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Significance

This work identifies an innate 
lymphoid cell subset 
(Tbet+NK1.1−) which possesses 
antitumor function in both 
experimental murine models of 
cancer and in human cancers. 
This immune arm can be 
harnessed for enhancing 
checkpoint inhibitor therapy in 
patients with solid cancers. The 
biggest challenge in solid cancers 
is to identify patients who benefit 
from checkpoint therapies, and 
we are still unable to define this 
population. Tbet+NK1.1− innate 
lymphoid cells (ILCs) within 
cancers is the missing link that 
can define checkpoint therapy 
success in cancers such as 
melanoma and cutaneous 
squamous cell carcinoma.
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Innate lymphoid cells (ILCs) play a key role in tissue-mediated immunity and can be con-
trolled by coreceptor signaling. Here, we define a subset of ILCs that are Tbet+NK1.1− and 
are present within the tumor microenvironment (TME). We show programmed death-1 
receptor (PD-1) expression on ILCs within TME is found in Tbet+NK1.1− ILCs. PD-1 
significantly controlled the proliferation and function of Tbet+NK1.1− ILCs in multiple 
murine and human tumors. We found tumor-derived lactate enhanced PD-1 expression on 
Tbet+NK1.1− ILCs within the TME, which resulted in dampened the mammalian target 
of rapamycin (mTOR) signaling along with increased fatty acid uptake. In line with these 
metabolic changes, PD-1-deficient Tbet+NK1.1− ILCs expressed significantly increased 
IFNγ and granzyme B and K. Furthermore, PD-1-deficient Tbet+NK1.1− ILCs contrib-
uted toward diminished tumor growth in an experimental murine model of melanoma. 
These data demonstrate that PD-1 can regulate antitumor responses of Tbet+NK1.1− ILCs 
within the TME.

ILC | melanoma | PD-1 | cSCC

Innate lymphoid cells (ILCs) are counterparts of CD4+ helper T (Th) cells with diverse 
phenotypes and functions that mirror their respective Th effector subsets (1). ILCs are 
classified into three groups, with natural killer (NK) cells and lymphoid tissue-inducing 
cells being the first to be identified. In recent years, this family of ILCs has expanded and 
recent nomenclature has classified them into three groups that mirror respective T effector 
cell lineages (1): Group 1 ILCs include NK cells and non-NK cells, constitutively expressing 
the transcription factor T-bet and respond to type 1 cytokines, namely IL-12, IL-15, and 
IL-18 by producing IFNγ and TNFα (2–4). The expression of Eomes within group 1 ILCs 
further enables the differentiation between NK cells and helper-like ILC-1s (5, 6). Mostly, 
ILC-1s are defined as Lin-NKp46+NK1.1+CD49a+CD49b− cells while NK cells are iden-
tified as subsets that are CD49b+. However, significant redundancies occur within ILC-1s 
which renders their classification difficult within biological systems in mice and humans. 
Unlike Group 1 ILC, Group 2 ILCs are marked by the transcription factor GATA3 (7–10). 
Group 3 ILCs express the transcription factor RORγt and produce cytokines IL-17 and/
or IL-22 and can be further divided based on NKp46 expression (11–18).

The role of NK cells in eradicating tumors has been well established, but the function 
of helper like ILC-1s within the tumor microenvironment (TME) is yet to be fully under-
stood, with implications in pro-tumorigenic effects (19). The function of group 2 ILCs 
in pro- and anti-tumorigenic responses has also been explored by a number of reports 
(20–25). Similarly, IL-22-expressing ILC-3s have been implicated in protumor responses 
in bacteria-induced colon cancer (26, 27). Conversely, antitumor effects of ILC-3s have 
been demonstrated in a model of malignant melanoma (28). This antitumor function in 
melanoma is driven by IL-12, which in turn induces T-bet expression in ILC-3s, resulting 
in the development of T-bet+ “ex-ILC-3s” that resemble ILC-1s in phenotype. Despite 
inconsistencies, emerging literature suggests that the function of ILCs within the TME 
is dependent on the tissue microenvironment and cytokine availability (29).

While cytokine-mediated regulation of ILCs has been widely investigated, the role of 
coreceptors in regulating ILC function has been limited. The expressions of several core-
ceptors on ILCs have been reported but in the absence of an antigen receptor; several 
questions remain with respect to the functional consequence of coreceptor expression 
within ILC biology. Despite this lack of knowledge, the expression of these coreceptors 
provides an avenue for boosting ILC responses in cancer (30). The myriad of coreceptors 
expressed on ILC include inducible T cell costimulatory (ICOS) and the ligand (ICOS-L) 
(31), programmed cell death-1 receptor (PD-1) (32) and its ligand PD-L1 (33), 
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glucocorticoid-induced tumor-necrosis-factor-receptor-related pro-
tein (GITR) and its ligand GITR-L, Killer cell lectic-like receptor 
G1 (KLRG1), T-cell immunoglobulin domain and mucin domain 
3, lymphocyte-activation gene 3, B and T lymphocyte attenuator, 
cytotoxic T-lymphocyte antigen-4, and OX40 ligand. The expres-
sion pattern of these coreceptors on ILCs within the TME has 
been comprehensively reviewed in refs. 34 and 35.

Recent literature has identified a role for PD-1 in ILC-2 regu-
lation, in the presence of exogenous IL-33, within the TME (25, 
36) but whether PD-1 has an intrinsic function in the absence of 
exogenous IL-33 on ILC subsets within the TME is not clear. In 
murine tumors, PD-1 expression is marginally up-regulated (5%) 
in ILC-1s (19) and a similar expression pattern is noted in infil-
trating breast and gastrointestinal (GI) tumors (30). In human 
hepatocellular carcinomas, (37) PD-1 expression is increased in 
all ILC subsets, but a functional role was not identified. Hence, 
while the expression of PD-1 on tumor ILC-1s has been exten-
sively reported, several questions remain; namely, whether tumor 
alarmins drive PD-1 expression and whether PD-1 intrinsically 
inhibits antitumor function of ILCs within the TME in the 
absence of exogenous IL-33. Similarly, expression of coinhibitory 
receptors such as CTLA4, TIGIT, LAG3, and TIM3 on ILCs is 
reported within the TME, but a functional role for these inhibi-
tory receptors on ILC function is yet to be elucidated (19).

