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ABSTRACT

Background
The colorectal cancer (CRC) immune microenvironment is an important determinant of 

the clinical prognosis of patients. We previously discovered that an unappreciated innate 

lymphocyte population (Lin–CD7+CD127–CD103+CD45RO+) was enriched and displayed 

hallmarks of cytotoxic activity in mismatch repair (MMR)-deficient CRCs. Little is known 

about the role of innate lymphoid cells (ILCs) in CRC, and often their analysis has focused on 

the CD127+ compartment. Here, we aimed to characterize the entire CD7+CD3–CD127+/– ILC 

compartment in MMR-deficient CRCs.

Methods
We performed an unbiased characterization of sorted CD7+CD3– ILCs, independently 

of CD127 expression, from five patients with MMR-deficient CRC by single-cell RNA-

sequencing. In concordance, mass and flow cytometric examination of immunophenotypic 

markers and transcription factor expression was performed to investigate the full spectrum 

of ILC subsets and their functional differences.

Results
The majority of ILCs in MMR-deficient CRCs consisted of CD127–CD103+ ILC1-like cells, 

followed by CD127–CD103– NK-like cells, and a minor population of CD127+CD103– 

conventional ILCs. The ILC1-like cells in CRC tissues specifically expressed CD39, CD45RO, 

and transcription factor TBX21 (T-bet). They distinguished from NK-like cells and conventional 

ILCs by high expression of genes encoding KIRs, co-inhibitory and co-stimulatory molecules, 

NKG2A, and HLA class II. The ILC1-like cells were the only ILC population displaying hallmarks 

of proliferation in MMR-deficient CRCs.

Conclusions
Our work provides a comprehensive description of heterogeneity of the ILC population 

in MMR-deficient CRCs. Validation of our findings in a large CRC dataset confirmed that 

ILC1-like cells are the dominant ILC subset, which is particularly frequent in MMR-deficient 

samples. These findings suggest an active involvement of ILCs in the recognition of and 

cytotoxicity against MMR-deficient cancers, and holds potential for exploiting ILC1-like cells 

as targets for cancer immunotherapy.
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INTRODUCTION

Colorectal cancer (CRC) is distinguished by an extensive and complex tumor microenvironment 

containing immune cells that impact carcinogenesis and patient prognosis.1 The advent of 

immune checkpoint blockade (ICB) targeting the inhibitory PD-1/PD-L1 and/or CTLA-4 axis 

boosted the anti-tumor potential of cytotoxic T cells, resulting in enhanced immunity via 

recognition of human leukocyte antigen (HLA) class I-bound (neo)epitopes on cancer cells.2-4 

ICB has provided durable clinical responses in patients diagnosed with mismatch repair 

(MMR)-deficient CRCs that present with high mutation burden accompanied by an excess of 

frameshifted neoepitopes.5-10 However, the large majority of these MMR-deficient CRCs lack 

expression of HLA class I, due to inactivating mutations in β2-microglobulin (B2M), the HLA 

class I genes themselves, or other components of the antigen processing pathway.11-14 Hence, 

these tumors may evade CD8+ T cell-mediated immunity. Interestingly, the majority of HLA 

class I-negative MMR-deficient CRCs have shown durable responses to ICB,15 suggesting the 

involvement of other immune cell subsets than CD8+ T cells.

We previously discovered that an unappreciated ILC1-like population (Lin–CD7+CD127–

CD103+CD45RO+) was enriched in MMR-deficient CRCs and showed high cytotoxic 

potential.16 This subset displayed an intraepithelial localization in line with their tissue-resident 

(CD103+CD69+) phenotype.16 ILCs represent a heterogeneous population of innate lymphocytes 

that reside in mucosal tissues such as the intestine where they have important effector and 

regulatory functions in infection, inflammation, and tissue remodeling.17 ILCs lack the expression 

of rearranged T/B cell receptors and can be activated by cytokines and/or through activating and 

inhibitory innate immune receptors.18 They include conventional NK cells as well as ILC1, ILC2, 

and ILC3 cells that display functional characteristics analogous to the main subsets of helper T 

cells. ILC1s express the transcription factor TBX21 (T-bet) and can produce Th1-related cytokines 

such as IFN-γ, like conventional NK cells. ILC2s are GATA3-positive and can secrete Th2-related 

cytokines (IL-4, IL-5, IL-13). Last, ILC3s express the transcription factor RORC (RORγt) and have 

been described to be involved in IL-17 and IL-22 production.19 In contrast to conventional NK 

cells, these ILC subsets display a CD127 (IL-7Rα)-positive phenotype, with the exception of the 

intraepithelial ILC1 subset,20 and do not possess cytotoxic activity.21 Moreover, additional levels 

of plasticity22,23 and heterogeneity24,25 have been described in the ILC classification.

As the intraepithelial ILC1-like (CD127–CD103+CD45RO+) population is, in theory, capable 

of killing cancer cells independently of HLA class I expression, they may be particularly 

important in mediating anti-tumor immune responses in MMR-deficient CRCs, also in the 

therapeutic setting with ICB therapy. Here, we performed single cell-level analysis on the 

entire CD7+CD3–CD127+/– ILC population derived from MMR-deficient CRCs, including 

single-cell RNA-sequencing, flow cytometry, and mass cytometry. We find that the ILC 

compartment in MMR-deficient CRCs is dominated by CD127–CD103+ ILC1-like cells that 

exhibit a transcriptional profile related to cancer immunity.

