoclonal anti-PD-1 antibody. Blood
116(13):2286-2294

MacFarlane AW et al (2014) PD-1 expression on peripheral blood
cells increases with stage in renal cell carcinoma patients and is


http://creativecommons.org/licenses/by/4.0/

Cancer Immunology, Immunotherapy (2023) 72:1933-1939

1939

29.

30.

31.

32.

33.

rapidly reduced after surgical tumor resection. Cancer Immunol
Res 2(4):320-331

Vari F et al (2018) Immune evasion via PD-1/PD-L1 on NK cells
and monocyte/macrophages is more prominent in Hodgkin lym-
phoma than DLBCL. Blood 131(16):1809-1819

Liu Y et al (2017) Increased expression of programmed cell death
protein 1 on NK cells inhibits NK-cell-mediated anti-tumor func-
tion and indicates poor prognosis in digestive cancers. Oncogene
36(44):6143-6153

Dogra P et al (2020) Tissue determinants of human NK cell devel-
opment, function, and residence. Cell 180(4):749-763.e13
Chang WS et al (2008) Cutting edge: programmed death-1/
programmed death ligand 1 interaction regulates the induc-
tion and maintenance of invariant NKT cell anergy. J Immunol
181(10):6707-6710

Kamata T et al (2016) Blockade of programmed death-1/pro-
grammed death ligand pathway enhances the antitumor immu-
nity of human invariant natural killer T cells. Cancer Immunol
Immunother 65(12):1477-1489

34.

35.

36.

Durgan K et al (2011) Targeting NKT cells and PD-L1 pathway
results in augmented anti-tumor responses in a melanoma model.
Cancer Immunol Immunother 60(4):547-558

Datar I et al (2019) Expression analysis and significance of PD-1,
LAG-3, and TIM-3 in human non-small cell lung cancer using
spatially resolved and multiparametric single-cell analysis. Clin
Cancer Res 25(15):4663—-4673

Bjorkstrom NK, Kekéldinen E, Mjosberg J (2013) Tissue-spe-
cific effector functions of innate lymphoid cells. Immunology
139(4):416-427

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	PD-1 expression, among other immune checkpoints, on tumor-infiltrating NK and NKT cells is associated with longer disease-free survival in treatment-naïve CRC patients
	Abstract
	Introduction
	Materials and methods
	Patients and samples
	Multi-parametric flow cytometry
	Statistical analyses

	Results
	Association of immune checkpoint-expressing NK cells with DFS
	Association of immune checkpoint-expressing NKT cells with DFS
	CRC patients with MSI-H have higher levels of tumor-infiltrating PD-1+ NK cells

	Discussion
	Anchor 13
	Acknowledgements 
	References