In this study, we sought to investigate whether PD-1 regulated 
ILC subsets in the TME, in the absence of additional exogenous 
IL-33. Using an unbiased scRNA-seq approach, we found that there 
was an increase in NK1.1−Tbet+ cells within the TME that was 
controlled by PD-1. This population, despite expressing type 1 sig-
nature of ILCs, did not express NKp46 or NK1.1 proteins as meas-
ured by AbSeq antibodies. We found that the NK1.1−Tbet+ 
population could be identified in both WT and PD-1-deficient mice 
in steady state. In tumors, PD-1 deficiency resulted in a significant 
increase in the frequency of NK1.1−Tbet+ cells. We found this subset 
up-regulated PD-1 in the presence of tumor-derived lactate and 
PD-1 upregulation significantly down-regulated the mammalian 
target of rapamycin (mTOR)-mediated proliferation of this subset 
within the TME. Taken together, this work defines a subset of 
NK1.1−Tbet+ ILCs within the TME that is regulated by PD-1.

Results

PD-1 Expression Is Noted within T-bet+ ILCs Subpopulations 
in Tumor. The role of PD-1 in exogenous IL-33-driven ILC-2 
antitumor responses has been reported in models of pancreatic 
cancer (25) and in metastatic melanoma (36), but whether PD-1 
function is relevant in the absence of the addition of exogenous IL-33 
is unknown. Here, we sought to determine ILC subsets within TME 
that is controlled by PD-1. WT or Pdcd1−/− mice were engrafted with 
B16F10 melanoma cells (B16), and the tumor growth was monitored 
(SI  Appendix, Fig.  S1A). Tumors were harvested at day 12 post 
inoculation, and tumor-derived lymphocytes were isolated. Using 
an unbiased approach, we investigated the distribution of Lineage-

Thy1+ subsets and their relative PD-1 expression within the TME 
of B16-BL6 murine melanomas. For this purpose, we combined 
PD-1 protein expression with transcriptomic analysis using the BD 
Rhapsody platform. We subjected enriched Lineage−Thy1+ ILCs 
from the TME (n = 5 WT and n = 5 KO mice) to single-cell analysis. 
Initial clustering analysis identified 13 clusters within the enriched 
TILs (Fig. 1A). First, we investigated whether the TILs clustered in a 
similar fashion in the WT and PD-1 knockout mice. On comparing 
WT and Pdcd1−/−TIL populations, both WT and Pdcd1−/− TIL 
populations clustered in a similar fashion but within the KO, an 
increase in cell numbers was noted within certain clusters (Fig. 1B). 

The differential gene expression patterns and pathway analysis of 
the 13 clusters was performed to identify immune populations that 
occupy the TME (Datasets S1 and S2 and SI Appendix, Figs. S2 
and S3). Differential gene expression analysis identified cluster 5 
and cluster 1 as predominantly expressing CD3 and NK1.1 protein 
(Abseq). Of note, cluster 10 possessed a type 1 phenotype but did not 
express NK1.1 (AbSeq) or NKp46 (AbSeq) protein on the surface 
(Fig. 1C). We next investigated the transcriptomic profile of cluster 
10 and found that cluster 10 was enriched in type 1 genes such as 
T-bet (Tbx21), Ifnγ, and Stat4 as compared to clusters 1 and 5. Of 
note, cluster 10 also showed cytotoxic potential identified through 
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Fig. 1. Single-cell sequencing analysis reveals PD-1 expression in Tbet+ ILCs 
within the tumor microenvironment. C57BL6 WT and pdcd1−/−mice were 
reconstituted with B16F10 melanoma cells via subcutaneous injection. Tumor-
infiltrating lymphocytes were subjected to single-cell analysis. Analysis was 
performed with SeqGeq software with specific plugins used for gene expression 
analysis. Cluster analysis was performed using the phenograph plugin, and the 
various populations are highlighted A, both WT and PD-1 KO samples were then 
decoupled to show similar clustering between the samples B. tSNE plots of CD3, 
NK1.1, NKp46, and IL33R is shown C. tSNE analysis of type 1 gene transcripts 
within the various clusters is shown in D. Violin plots were generated using the 
violin plot plugin between T cell, NK cell, and cluster 10 cells and significant protein 
and gene transcript changes are shown in E–H. Data shown are form n = 5 WT 
and n = 5 KO mice. Statistical analysis within violin plots were Kruskal–Wallis test.
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Gzmb and Gzmk gene transcripts (Fig. 1D). Finally, we performed 
quantitative analysis of proteins and transcript expression between 
clusters 1, 5, and 10 which identified a significant increase in the 
expression of CD25 (Abseq), Gzmk, Tbx21, Stat4, Ifnγ, and Gzmb, 
in cluster 10 as compared to cluster 1 (NK1.1+ cluster; Fig. 1E) and/
or cluster 5 (CD3+ cluster). Cluster 10 expressed significantly low 
CD335 (Nkp46), Gzma, and NK1.1 (Fig. 1F). No difference in 
Eomes transcript expression was noted between clusters 1 and 10 
(Fig. 1G). Of note, PD-1 protein expression was noted in cluster 10 
suggesting that PD-1 may control this population of ILCs within the 
TME (Fig. 1H). Finally, we investigated whether the NK1.1−Tbet+ 
population of ILCs existed under normal homeostatic conditions 
or whether NK1.1 was down-regulated within TILs. Indeed, our 
single-cell Abseq demonstrated that NK1.1 was expressed on TILs 
and was not down-regulated. However, to confirm this finding, 
we determined the existence of this population in nontumor mice. 
We found that WT mice possessed a similar immune cell subset 
within the bone marrow, liver, and spleen. These cells did not express 
NK1.1 and were Tbet+RORγt−NKp46− (SI Appendix, Fig. S1 B–K). 
On identifying this population in WT mice, we next investigated 
the frequency of these subsets under homeostatic conditions in 
PD1 knockout mice. Our data demonstrate that this population 
occurs both in WT and PD-1 knockout mice under steady state 
(SI Appendix, Fig. S1 B–K).