The ILC compartment in mismatch repair-deficient colorectal cancers is dominated by CD127-negative ILC1-like cells 
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RESULTS

Majority of ILCs in MMR-deficient colorectal cancers are CD127–CD103+ ILC1-like cells
Characterization of the CD7+CD3–CD127+/– ILC population in MMR-deficient CRCs by mass 

cytometric analysis (Figure S1, Table S1, Table S2) showed that the majority of the ILCs that 

infiltrate these tumors lack expression of conventional ILC marker CD127 (IL-7Rα) (Figure 
1A). The majority of the CD7+CD3– cells consisted of CD127–CD103+ ILC1-like cells, followed 

by a CD127–CD103–CD56dim/bright NK-like population, and a minor population of CD127+ 

conventional ILCs (Figure 1A). The majority of CD127–CD103+ ILC1-like cells also expressed 

ectonucleotidase CD39, CD56, and CD45RO, whereas a minor population of CD127–

CD103+CD45RAdim cells was observed (Figure 1A,B). Nevertheless, CD45RA expression was 

mainly detected in the CD127–CD103–CD56dim/bright NK-like population (Figure 1A,B). Last, 

the CD127+ conventional ILCs showed a CD45RA+/– phenotype (Figure 1A,B). Across four 

patients with MMR-deficient CRC, the CD127–CD103+CD45RO+ ILC1-like population was 

the most prevalent constituting up to 75% (average 55%) of the total CD7+CD3–CD127+/– 

ILC population (Figure 1C). In addition to the aforementioned immune cell markers, the 

CD103+ ILC1-like cells also expressed high levels of CD38 and CD69 (Figure 1D).

The CD127+ conventional ILC population showed co-expression of the transcription factor 

GATA3, but not of TBX21 (T-bet), EOMES or RORC (RORγt), indicating an ILC2 phenotype 

(Figure 1E). The CD127–CD103+CD45RO+ population expressed TBX21, in line with their 

ILC1-like phenotype (Figure 1E). Both CD127–CD103+CD45RAdim and CD127–CD103–

CD45RA+ populations showed the co-expression of TBX21 and EOMES, indicative of a 

conventional NK cell phenotype (Figure 1E). Cytotoxic molecules granzyme B and perforin 

were highly expressed by all ILC populations, with the exception of the CD127+ ILC2s (Figure 
1F). NKp44, a marker used to characterize intraepithelial ILC1s,20 was expressed at variable 

levels by the ILC1-like cells (Figure S2). We next investigated the presence of receptors 

recognizing HLA class I molecules. CD94 and NKG2A, able to bind to the non-classical 

HLA-E protein,26 were highly expressed by the ILC1-like cells, and to a lower extent by the NK 

cell-like and ILC2 populations (Figure S2). Killer-cell immunoglobulin-like receptors (KIRs), 

recognizing different HLA class I molecules, were expressed by the ILC1-like and NK cell-like 

populations at variable levels, and to a lower extent by the ILC2 cells (Figure S2).
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Figure 1. Majority of ILCs in MMR-deficient colorectal cancers are CD127–CD103+ ILC1-like cells.
A. t-SNE embedding showing 6.0x104 CD7+CD3– innate lymphoid cells (ILCs) isolated from MMR-deficient CRCs (N=4) 
analyzed by mass cytometry. Colors represent relative expression of indicated immune cell markers. B. t-SNE embedding 
of (A) colored by ILC subsets. C. Circular plot showing the relative frequency of ILC subsets as average percentage 
of total CD7+CD3– ILCs from MMR-deficient CRCs (N=4). D. Expression (ArcSinh5-transformed) of surface markers 
of CD127–CD103+CD45RO+ ILC1-like (orange), CD127–CD103+CD45RAdim ILC1-like (pink), CD127–CD103–CD45RA+ 
NK-like (purple), and CD127+CD103–CD45RA+/– ILC2 (green) cells from MMR-deficient CRCs (N=4). E. Expression 
(ArcSinh5-transformed) of intracellular transcription factors and cytotoxicity markers of CD127–CD103+CD45RO+ 
ILC1-like (orange), CD127–CD103+CD45RAdim ILC1-like (pink), CD127–CD103–CD45RA+ NK-like (purple), and 
CD127+CD103–CD45RA+/– ILC2 (green) cells from MMR-deficient CRCs (N=4).
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We explored the full composition of the ILC compartment in MMR-deficient CRCs, 

independently of CD127 expression, by performing single-cell RNA-sequencing (scRNA-

seq) on ex vivo isolated CD7+CD3–CD127+/– cells (Figure S3, Table S1). As the CD45 

isoforms CD45RA and CD45RO cannot be detected at the RNA level, we included two CITE-

sequencing antibodies against these markers (Figure S3). Transcriptomes were obtained 

from a total of 4270 ILCs and used for further analysis (Figure S3). A patient-specific 

analysis approach was performed to avoid loss of biologically-relevant populations upon 

integrating the scRNA-seq data of the different patients. Three to six distinct ILC clusters were 

identified per patient and visualized by t-SNE (Figure 2A). In each patient, we observed the 

presence of an IL7R+ITGAE– (CD127+CD103–) conventional ILC cluster (except for CRC159), 

IL7R–ITGAE+ (CD127–CD103+) ILC1-like clusters, and IL7R–ITGAE– (CD127–CD103–) NK-like 

clusters (Figure 2A,B). The ILC1-like clusters showed co-expression of CD45RO protein 

(antibody-derived tag, ADT), whereas CD45RA (ADT) protein expression was mainly found 

on the conventional ILC and/or NK-like clusters (Figure 2A,B). In line with the mass and 

flow cytometric data, the majority of the cells consisted of CD103+ ILC1-like cells, followed 

by NK-like cells, and a minor population of conventional ILCs (Figure 2C). Also in line with 

the protein data, the CD127+ conventional ILCs expressed GATA3, confirming their ILC2 

phenotype (Figure S4).

CD127–CD103+ ILC1-like cells exhibit a transcriptional profile related to cancer 
immunity
We next examined what functionally distinguished the different ILC clusters identified 

using differential expression analysis for each patient. Across patients, clusters with similar 

significantly differential expressed genes could be detected (Figure 3A, Figure S5). 