PD-1 Deficiency Specifically Increases T-bet+NK1.1− ILCs within 
the TME but Not in Other Target Tissues. To further characterize 
the Tbet+ NK1.1− ILCs subset, we generated Pdcd1−/−Tbet-ZsGreen 
mice. WT Tbet-ZsGreen and Pdcd1−/−Tbet-ZsGreen mice were 
reconstituted with B16 melanoma and tumor growth was monitored 
(SI Appendix, Fig. S4 A–C) which showed a significant decrease in 
tumor growth in the Pdcd1−/−Tbet-ZsGreen mice. In subsequent 
experiments, tumors were resected at day 14, and then, ILC subsets 
were determined within the TME. The expression of PD-1 in 

Tbet+NK1.1− ILCs and ILC-2s were first measured by flow cytometry 
within TILs (SI Appendix, Fig. S4 D and E). In line with previous 
observation, PD-1 expression was noted in ILC-2s. Of significance 
was the expression of PD-1 on Tbet+NK1.1− ILCs. Therefore, we 
investigated which Tbet+NK1.1− cells (Eomes+/−) were controlled by 
PD-1 within the TME. In the absence of PD-1, a substantial increase 
in T-bet+ cell frequency was noted in the NK1.1−RORγt− ILC subset 
within the TME (Fig. 2A). On cumulative analysis, we found that 
PD-1 specifically regulated the frequency of Tbet+Eomes−RORγt− 
(i.e., Tbet+NK1.1− ILC) subset within the TME (Fig. 2 B–D) but 
such regulation was not apparent in the small intestine and skin 
but a significant difference was noted in the lungs (SI Appendix, 
Fig. S4 F–H). Within the secondary lymphoid organs, again PD-1 
deficiency was associated with no significant increase in the T-bet+ 
subset in the spleen but a significant increase was observed within the 
tumor-draining lymph nodes (SI Appendix, Fig. S4 I and J). These 
data suggest that PD-1 specifically regulates T-bet+ ILCs within the 
melanoma TME and the associated draining lymph nodes.

PD-1 Controls IFNγ Production in Tbet+NK1.1− ILCs within the TME. 
Previously, we found that PD-1 controlled ILC-2 cytokine secretion 
by regulating STAT5 (32). We sought to determine whether PD-1 
had a similar function in tumor-derived T-bet+ ILCs. For these 
experiments, since an increase in Th-bet+ ILCs was noted, the 
cytokine potential of these cells within the TME was tested. Flow 
cytometry data suggested that in the absence of PD-1, a significant 
increase in IFNγ production was noted within the T-bet+ ILCs (Fig. 3 
A–D), but these cells did not show increased production of IL-17 
or IL-22 or TNF-a (Fig. 3 A, B, and E–G). Next, it was determined 
whether the changes seen in ILC-driven IFNγ production were 
also reproduced within the Lineage+NKp46+ population within the 
TME. Since the lineage panel included NK1.1 and CD49b, any 
NKp46+ population may have reflected the regulation of NK1.1+ 
cells within the lineage gate. No difference was noted in IFNγ 

DCB

A

Fig. 2. PD-1 deficiency significantly increases Tbet+RORγt−Eomes−NK1.1− ILCs within the B16 TME. C57BL6 WT TbetZsGreen mice (WT TBG) or Pdcd1−/−TbetZsGreen 
mice (Pdcd1−/−TBG) were reconstituted with B16F10 melanoma cells via subcutaneous injection. Tumor-infiltrating lymphocytes were characterized by flow 
cytometry. Representative flow cytometry plot and gating strategy is shown in A. Summary of the frequency of NK1.1−Tbet+Eomes−ILCs in WT and Pdcd1−/− mice 
within the tumor infiltrating lymphocytes is shown in B. Frequency of Eomes+ ILCs C and NKp46+ ILCs D is shown. Data shown are Mean ± SEM, each data point 
refers to the number of mice per cohort used per experiment, statistical significance was performed using an unpaired t test. In vivo experiments were repeated 
at least twice.D
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production within the NKp46+ Lineage+ gate (Fig. 3H). However, 
significant IFNγ production was noted within the Lineage+ gate 
originating from cells that are NKp46− which may include T cells 
within the TME (Fig. 3I). Taken together, the data suggest that 
within the ILCs in the TME, PD-1 regulates cytokine production 
by Tbet+ ILC populations that possess a helper-1 like phenotype.

PD-1 Controls Proliferation of Tbet+NK1.1− ILCs within the TME. 
The molecular mechanism by which PD-1 regulated the frequency 
of Tbet+NK1.1− ILCs within the TME was next determined. First, 
the PD-1 expression pattern in T-bet+ ILCs within the TME and 

normal surrounding skin was evaluated. T-bet+ ILCs within the 
TME significantly up-regulated PD-1 expression when compared 
to their counterparts within normal skin (Fig. 4 A and B). This 
suggested that PD-1 was selectively enhanced within the TME 
Tbet+NK1.1− ILCs. Next, the ability of tumor cells to induce 
PD-1 on T-bet+ ILCs was evaluated. In transwell experiments, 
B16 melanoma tumor cells cocultured in transwell plates with 
ILCs induced PD-1 with an increase in frequency in PD-1+ ILCs 
observed at the 1:1 ratio at 6 h, with a trend noted at 1:10 ratio 
which was completely abrogated at a 1:100 ratio (Fig. 4C and 
SI Appendix, Fig. S5A). Since tumor-derived lactate can suppress 

IHG
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Fig. 3. PD-1 deficiency significantly increases 
IFNγ+Tbet+ILCs within the B16 melanoma 
TME. C57BL6 WT TBG or Pdcd1−/−TBG were 
reconstituted with B16F10 melanoma cells 
via subcutaneous injection. Tumor infiltrating 
lymphocytes were isolated, stimulated for 4 h 
in the presence of cytokine stimulation cocktail 
and then characterized by flow cytometry. 
ILCs were characterized as Lineage−Thy1+. 
Representative flow plots and summary data 
for IFNγ and IL-17 expression in WT TBG and 
Pdcd1−/−TBG (A and  D). Representative flow 
plots and summary data for IFNγ and IL-
22 expression in WT TBG and Pdcd1−/−TBG 
(B  and  E). Representative flow plots and 
summary data for IFNγ and TNFa expression 
in WT TBG and Pdcd1−/−TBG (C, F, and G). The 
expression of IFNγ in Lineage+NKp46+ TILs 
(H) and Lineage+NKp46− TILs are shown I. 
Data shown are Mean ± SEM, each data point 
refers to the number of mice per cohort used 
per experiment, and statistical significance 
was performed using a unpaired t test. In vivo 
experiments were repeated at least twice.
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proliferation of ILC-2s (24), it was next investigated whether lactic 
acid was produced by B16 tumors and whether lactic acid induced 
PD-1 on Tbet+ILCs. In in vitro experiments, tumor supernatants 
contained significant amounts of lactic acid (SI Appendix, Fig. S5B) 
and lactic acid addition significantly increased PD-1 expression on 
Tbet+ILCs (Fig. 4D and SI Appendix, Fig. S5 C and D).

We next investigated whether tumor cell supernatant affected the 
proliferative capacity of ILCs through PD-1. We measured the ability 
of WT Tbet+NK1.1− ILC proliferation in the presence of tumor cell 
supernatant and then compared the relative proliferation of 

Pdcd1−/− T-bet+ ILCs. We found that B16 tumor supernatant signif-
icantly inhibited proliferation of WT Tbet+NK1.1− ILC as com-
pared to PD-1-deficient cells (Fig. 4 E and F). In fresh cell culture 
media, Pdcd1−/−T-bet+ ILCs had reduced proliferation as compared 
to WT cells in response to IL-2 and IL-7. Furthermore, within the 
B16 TME in vivo, a significant increase in the proliferative potential 
of T-bet+ ILCs (as measured by Ki67 staining) was noted in the 
Pdcd1−/−cohorts (Fig. 4 G and H). Subsequently, we tested the 
molecular mechanism by which PD-1 suppressed proliferation 
within ILC subsets. Recent studies have explored the role of PD-1 

A B C
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Fig. 4. PD-1 inhibits the proliferation of Tbet+NK1.1− ILCs within the B16 TME. C57BL6 WT TBG or Pdcd1−/−TBG were reconstituted with B16F10 melanoma cells 
via subcutaneous injection. At day 12, Tbet+NK1.1− ILCs were characterized by flow cytometry. PD-1 expression was measured in skin-derived and tumor-derived 
Tbet+RORγt− NK1.1− ILCs (A and B). Next, PD-1 expression was monitored in cultures stimulated with either cytokines alone (IL-2, IL-7) or in the presence of B16 
melanoma cell line at 1:1, 1:10 (1 melanoma cell:10 lymphocytes), and 1:100 ratio after 6 h (C). Splenocytes were incubated for 24 h with IL-2 and IL-7 alone or with 
lactic acid and then PD-1 expression on Tbet+ILCs were measured (D). Representative flow plots showing proliferation of Tbet+RORγt−NK1.1− ILCs from WT and 
Pdcd1−/− cultures in transwell experiments are shown E. Fold inhibition of proliferation in the presence of melanoma supernatant in WT and Pdcd1−/−Tbet+NK1.1− 
ILCs is shown F. Fold Inhibition was measured as follows. WT ILC proliferation in response to IL-2 and IL-7 was measured and then the rate of proliferation with 
B16 melanoma supernatant was measured. Fold inhibition between the two culture conditions was calculated and then plotted for WT and KO. Representative 
flow cytometry showing Ki67 expression in Tbet+RORγt−NK1.1− tumor-derived ILCs from WT and Pdcd1−/− cohorts (G) and cumulative data shown in H. BODIPY 
(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-hexadecanoic acid) MFI is shown in I and J, (n = 5, paired one-tailed t test); 2NBDG uptake is shown 
in K and L, (n = 4, paired one-tailed t test). TILs were harvested and stimulated with IL-2 and IL-7 for 15 min and then phosphoP70S6Kinase was measured (M),  
(n = 4, paired one-tailed student t test). WT TILs were stimulated for 3 d with either isotype control or anti-PD-1 antibody. At day 3, TILs were stimulated for 15 min 
with IL-2 and IL-7, and then phosphoP70S6Kinase was measured (N) (n = 3, paired one-tailed student t test). Data shown are Mean ± SEM, each data point refers 
to the number of mice per cohort used per experiment. In vivo experiments were repeated twice with n = 4 to 5 animals per cohort; in-vitro experiments were 
repeated three times. An unpaired t test was performed for comparison of two groups and an ANOVA was performed for comparison of three or more groups.
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in altering the metabolic phenotype of T cells (38) and myeloid cells 
(39). Specifically, metabolic regulation of myeloid cells within the 
TME by PD-1 has been shown to enhance antitumor responses. 
PD-1 has also been implicated in regulating ILC-2 metabolism in 
allergic inflammation (40). In line with previous observations (40), 
PD-1 significantly regulated fatty acid metabolism and glycolysis in 
WT mice (Fig. 4 I–L). We next investigated whether a change in 
metabolic signatures could be identified at a single-cell resolution 
within the WT and PD-1 KO ILC populations within the TME. 
We found that the PD-1 KO type I ILCs from cluster 10 had signif-
icantly decreased apoe gene transcript as compared to the WT 
cohorts (SI Appendix, Fig. S5E). In addition to analyzing the tran-
script of apoe from WT and KO samples from cluster 10, we also 
performed an additional analysis on PD-1+ and PD-1− cells from 
cluster 10. In this analysis, we again found that apoe expression was 
limited to PD-1+ cells (SI Appendix, Fig. S5F). In keeping with 
increased glycolysis, PD-1 deficiency also increased mTOR signaling 
in T-bet+ ILC TILs within B16 TME as identified by phosphorylated 
p70S6K (Fig. 4M and SI Appendix, Fig. S5G). The molecular mech-
anism was confirmed in WT T-bet+ ILC TILs whereby PD-1 block-
ade enhanced mTOR signaling and p70S6K phosphorylation 
(Fig. 4N and SI Appendix, Fig. S5H). Taken together, we propose 
the following molecular mechanism by which PD-1 regulates ILCs 
within the TME. Depending on the active alarmins within the TME, 
PD-1 expression is increased in the corresponding ILC subset (exog-
enous IL-33 in the case of ILC-2s, and melanoma tumor cell-derived 
lactate in case of T-bet+ ILCs). Blocking PD-1 enhances the prolif-
erative capacity of the ILC subsets within the TME by enhancing 
glycolysis and up-regulating the mTOR signaling pathway.