Differentially expressed genes for the CD103+ ILC1-like clusters across patients included 

genes encoding co-inhibitory and co-stimulatory molecules, KIRs, cytotoxicity markers, and 

HLA class II molecules (Figure 3A, Figure S5). As compared to the other populations, the 

CD103+ ILC1-like cells showed high expression of ENTPD1 (CD39), activating receptor KLRB1 

(CD161), inhibitory receptor KLRC1 (NKG2A), and activating receptor NCR2 (NKp44) (Figure 
3B). Genes encoding co-inhibitory (TIGIT, TIM3, LAG3) and co-stimulatory molecules (4-1BB) 

were also expressed mainly by the CD103+ ILC1-like cells (Figure 3B). CD103+ ILC1-like cells 

highly expressed KIRs as compared to the other populations (Figure 3B). Across all patients, 

the most commonly expressed KIR was KIR2DL4, which can bind to HLA-G molecules.27 

Of all ILC populations, the CD103+ ILC1-like cells were the only ones displaying hallmarks 

of proliferation (MKI67+) in MMR-deficient CRCs (Figure 3B).These MKI67+ proliferating 

ILC1-like clusters commonly co-expressed genes encoding co-inhibitory and co-stimulatory 

molecules, KIRs, cytotoxicity markers, and HLA class II molecules (Figure 3B, Figure S5). 

The most frequently expressed interleukin receptors in the CD103+ ILC1-like population 

were IL2RB, and to a lower extent IL2RG, IL4R, IL10RA, and IL21R (Figure S6). Abundant 

expressed interleukin transcripts were IL32, and to a lower extent IL16 (Figure S6). 
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Figure 2. Unbiased, single-cell characterization of ILC populations in MMR-deficient colorectal cancers.
A. t-SNE embedding showing the clustering of CD7+CD3– ILCs isolated from MMR-deficient CRCs (N=5) analyzed 
by single-cell RNA-sequencing per patient. Colors represent functionally distinct ILC clusters (top row) and relative 
expression of indicated genes and proteins (remainder). Each dot represents a single cell. ADT; antibody-derived tag. B. 
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Dot plots showing the relative expression of indicated markers in the clusters identified in (A). Color intensity indicates 
average expression and size of the dot indicates the percentage of cells expressing the gene or protein. ADT; antibody-
derived tag. C. Circular plots showing the frequencies of the distinct ILC clusters identified in (A) as a percentage of 
total CD7+CD3– ILCs per patient.

Differentially expressed genes for the NK-like clusters across patients included genes encoding 

cytotoxicity markers and chemokines (Figure 3A, Figure S5). NK-like cells showed high 

expression of FCG3RA (encoding CD16), NKG7 (NK cell granule protein), KLRD1 (CD94), and 

activating receptors KLRF1 (NKp80), NCR1 (NKp46) and NCR3 (NKp30) (Figure 3B). Both 

ILC1-like and NK-like clusters highly expressed cytotoxic molecules GNLY, GZMB, and PRF1 

as well as proinflammatory cytokine IFNG (Figure 3B). In opposition to CD103+ ILC1-like 

cells, the NK-like cells generally showed lower expression of genes encoding co-inhibitory 

and co-stimulatory receptors and KIRs, and lacked expression of proliferation marker MKI67 

(Figure 3B). The NK-like clusters further distinguished from the other populations by 

high expression of chemokines CCL3 and/or CCL4 (Figure 3B). Interleukin receptor IL2B 

was expressed by the NK-like clusters, but to a lower extent than the CD103+ ILC1-like 

cells (Figure S6). Last, differentially expressed genes for the ILC2 clusters across patients 

included FOS (transcriptional regulation), XCL1 (lymphotactin), KIT (c-kit), LTB (regulation 

of inflammation), SELL (CD62L), and NFKBIA (IκBα) (Figure 3A, Figure S5). The ILC2 

cells generally lacked expression of co-inhibitory and co-stimulatory molecules, KIRs, and 

cytotoxic molecules, with some exceptions (Figure 3B). Further, generally no expression of 

genes encoding chemokines CCL3, CCL4 or CCL5, HLA class II molecules, and proliferation 

marker Ki-67 were found in the ILC2s (Figure 3B). Importantly, the majority of the entire ILC 

population in MMR-deficient CRCs lacked expression of co-inhibitory receptors and immune 

checkpoint molecules PDCD1 (PD-1) and CTLA4, both at the RNA and protein level (Figure 
3B, Figure S7). Taken together, as compared to NK-like cells, the ILC1-like cells specifically 

express genes encoding CD103, CD39, CD161 and NKG2A, more frequently express genes 

encoding co-inhibitory and co-stimulatory molecules, KIRs and HLA class II, and display 

hallmarks of proliferation in MMR-deficient CRCs.
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Figure 3. CD127–CD103+ ILC1-like cells exhibit a transcriptional profile related to cancer immunity.
A. t-SNE embedding showing the clustering of CD7+CD3– ILCs from MMR-deficient CRC 96 (N=1293), CRC 134 
(N=288), CRC 154 (N=502), CRC 159 (N=1059), and CRC 167 (N=1188) analyzed by single-cell RNA-sequencing. The 
top ten differentially expressed genes of the distinct ILC clusters are shown in Figure S5. Colors indicate functionally 
distinct categories of ILC subsets. Each dot represents a single cell. B. Dot plots showing the relative expression of 
indicated genes in the clusters identified in (A). Color intensity indicates average expression and size of the dot 
indicates the percentage of cells expressing the gene. Background colors indicate functionally distinct categories of 
ILC subsets as in (A).