PD-1 Regulates Tbet+NK1.1− ILCs within the TME in AOM-dextran 
sodium sulphate (DSS)-Induced Colorectal Cancer (CRC). To 
test the reproducibility of our observation within the orthotopic 
melanoma model, we next investigated whether PD-1 controlled 
ILCs within the TME in an inducible model of cancer within a 

different tissue. A model of CRC was chosen since it has been shown 
that ILCs support CRC growth via IL-22 and we wondered whether 
within this model, PD-1 can increase Tbet+NK1.1− ILCs with a type 
1 phenotype. In AOM-DSS, PD-1 mice were significantly more 
susceptible to DSS-mediated weight loss during the first treatment 
cycle, but susceptibility was reduced in the third treatment cycle as 
compared to WT cohorts (SI Appendix, Fig. S6A). In addition, there 
was significantly lower number of tumors noted within the intestine 
of Pdcd1−/− mice (SI Appendix, Fig. S6B) along with an increase in 
inflammation within the intestine (as measured by the intestinal 
length, with reduced length associated with greater inflammation; 
SI Appendix, Fig. S6C). We next harvested the tumors to determine 
the frequency of ILCs. Consistent with our melanoma data, we 
found a significant increase in Tbet+NK1.1− ILCs frequency and 
absolute numbers within the tumors (Fig. 5 A–E). These data suggest 
that PD-1 deficiency can enhance Tbet+NK1.1− ILCs within CRC.

Blocking Antibodies to PD-1 Significantly Increases Tbet+NK1.1- 
ILCs in Subcutaneous and Metastatic B16 Melanoma. We 
next tested whether the phenomenon in the PD-1 KO mice 
can be reproduced in a therapeutic context. Since an increase 
in Tbet+NK1.1− ILCs was noted both in the TME and lungs 
(SI Appendix, Fig. S4F), we tested whether these ILC subsets were 
increased in both subcutaneous and metastatic melanoma model. 
WT mice were subcutaneously reconstituted with B16 cells, and 
then tumors were allowed to engraft. Mice were treated with either 
isotype or anti-PD-1 at days 7, 9, 11, and 12, and the tumor growth 
curve was monitored (SI Appendix, Fig. S6D). Mice were killed on 
day 14, and then, ILC subset frequency was analyzed. A significant 
increase in Tbet+NK1.1− ILCs frequency and absolute numbers was 
noted in the anti-PD-1-treated cohorts as compared to the control 
isotype treatment cohorts (Fig. 6 A–C). We next tested the frequency 
of these cells in a metastatic model of melanoma and found a similar 
increase in frequency and absolute numbers of Tbet+NK1.1− ILCs 
(Fig. 6 D–F). These data suggest that anti-PD-1 can significantly 

A

B C D E

Fig. 5. PD-1 regulates Tbet+RORγt− ILCs 
within the colorectal TME. C57BL6 WT TBG 
or Pdcd1−/−TBG were treated with one dose 
of AOM followed by three cycles of DSS. 
Tumors were resected, and ILC frequency 
was measured by flow cytometry. 
Representative flow cytometry is shown in 
A and cumulative frequency and absolute 
numbers are shown in B–E. Data shown 
are Mean + SEM, each data point refers 
to the number of mice per cohort used 
per experiment. In vivo experiments were 
repeated twice with n = 4 to 5 animals per 
cohort. An unpaired t test was performed.D
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increase Tbet+NK1.1− ILCs both within the subcutaneous and 
metastatic TME.

PD-1 Blockade Partially Protects Murine Recipients from Tumor 
Burden by Enhancing Helper ILCs in the Absence of NK Cells 
and Adaptive Immune Cells. Recent reports have shown that 
PD-1 blockade can enhance antitumor immunity by specifically 
targeting the innate immune cells such as macrophages in the TME 
(39). Therefore, we investigated the contribution of ILCs versus 

macrophages and NK1.1+ cells in eliciting antitumor responses in the 
presence of PD-1 blockade. NK1.1+ cell-depleted Rag−/− host mice 
were injected with B16 melanoma cells. On tumor establishment, 
animals were repeatedly injected with either isotype control or 
NK1.1+ cell-depleting antibodies with or without anti-PD-1 or 
anti-PD1 alone (Fig. 7A and SI Appendix, Fig. S7A). Within this 
experimental setup, we found that blocking PD-1 partly enhanced 
the survival of mice, both within the NK1.1+ depleted and NK1.1+ 
replete animal cohorts (Fig. 7B). In addition to increased survival, 

A B

C

E

F

D

Fig. 6. PD-1 blocking antibodies significantly increases tumor-derived Tbet+RORγt− ILCs ILCs in subcutaneous melanoma and metastatic melanoma murine models. 
C57BL6 WT TBG mice were reconstituted with B16F10 melanoma cells via subcutaneous injection. Tbet+ILCs were characterized as Lineage−Thy1+RORγt−NKp46− 
cells. Representative flow plot depicting Tbet+ ILCs (A) and cumulative data from B16 melanoma TILs (B and C). C57BL6 TbetZsGreen mice were reconstituted with 
B16F10 melanoma cells via intravenous injection. Data from metastatic melanoma TILs are shown in D–F. Data shown are Mean ± SEM, each data point refers to the 
number of mice per cohort used per experiment. In vivo experiments were repeated twice with n = 4 to 5 animals per cohort. An unpaired t test was performed.
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a significant decrease in tumor volume was also noted in the 
murine recipients that received PD-1 immunotherapy (Fig. 7C and 
SI Appendix, Fig. S7A). We found that the treatment of anti-PD-1 
significantly reduced tumor volume in mice compared with animals 
that were not treated with anti-PD-1. Of note, in the anti-PD-1 
treated animal groups, depletion of NK1.1+ cells was associated with 
an incremental increase in tumor volume, but this difference was not 
significant suggesting an antitumor role for type 1 ILCs (SI Appendix, 
Fig. S7A and Dataset S3). By contrast, using a similar experimental 
setup, depleting NK cells and ILCs (using Thy1 antibody) abolished 
any protective tumor effects rendered by PD-1 blocking in these 
murine recipients (Fig. 7 D and E and SI Appendix, Fig. S7B). It is 
worth noting that the depletion of NK cells and ILCs continued after 
the establishment of tumors as these cells may play a significant role 
at this phase of tumor progression.

We next determined the immune cell subsets that are enhanced 
within the melanoma TME in the absence of NK cells and adaptive 
immune cells. We found depleting NK cells significantly enhanced 

IL-7R+ (CD127+) ILCs within the TME (Fig. 7F and SI Appendix, 
Fig. S7C). On PD-1 blockade, the frequency of IL-7R+ ILCs within 
the TME was further enhanced (Fig. 7F). Within this experimental 
setup, no difference in the frequency of myeloid and dendritic cell 
(DC) compartment was observed (SI Appendix, Fig. S7 C–F). In 
contrast to the myeloid and DC compartment, a significant increase 
in NK1.1+ cells within the lineage+ gate was noted on PD-1 blockade 
(SI Appendix, Fig. S7G). These data suggest that blocking PD-1 
enhances antitumor responses in both the presence and absence of 
NK1.1+ cells with minimal contribution from the myeloid 
compartment.

We next investigated the cytokine profile of ILCs within the 
melanoma TME and found that blocking PD-1 significantly 
increased the frequency of ILCs that could express dual effector 
cytokines such as IL-17 and IFNγ (Fig. 7G and SI Appendix, 
Fig. S7H). In line with our previous observations (32), we found 
that the IL-13+ ILCs were enriched in the population of IFNγ+ cells 
within the TME (SI Appendix, Fig. S7 H and I). Taken together, 
our data suggest that PD-1 regulates IFNγ production and type 1 
ILC phenotype within the melanoma TME.

PD-1 Regulates Human T-bet+ILC Subsets in Cutaneous Melanoma 
and cSCC. In recent years, blood and tumor ILC-1s have been defined 
in the literature based on transcript expression of CD3D, CD3G, 
CD3E, CCL5, GMK, GZMM, GZMA, BCL11B, PRDM1, IKZF3, 
EOMES, and TBET (41), along with protein expression consisting 
of IL-7Rpos, c-KITneg, and CRTH2neg subsets (42). Within this 
definition, Qi et al. have identified an inhibitory ILC-1 population 
based on the expression of coinhibitory receptors, namely TIGIT, 
CTLA4, and TNFRSF4 (42). Protein expression of TIGIT was 
then confirmed within the CD127+c-KIT− CRTh2− subset of ILC-
1s, and this population of ILC-1s has been associated with poor 
CRC prognosis, but whether these TIGIT+ ILC-1 expressed T-BET 
protein was not verified. Similarly, in humans, we tested whether 
PD-1 played a similar role in regulating ILC populations. In humans, 
we classified the various ILC subsets as previously described (42–45). 
ILC-1s were classified as Lin-CD127+CD117–CRTH2–, ILC-2 as 
Lin–CD127+CRTH2+ and ILC-3 as Lin–CD127+CD117+CRTH2-