Last, we validated our findings in a publicly available scRNA-seq cohort28 consisting of MMR-

deficient CRCs, MMR-proficient CRCs, and adjacent healthy tissues. This dataset confirmed 

that the majority of the ILC population consisted of ILC1-like cells that were particularly 

abundant in MMR-deficient CRCs, in line with our observations (Figure 4A-C).
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Figure 4. Validation of the abundance and transcriptional profile of CD127–CD103+ ILC1-like cells in an 
independent CRC cohort.
A. t-SNE embedding showing the clustering of CD7+CD3δ– ILCs (N=10660) from MMR-deficient CRCs (N=35), MMR-
proficient CRCs (N=29), and adjacent healthy tissues (N=36) obtained from the single-cell RNA-sequencing dataset of 
Pelka et al.28. The top ten differentially expressed genes of the distinct ILC clusters are shown in Figure S9. Each dot 
represents a single cell. B. Dot plots showing the relative expression of indicated genes in the clusters identified in (A). 
Color intensity indicates average expression and size of the dot indicates the percentage of cells expressing the gene. 
C. Prevalence of the clusters identified in (A) among MMR-deficient CRCs, MMR-proficient CRCs, and adjacent healthy 
tissues shown as percentage of total cells.

DISCUSSION

In this work, we provide an unbiased, single-cell characterization of CD7+CD3–CD127+/– ILCs 

from MMR-deficient CRCs. We defined biological heterogeneity within the ILC population 

through scRNA-seq, flow cytometry, and mass cytometry on thousands of individual ILCs, 

independently of CD127 expression. Unsupervised clustering of ILCs distinguished ILC1-like 

(CD127–CD103+), NK-like (CD127–CD103–), and conventional ILC (CD127+CD103–) subsets 

across different patients, and we defined the similarities and differences between these ILC 

subsets. Specifically, we showed that i) the major ILC population in MMR-deficient CRCs 

consisted of CD127–CD103+ ILC1-like cells, ii) these ILC1-like cells specifically expressed 

CD39, CD45RO, and transcription factor T-bet, iii) high expression of genes encoding KIRs, 

co-inhibitory and co-stimulatory molecules, NKG2A, and HLA class II distinguished the ILC1-

like cells from NK-like cells and conventional ILCs, and iv) the ILC1-like cells are actively 

proliferating in MMR-deficient CRCs.

The role of ILCs in colorectal cancer immunity and immunotherapy remains largely unclear. 

Recent single-cell transcriptome characterizations specifically focused on the Lin–CD127+ 

compartment in healthy and malignant colorectal tissue.29,30 Here, we aimed to characterize 

the entire CD7+CD3– ILC compartment, independently of CD127 expression, in MMR-

deficient CRCs. Our results revealed that the CD127+ conventional ILC population is a 

relative small subset of the total ILC population in CRC tissues, whereas CD127–CD103+ 
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ILC1-like cells and CD127–CD103– NK-like cells are present in larger frequencies. Such 

intraepithelial ILC1-like cells have been described to be found in solid tumors, resembling 

the ones described in the mass cytometry study of lung and colorectal tumors of Simoni et 

al.31 In line with their study, NKp44, a marker used to characterize intraepithelial ILC1 cells,20 

was not or infrequently observed on the ILC1-like cells in CRC tissues (Figure S2). We found 

that the CD103+ ILC1-like cells could express IL2RB and, to a lower extent, IL2RG, known to 

transduce signals by IL-15 in addition to IL-2. IL-15 is a common γ-chain cytokine that can 

be expressed by epithelial cells and is critical for the maintenance of intestinal intraepithelial 

lymphocytes,32 in line with their intraepithelial localization. In contrast to the study of Simoni 

et al. that reported a low expression of cytotoxic granule components,31 we did observe 

that the CD103+ ILC1-like cells exhibited a high expression of cytotoxic molecules and IFN-γ. 

Cytotoxicity and tumor-specific expansion of CD127–CD103+ ILC1-like cells have been shown 

in murine cancer models, which contrasted the lack of cytotoxicity in the distinct population 

of CD127+CD103– conventional ILC1.33 We found consistent co-expression of CD103, CD39 

and CD45RO on the ILC1-like population, implying that these markers can be used to identify 

the cells. In our study, the CD103+ ILC1-like populations appeared to be transcriptionally 

distinct but related to conventional NK cells, as has been described before,31,34 with regard to 

expression of activating and/or inhibitory innate immune receptors and cytotoxicity markers. 

In addition, the CD103+ ILC1-like cells showed characteristics of tissue-resident cytotoxic 

T cells in terms of expression of tissue-residency markers, co-inhibitory and co-stimulatory 

molecules, cytotoxicity markers, and the expression of transcripts encoding variable regions 

of the TCR. We found gene expression of CD3ε as well as TRCδ, TRCα, and TCRβ by the ILCs 

(Figure S8), in line with what others have reported.35-37 TCR rearrangement and clonality of 

the ILCs will be subject of future studies.

Although previous studies in murine models reported on PD-1 and/or CTLA-4 expression 

on NK cells and ILC2s in other cancer types and their subsequent involvement in mediating 

responses to PD-1/PD-L1 blockade,38-40 the majority of CD7+CD3– ILCs in MMR-deficient 

CRCs lacked expression of immune checkpoint molecules PD-1 and CTLA-4. This highlights 

the need to further investigate the contribution of ILCs in response to PD-1/PD-L1 blockade 

immunotherapy in human cancer and the involvement of other immune cells such as CD4+ T 

cells. We found that the ILC1-like cells express high levels of HLA class I-binding receptors KIRs, 

CD94, and NKG2A, which may sense the lack of HLA class I expression on the cancer cells. 

KIR2DL4 was the most frequently expressed KIR across all five patients, and has been shown 

to function as an activating receptor involved in cytokine and chemokine secretion of which 

the sole ligand known is HLA-G27. CD94/NK2G2A is an inhibitory receptor able to bind to the 

non-classical HLA-E protein,26,41 suggesting that blocking NKG2A may result in an increased 

effector function of the CD103+ ILC1-like cells, which will be tested in future functional studies. 

Last, the expression of HLA class II by CD103+ ILC1-like cells may suggest that these cells have 

antigen-presenting properties, an interesting direction for further exploration.

Our study is limited with respect to the unraveling of heterogeneity within the CD127+ 

conventional ILC population, as these cells were present at low frequencies (average 9.7% 
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of the total CD7+CD3– population; Figure 1C). The CD127+ ILCs were positive for GATA3, 

indicating an ILC2 phenotype, in line with other studies on ILC2s in CRC.29 No RORγt+ ILC3s 

could be detected in our cohort of MMR-deficient CRCs, while we detected an ILC3 cluster 

in the dataset of Pelka et al.28 that was mainly derived from adjacent healthy tissues. Previous 

studies reported on remarkably decreased ILC3 populations in colorectal tumor tissues,29,42-44 

albeit being present at high frequencies in healthy colon tissues.30,31,42 Studies have shown 

plasticity of ILC3s into ILC1-like cells driven by the presence of cytokines such as IL-12, IL-

23, TGF-β in the microenvironment of CRCs.22,45 In addition, ILC1-like phenotypes could 

emerge from NK cell differentiation driven by TGF-β signaling in murine cancer models.46 It 

remains to be determined what the precursor of the CD103+ ILC1-like cells is in colorectal 

tumors and whether they can further differentiate into other ILC populations depending on 

environmental signals. In general, the conventional CD127+ ILCs in our study did not show 

expression of cytotoxic molecules both at the transcriptome and protein level, in line with 

what others found.17 We will examine the localization and interacting cells of the different 

ILC populations with imaging mass cytometry. The expression of intracellular CD3ε and TCRs 

complicates the detection of these cells in tissues. We found that the ILCs lacked expression 

of (intracellular) CD3δ, a marker we are currently employing to pinpoint the cells by imaging 

mass cytometry in colorectal tumors with and without HLA class I expression, accompanied 

by functional studies.

In conclusion, this study provides a comprehensive description of heterogeneity of the ILC 

population in MMR-deficient CRCs. Our results point toward an active involvement of ILCs 

in the recognition of and cytotoxicity against MMR-deficient cancers. Our findings may 

facilitate the exploitation of ILC1-like cells as targets for cancer immunotherapy, and thereby 

broadening the potential of tumor-resident immune cell populations.
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METHODS

Patient samples
Primary CRC tissues (N=10) were from a total of nine patients with CRC undergoing surgical resection 
of their tumor at the Leiden University Medical Center (LUMC, the Netherlands) (Table S1). All patients 
were treatment-naïve, and did not have a previous history of inflammatory bowel disease. One patient 
was diagnosed with multiple primary colorectal tumors at different locations, two of which were 
included in this study. All patients included in this study provided written informed consent. The study 
was approved by the Medical Ethical Committee of the Leiden University Medical Center (protocol 
P15.282). All specimens were anonymized and handled according to the ethical guidelines described 
in the Code for Proper Secondary Use of Human Tissue in the Netherlands of the Dutch Federation of 
Medical Scientific Societies.

Processing of colorectal cancer tissues
Details on the processing of primary CRC tissues have been described previously.16 Briefly, macroscopic 
sectioning from the lumen to the most invasive area of the tumor was performed. Tissue specimens 
were collected in IMDM+Glutamax medium (Gibco) with 20% fetal calf serum (FCS) (Sigma-Aldrich), 
1% pen/strep (Gibco) and fungizone (Gibco), and 0.1% ciprofloxacin (provided by apothecary LUMC) 
and gentamicin (Invitrogen). Tissues were minced into small fragments in a petri dish, followed by 
enzymatical digestion with 1 mg/mL collagenase D (Roche Diagnostics) and 50 µg/mL DNase I 
(Roche Diagnostics) in 5 mL IMDM+Glutamax medium for 30 min at 37°C in gentleMACS C tubes 
(Miltenyi Biotec). Cell suspensions were dissociated mechanically during and after incubation using 
the gentleMACS Dissociator (Miltenyi Biotec). Thereafter, cell suspensions were filtered through a 70-
µm cell strainer (Corning) and washed in IMDM+Glutamax medium with 20% FCS, 1% pen/strep, 
and 0.1% fungizone. Cell count and viability were determined with the Muse Count & Viability Kit 
(Merck) on the Muse Cell Analyzer (Merck), and cells were cryopreserved in liquid nitrogen based on 
the number of viable cells in IMDM+Glutamax medium complemented 1:1 with 80% FCS and 20% 
dimethyl sulfoxide (DMSO) (Merck).

Immunohistochemical detection of MMR, β2m, and HLA class I
MMR status of CRC tissues was examined by immunohistochemical staining of PMS2 (anti-PMS2 
antibodies; clone EP51, DAKO) and MSH6 (anti-MSH6 antibodies; clone EPR3945, Abcam) proteins.47 
Tumor samples showing the lack of expression of at least one of the MMR-proteins in the presence of 
an internal positive control were defined as MMR-deficient. Further, β2m expression on CRC tissues was 
determined by immunohistochemical staining of β2m (anti-β2m antibodies; clone EP2978Y, Abcam). 
Last, immunohistochemical staining of HLA class I expression on CRC tissues was performed with HCA2 
and HC10 monoclonal antibodies (Nordic-MUbio), and classified as HLA class I positive, weak, or loss 
as described previously.14