RORγt+ and Lin−CD127+CD117+CRTH2− RORγt+Nkp44+cells 
(SI Appendix, Fig. S8A). Next, consistent with our murine data, 
we excluded CD56 and CD5 in order to exclude any NK cells or 
ILC-3s or tumor-defined ILC-1s in cSCC (46) from our analysis. 
ILC-1 populations were further discriminated based on T-BET 
expression (SI  Appendix, Fig.  S8B) (41). Using this analysis, 
we found that PD-1 expression was significantly increased in 
the CD56− CD5−CD127+CD117−CRTH2-T-BET+ subset of 
ILC (Fig. 8A and SI Appendix, Fig. S8C). We next investigated 
whether tumor supernatant can induce PD-1 within this T-BET+ 
ILC subset. For this experiment, we used human melanoma and 
cutaneous squamous cell carcinoma cell lines. Similar to murine 
experiments, PD-1 expression was significantly increased in the 
presence of melanoma and cSCC tumor supernatants (Fig. 8B and 
SI Appendix, Fig. S8D). Next, we investigated whether this increase 
had a functional impact on ILC proliferation in keeping with the 
murine observations. We found that similar to murine studies, 
an increase in T-BET+ ILC proliferation was noted on blocking 
PD-1 in normal human donors (Fig. 8 C and D and SI Appendix, 
Fig.  S8E). The role of lactate in inducing PD-1 within human 
T-BET+ ILCs was then evaluated. We found that like murine T-bet+ 
ILCs, PD-1 was up-regulated by lactic acid within normal human 
T-BET+ ILCs (Fig. 8E and SI Appendix, Fig. S8F). We next tested 
whether our observation on human ILCs with cSCC cell lines was 
relevant in primary tumors of human cSCC. A comprehensive 
atlas of human cSCC has been published, along with the report 
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Fig. 7. PD-1 blockade enhances the survival of tumor bearing Rag mice. B6 
Rag−/− mice were reconstituted with B16F10 cells via subcutaneous injection. 
Mice were treated with either isotype control, NK depleting antibody (NK1.1) 
alone, anti-PD-1 alone, or in combination with anti-PD-1 antibody (A). Survival 
of mice in the different cohorts were monitored over a period of 20 d (B). The 
experiment was repeated in mice and tumor volume was shown at day 14 in C. B6 
Rag−/− mice were reconstituted with B16F10 cells via subcutaneous injection. Mice 
were then treated with either isotype control, NK-depleting antibody (NK1.1), and 
ILC-depleting antibody (Thy1) alone or in combination with anti-PD-1 antibody. 
Survival of mice in the different cohorts were monitored (D) and tumor volume 
was shown at day 14 (E). Experimental plan in A was repeated. At day 12, tumors 
were resected and frequency of helper ILCs in shown in F. TILs were stimulated 
with cytokine stimulation cocktail for 4 h. Cells were then subjected to intracellular 
flow cytometry to measure effector cytokines. Frequency of IFNγ and IL-17-positive 
ILC TILs (G). Data shown are Mean ± SEM, each data point refers to the number of 
mice per cohort used per experiment. In vivo experiments were repeated twice 
with n = 4 to 5 animals per cohort. A one-way ANOVA was performed to measured 
differences between the various cohorts. A Kaplan–Meier survival curve with a 
log rank test was performed for significance between cohorts.
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that ILCs can populate cSCC tumors (46, 47). However, whether 
the PD-1+ T-BET+ ILCs exist and elicit functional antitumor 
responses within cSCC is unknown. Moreover, whether PD-1 
restricts ILC antitumor responses in human cSCC is unclear. Our 
data confirm that helper ILCs are present within human cSCC 

TME (Fig. 8 F and G). Out of these various populations, high PD-1 
expression was associated with T-BET+ ILCs with expression also 
noted in ILC-2s with minimal expression in RORγt+ ILCs within 
TILs and PBMC (Fig. 8G and SI Appendix, Fig. S8G). Next, to 
demonstrate functional significance of PD-1 on ILCs, we tested 

A B C D

FE

G H

I

Fig. 8. PD-1 regulates human Tbet+ ILC proliferation in human cSCC. Expression of PD-1 in various ILCs subsets from normal human donor peripheral blood 
mononuclear cells is shown A. Human melanoma and cutaneous squamous carcinoma cell lines were incubated at a 1:1 ratio in a 24-well transwell plate in 
the presence of normal donor PBMC. PD-1 protein expression within Tbet+ ILCs from the various culture conditions is shown in B. The rate of proliferation of 
Tbet+RORγt− ILCs in the presence of melanoma either with isotype or anti-PD-1 antibody is shown in three donors (C), similarly the proliferation of Tbet+RORγt− 
ILCs in the presence of cSCC either with isotype or anti-PD-1 antibody is shown in three donors (D). Human normal donor PBMC were stimulated with either 
IL-2 and IL-7 alone or in combination with LA and then PD-1 MFI in shown in Tbet+ILC (E). Tumor tissue were obtained from cSCC patients, and then, helper ILC 
subsets were characterized using flow cytometry. Representative flow plots showing ILC analysis in cSCC and summary of PD-1 expression is shown F and G. 
PD-1 expression was not done in RORγt+NKp44+ subset due to low frequency of the subset. TILs were expanded for 3 d in the presence of hIL-2, hIL-7 and either 
in the presence isotype antibody or anti-PD-1 antibody. Frequency of Tbet+ ILCs were measured by flow cytometry (H and I). Data shown are Mean ± SEM, each 
data point refers to an individual donor within the experiment. A one-way ANOVA was performed to measure difference between three or more cohorts and a 
paired t test for performed for data shown in E and I.
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whether PD-1 blockade can enhance T-BET+ILC subset in primary 
cSCCs. Our data demonstrate that culturing TILs in the presence 
of PD-1 blocking antibody can significantly increase T-BET+ ILC 
proliferation (Fig. 8 H and I). Our data identify a functional role for 
PD-1 on T-BET+ ILCs in cSCC. Taken together, these data suggest 
that PD-1+ type 1 ILCs are likely to be involved in tumor immunity.