Mass cytometry staining and data analysis
Mass cytometric analysis was performed on four MMR-deficient CRC tissues with an antibody panel 
of 44 immune cell markers covering immune lineage markers, differentiation/activation markers, co-
inhibitory and co-stimulatory molecules, adhesion molecules, transcription factors, and cytotoxicity 
markers (Table S2). Briefly, single-cell suspensions were thawed and Percoll (GE Healthcare) density-
gradient centrifugation was performed to isolate immune cells. Cells were washed in Maxpar Cell 
Staining Buffer complemented with EDTA (CSB, Fluidigm) and counted. Up to 3 million cells of each 
sample were incubated with 1 mL CSB containing 1 μM Cell-ID intercalator-103Rh (Fluidigm) for 15 min 
at room temperature (rT) to discriminate live from dead cells. Cells were washed in CSB, incubated with 
human Fc receptor block (BioLegend) for 10 min at rT, and stained with a cell-surface antibody cocktail 
for 45 min at rT in a final volume of 100 μL (Table S2). Thereafter, intracellular staining was performed 
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with Fixation Buffer and Intracellular Staining Permeabilization Wash Buffer (BioLegend) and stained 
with an intracellular antibody cocktail for 30 min at rT. Cells were washed once in Perm buffer and twice 
in CSB, followed by incubation with 1 mL Maxpar Fix and Perm buffer (Fluidigm Sciences) containing 
0.125 μM Cell-ID intercalator-Ir (Fluidigm) overnight at 4°C to discriminate singlets from doublets. The 
next day, cells were washed three times in CSB, and one time in de-ionized water immediately prior to 
data acquisition. Cells were acquired on a Helios mass cytometer (Fluidigm) at an event rate of <500 
events/sec in de-ionized water containing 10x diluted EQ Four Element Calibration Beads (Fluidigm). 
Data were normalized with the normalization passport EQ-P13H2302_ver2 for each experiment.
Normalized FCS files were analyzed in FlowJo (version 10.6.1, Tree Star Inc). Data were checked for 
quality of staining and gated for live, single, CD45+ cells using 191/193Ir DNA intercalator, CD45, event 
length, center, width, residual, 103Rh DNA intercalator, and 140Ce bead channels (gating strategy 
shown in Figure S1). Next, we specifically exported the CD7+CD3– gate for each sample as FCS file for 
downstream analysis (Figure S1). CD7+CD3– cells were hyberbolic ArcSinh transformed with a cofactor 
of 5, sample-tagged, and subjected to dimensionality reduction analysis in the Cytosplore software48.

Sorting of ILCs from colorectal cancers for immunophenotyping and cell culturing
CD7+CD3–CD127+/– ILCs were sorted from MMR-deficient CRC tissues of six patients by FACS for 
immunophenotyping and cell culture (gating strategy shown in Figure S2). Cells were thawed, rest 
at 37°C in IMDM+L-glutamine (Lonza)/10% nHS for 1h, and washed in FACS buffer (PBS/1% FCS). 
Thereafter, cells were incubated with human Fc receptor block (BioLegend) and stained with the 
following cell surface antibodies: 1:20 anti-CD7-V450 [clone M-T701, BD Biosciences], 1:25 anti-CD3-
Am Cyan [clone SK7, BD Biosciences] or 1:50 anti-CD3-PE [clone SK7, BD Biosciences], 1:20 anti-
CD127-FITC [clone A019D5, Sony] or 1:150 anti-CD127-PE-Cy7 [clone A01905, BioLegend], 1:20 anti-
CD45RO-PerCP-Cy5.5 [clone UCHL1, Sony], 1:20 anti-CD45RA-PE/Dazzle [clone HI100, Sony] or 1:30 
anti-CD45RA-FITC [clone L48, BD Biosciences], and 1:150 anti-CD56-APC-R700 [clone NCAM16.2, BD 
Biosciences] for 45 min at 4°C together with different additional antibodies for immunophenotyping 
(including 1:200 anti-CD94-BV605 [clone HP-3D9, BD Biosciences], 1:20 anti-NKp44-PE [clone 253415, 
R&D Systems], 1:60 anti-CD39-APC [clone A1, BioLegend], 1:30 anti-NKG2A-APC [clone z199, Beckman 
Coulter], 1:150 anti-DNAM-1-BV510 [clone DX11, BD Biosciences], 1:10 anti-KIR3DL2-PE [clone 
#539304, R&D Systems], 1:10 anti-KIR2DL4-PE [clone #181703, R&D Systems], 1:50 anti-KIR2DL1/
DS1-PE [clone EB6, Beckman Coulter], 1:40 anti-KIR2DL3-PE [clone GL183, Beckman Coulter], 1:20 
anti-KIR3DL1/DS1-PE [clone Z27, Beckman Coulter], and 1:40 anti-KIR2DS4-PE [clone FES172, Beckman 
Coulter]. To discriminate live from dead cells, a live/dead fixable near-infrared viability dye (1:1000, Life 
Technologies) was included in each staining. Cells were washed three times in FACS buffer before sorting 
the cells on a FACS Aria III 4L (BD Biosciences). CompBeads (BD Biosciences) and ArC reactive beads 
(Life Technologies) were used for compensation controls. The ILCs were sorted in IMDM+L-glutamine 
medium containing feeder cells (1x106/mL), PHA (1 µg/mL; Thermo Fisher Scientific), gentamicin (50 
µg/mL), and fungizone (0.5 µg/mL), and different cytokine mixes with: IL-2 (100 IU/mL and 500 IU/mL; 
Novartis), IL-15 (10 ng/mL; R&D Systems), IL-7 (10 ng/mL; Peprotech), IL-21 (10 ng/mL; Gibco), TNF-α 
(10 ng/mL; Peprotech), SCF (25 ng/mL; Miltenyi). The cytokine mixes tested included i) SCF (25 ng/mL), 
IL-2 (10 CU/mL), IL-7 (25 ng/mL) with feeder cells and PHA (1 µg/mL), ii) OP9-DL1 cells with SCF (25 ng/
mL), IL-2 (10 CU/mL), IL-7 (25 ng/mL), iii) IL-2 (10 CU/mL) and IL-15 (10 ng/mL) with feeder cells and PHA 
(1 µg/mL), iv) TCGF (10%), IL-7 (10 ng/mL), IL-15 (10 ng/mL), IL-21 (10 ng/mL), TNF-α (10 ng/mL) with 
feeder cells/PHA (1 µg/mL) and EBV, and v) TCGF (10%), IL-7 (10 ng/mL), IL-15 (10 ng/mL), IL-21 (10 ng/
mL), TNF-α (10 ng/mL) with feeder cells and PHA (1 µg/mL). During and after 3-4 weeks expansion, the 
purity and phenotype of the ILCs were assessed by flow cytometry.

Sorting of ILCs from colorectal cancers for single-cell RNA-sequencing
CD7+CD3–CD127+/– ILCs were sorted from MMR-deficient CRC tissues of five patients by FACS and 
processed for single-cell RNA-sequencing (scRNA-seq). Hashtag oligo (HTOs) antibodies were included 
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for sample ID, and antibody-derived tags (ADTs) for CD45RA and CD45RO protein expression using 
CITE-seq49 (Figure S3), as described previously.50 In short, cell suspensions were thawed, rest at 37°C 
in IMDM (Lonza)/20% FCS for 1h, and washed in FACS buffer (PBS (Fresenius Kabi)/1% FCS). Cells 
were subsequently incubated with human Fc receptor block (BioLegend) for 10 min at 4°C. Thereafter, 
cells were stained with the following cell surface antibodies: 1:160 anti-CD45-PerCP-Cy5.5 [clone 2D1, 
eBioscience], 1:50 anti-CD3-PE [clone SK7, BD Biosciences], 1:200 anti-CD7-APC [clone 124-1D1, 
eBioscience], 1:60 anti-EPCAM-FITC [clone HEA-125, Miltenyi], and 1:80 anti-TCRγδ-BV421 [clone 
11F2, BD Biosciences]. In parallel, the following ADTs for CD45RA and CD45RO were added in the 
antibody mix: 1 µg of TotalSeq-C anti-CD45RA (clone HI100, BioLegend) and 1 µg of anti-CD45RO 
(clone UCHL1, BioLegend), together with the following HTOs: 0.5 µg of a unique TotalSeq-C CD298/
β2M hashtag antibody (clone LNH-94/2M2, BioLegend) for each sample (N=5) for 30 min at 4°C. To 
discriminate live from dead cells, a live/dead fixable near-infrared viability dye (1:1000, Life Technologies) 
was included in each staining. Cells were washed three times in FACS buffer before sorting the cells. 
CompBeads (BD Biosciences) and ArC reactive beads (Life Technologies) were used for compensation 
controls. Single, live EPCAM–CD45+CD7+CD3– cells were sorted on a FACS Aria III 4L (BD Biosciences). 
After sorting, the samples were pooled in FACS buffer, washed, and resuspended in PBS with 0.04% 
BSA at a concentration of 1,000 cells/µL for downstream application.

Single-cell RNA-sequencing data analysis
Libraries were prepared using the Chromium Single Cell 5’ Reagent Kit v1 chemistry (10X Genomics), 
following the manufacturer’s instructions, and sequenced on a HiSeq X Ten using paired-end 2x150 
bp sequencing (Illumina) as described previously.50 Briefly, reads were aligned to the human reference 
genome (GRCh38) and quantified using Cell Ranger (version 3.1.0). Seurat (version 4.0.4)51 was used for 
downstream analysis. Cells with less than 200 detected genes and genes expressed in less than six cells 
were excluded, resulting in a dataset of 5748 cells. These were demultiplexed based on HTO enrichment 
using the MULTIseqDemux algorithm52, resulting in 4755 cells excluding doublet and negative HTOs. 
Next, a patient-specific analysis approach was performed were cells with a mitochondrial gene content 
greater than 10% and cells with outlying numbers of expressed genes (>3000) were filtered out for each 
patient. Transcriptomes from 1293 cells (HTO1), 228 cells (HTO6), 502 cells (HTO7), 1059 cells (HTO8), 
and 1188 cells (HTO9) were used for further analysis (Figure S3). Data normalization was performed 
using the ‘LogNormalize’ function with scale factor 10,000. The ‘FindVariableFeatures’ function was 
used to identify 2,000 variable features in the data. Data were scaled and heterogeneity associated 
with mitochondrial contamination was regressed out. Next, PCA was run on the scaled data and the 
optimal number of dimensions was determined for each patient individually. Clustering was performed 
with the ‘FindNeighbors’ and ‘FindClusters’ functions, where the optimal resolution parameter was 
set for each patient individually. Non-linear dimensional reduction with t-SNE53 and uniform manifold 
approximation (UMAP)54 were used to visualize the cells. Differentially expressed genes were identified 
with the ‘FindAllMarkers’ function with min.pct and logfc.threshold at 0.25.

Validation in a publicly available single-cell RNA-sequencing CRC dataset
We validated our findings in the publicly available scRNA-seq CRC dataset of Pelka et al.28 consisting of 
MMR-deficient CRC (N=35), MMR-proficient CRC (N=29), and adjacent healthy tissue (N=36). Briefly, 
cells of main partition T/NK/ILC were extracted for all samples. In Seurat (version 4.0.3), CD7+CD3δ– cells 
were selected and re-clustered with resolution parameter 0.4. Non-linear dimensional reduction with 
t-SNE was used to visualize the clustered cells. Differentially expressed genes were identified with the 
‘FindAllMarkers’ function with min.pct and logfc.threshold at 0.25.
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SUPPLEMENTAL FIGURES

Figure S1. Mass cytometry gating strategy for the ILC population from MMR-deficient colorectal cancers.
Mass cytometry gating strategy for single, live CD45+CD7+CD3– ILCs of a representative MMR-deficient colorectal 
cancer sample showing sequential gates with percentages.
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Figure S2. Flow cytometry gating strategy and frequencies of NKp44 and HLA class I-binding receptors on 
ILC subsets from MMR-deficient colorectal cancers.
A. Flow cytometry gating strategy for CD127–CD45RO+ ILC1-like (orange), CD127–CD45RA/ROdim ILC1-like 
(pink), CD127–CD45RA+ NK-like (purple), and CD127+CD45RA+/– ILC2 (green) cells showing sequential gates with 
percentages. B. Frequencies of NKp44 and HLA class I-binding receptors among CD127–CD45RO+ ILC1-like (orange), 
CD127–CD45RA/ROdim ILC1-like (pink), CD127–CD45RA+ NK-like (purple), and CD127+CD45RA+/– ILC2 (green) cells 
as percentage of total ILCs from MMR-deficient CRCs ex vivo (N=2-3) by flow cytometry. Marker frequencies for 
ILC2s (green) were only included when >100 cells were present. Bars indicate the median with IQR. Data from five 
independent experiments.
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Figure S3. Gating strategy and experimental design for single-cell RNA-sequencing of the ILC population 
from MMR-deficient colorectal cancers.
A. FACS gating strategy for single, live CD45+EpCAM–CD7+CD3– ILCs of a representative MMR-deficient colorectal 
cancer sample showing sequential gates with percentages. B. Experimental design of the single-cell RNA-sequencing 
study with HTO- and CITE-sequencing antibodies performed on CD7+CD3– cells isolated from MMR-deficient CRCs 
(N=5). C. Table showing the number of CD7+CD3– cells isolated from MMR-deficient CRCs at the time of sorting versus 
the number of cells in the single-cell RNA-sequencing analysis, and the fraction thereof.
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Figure S4. Transcription factor analysis of ILCs from MMR-deficient colorectal cancers by single-cell RNA-
sequencing and mass cytometry.
A. t-SNE embedding showing the relative expression of indicated markers on CD7+CD3– ILCs isolated from MMR-
deficient CRCs (N=5) analyzed by single-cell RNA-sequencing (scRNA; gene expression) per patient, and as compared 
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to mass cytometry (CyTOF; protein expression) for two paired samples. Colors represent relative expression of indicated 
genes (scRNA) and proteins (CyTOF). Each dot represents a single cell. B. Dot plots showing the relative expression of 
indicated genes in the clusters identified in Figure 2. Color intensity indicates average expression and size of the dot 
indicates the percentage of cells expressing the gene.
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Figure S5. Distinct ILC clusters in MMR-deficient colorectal cancers by single-cell RNA-sequencing.
A. Heatmap showing the normalized single-cell gene expression value (z-score, purple-to-yellow scale) for the top 10 
differentially expressed genes in each identified CD7+CD3– ILC cluster for MMR-deficient CRC 96 (N=1293 cells). Color 
bar at the top represents functionally distinct categories of ILC subsets. B. As (A), but for MMR-deficient CRC 134 
(N=228 cells). C. As (A), but for MMR-deficient CRC 154 (N=502 cells). D. As (A), but for MMR-deficient CRC 159 
(N=1059 cells). E. As (A), but for MMR-deficient CRC 167 (N=1188 cells).
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Figure S6. Transcriptional profiles of interleukin receptors and interleukins by ILCs from MMR-deficient 
colorectal cancers.
Dot plots showing the relative expression of indicated genes in the clusters identified in (Figure 3A). Color intensity 
indicates average expression and size of the dot indicates the percentage of cells expressing the gene. Background 
colors indicate functionally distinct categories of ILC subsets as in (Figure 3A). Interleukin receptor and interleukin 
transcripts with a median percentage of at least 1% of positive ILCs (N=4270) were included.
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Figure S7. Mass cytometric versus transcriptional profiles of immune cell markers on ILCs in MMR-deficient 
colorectal cancers.
A. t-SNE embedding showing the relative expression of indicated immune cell markers on CD7+CD3– ILCs analyzed 
by mass cytometry (CyTOF, N=2035) as compared to CD7+CD3– ILCs analyzed by single-cell RNA-sequencing (scRNA, 
N=502) isolated from MMR-deficient CRC 154. Colors represent relative expression of indicated genes (scRNA) and 
proteins (CyTOF). Each dot represents a single cell. B. As (A), but for CD7+CD3– ILCs analyzed by mass cytometry 
(CyTOF, N=3256) as compared to CD7+CD3– ILCs analyzed by single-cell RNA-sequencing (scRNA, N=1188) isolated 
from MMR-deficient CRC 167.
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Figure S8. Transcriptional profiles of CD3 and T cell receptors by ILCs from MMR-deficient colorectal cancers. 
A. Dot plots showing the relative expression of indicated genes in the clusters identified in (Figure 3A). Color intensity 

indicates average expression and size of the dot indicates the percentage of cells expressing the gene. Background 

colors indicate functionally distinct categories of ILC subsets as in (Figure 3A). B. Frequencies of CD3, γδ-TCR, and 

αβ-TCR gene expression among all ILCs (N=4270) as percentage of positive cells from MMR-deficient CRCs (N=5). Bars 

indicate the median with IQR.
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Figure S9. Distinct ILC clusters in MMR-deficient and -proficient colorectal cancers and adjacent healthy 
tissues by single-cell RNA-sequencing.
Heatmap showing the normalized single-cell gene expression value (z-score, purple-to-yellow scale) for the top 10 

differentially expressed genes in each identified cluster from Figure 4 of CD7+CD3δ– ILCs (N=10660) from MMR-

deficient CRCs (N=35), MMR-proficient CRCs (N=29), and adjacent healthy tissues (N=36) obtained from the single-cell 

RNA-sequencing dataset of Pelka et al.28.
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SUPPLEMENTAL TABLES

The supplementary tables are available in the appendix to this thesis at the repository of 

Leiden University (https://hdl.handle.net/1887/3439882) and can be requested from the 

author.

Table S1: Characteristics of clinical samples from patients with MMR-deficient 
colorectal cancer included in the study.
Table S2: Antibodies used for mass cytometry experiments.
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