Discussion

The efficacy of anti-PD-1-based therapies for multiple cancers, 
such as melanoma, bladder, lung cancers, and Hodgkin lym-
phoma, has been overwhelmingly demonstrated by clinical trials 
and experimental murine models. The central premise of anti-PD-1 
based therapies suggests that these interventions rescue dampened 
CD8+ T cell function within the TME resulting in more robust 
antitumor responses. Recent literature demonstrates that PD-1 
can also enhance innate immunity within TME, but the initial 
innate immune population that is activated by PD-1 in exerting 
antitumor effect is unclear with some studies suggesting NK cells 
while others indicate myeloid cells (48, 49). The ability of PD-1 
to regulate innate immune cell function, including ILCs implicate 
a potential use for checkpoint inhibitors in harnessing tissue-me-
diated immunity within the TME that are not enriched in inflam-
matory infiltrates. Supporting this hypothesis are recent reports 
demonstrating that blocking antibodies to PD-1 can drive IL-33 
primed ILC-2 function within the pancreatic and metastatic TME 
(25, 36).

The role of ILCs in promoting antitumor responses has been 
controversial since all helper like ILCs have been implicated in 
both pro- and anti-tumorigenic functions within the literature. 
However, whether these populations can be harnessed by using 
checkpoint inhibitors is not known. We have found roles for PD-1 
on ILCs within TME, which include 1) identifying a subset of 
Tbet+NK1.1− ILC population within TME that expressed PD-1, 
2) determining that PD-1 selectively increases the frequency and 
function of Tbet+NK1.1− ILCs within a number of solid cancers, 
and 3) demonstrating PD-1 regulates the proliferation of both 
murine and human T-bet+ ILCs by harnessing metabolic regula-
tion. Our study demonstrates that Tbet+NK1.1− ILCs occupy the 
TME and are regulated by PD-1. Our study demonstrates a type 
1 subset and identifies a regulatory role for PD-1 within tumor 
resident Tbet+NK1.1− ILCs.

In B16, the role of ILC-2s in driving antitumor responses has 
been extensively reported (22, 24, 50, 51). However, these studies 
consistently studied ILC-2 function within the context of exogenous 
IL-33 with no data on whether PD-1 can regulate ILCs in the 
absence of exogenous cytokines. In our experimental systems, using 
a single-cell approach, experimental murine models and ex vivo 
human immune cell cultures, we found that PD-1-deficient mice 
had significantly increased number of Tbet+NK1.1− ILCs in various 
TMEs. In addition, this population was found in both WT and 
PD-1 KO mice in similar frequency within steady state. These data 
suggest that although healthy tissues are enriched in different ILC 
subsets, when perturbed with tumor, anti-PD-1 treatment can 
expand Tbet+NK1.1− ILC in different tumor types and enhance 
production of IFNγ by this subset. These data drive the possibility 
of uniform treatment strategies for multiple solid cancers that are 
not enriched for inflammatory infiltrates whereby PD-1 blockade 
could be used to boost tissue resident Tbet+NK1.1− ILC which pos-
sess an immune type 1 phenotype.

Our data also suggest that there is a functional consequence to 
increased NK1.1−Tbet+ ILC numbers within the TME. In line 
with previous reports, depleting NK cells in Rag−/− mice did not 
inhibit tumor progression (24) but combining NK depletion with 

PD-1 blocking antibody significantly increased survival of Rag−/− 
mice with B16 tumors and showed significant reduction in tumor 
volume. This antitumor response was primarily driven by ILCs 
with a type 1 phenotype. We did not find any differences within 
other innate immune cell compartment including macrophages as 
previously reported (49), and on depleting ILCs in Rag−/− mice, 
any protection against tumor was lost. The difference in our study 
versus Gordon et al., could be due to the timing of treatment of 
the tumor. In our experimental setup, we first allowed the tumors 
to be established and then deleted ILCs using antibody treatment 
and therefore were able to isolate the treatment effect of PD-1. We 
conclude that in the absence of adaptive immunity, myeloid and 
NK cells, Tbet+NK1.1− ILCs play a predominant role in antitumor 
responses in the presence of anti-PD-1 blocking antibodies. We 
also propose that Tbet+NK1.1− ILCs may drive robust adaptive 
immune responses in the presence of anti-PD-1 blocking 
antibodies.

In the study by Hsu et al. on the role of PD-1 in modifying NK 
cell function in a metastatic lung melanoma model, a significant 
decrease in tumor size was noted with PD-1 blockade, which the 
authors largely attributed to NK cells (48). However PD-1 expression 
in NK cells remains under investigation, as some groups suggest that 
the expression of PD-1 on NK cells may be coopted from other 
immune and tumor cells within the TME (52–54). In our experi-
mental system, PD-1 blockade led to enhanced numbers of NK cells 
within the TME together with a measurable but not-significant 
reduction in tumor volume compared with mice depleted of NK1.1 
cells treated with anti-PD-1. Of note, in the absence of NK cells, 
antitumor function is largely driven by ILCs in the presence of PD-1 
blockade with no significant changes noted within the myeloid/DC 
compartment.

In contrast to our previous observations in host–pathogen 
responses (32), significantly reduced ILC-2 numbers within the 
tumor were noted in melanoma due to increased lactate production 
(24). This immune suppression mediated by melanoma can be over-
come by administrating IL-33, (24) and furthermore, PD-1 block-
ade in combination with exogenous IL-33 can enhance 
ILC-2-mediated chemokine production. Increase in chemokine 
production recruited DCs which in turn enhanced CD8+ tumor 
immunity in pancreatic cancer (25). Herein lies the importance of 
our current study which specifically focuses on how PD-1 regulates 
Tbet+NK1.1− ILCs in the absence of exogenous IL-33, within the 
TME. Our data uncouple the effect of exogenous IL-33 and PD-1 
within the TME and demonstrate that PD-1 selectively regulates 
T-bet+ ILCs.

The molecular mechanism by which PD-1 can regulate T-bet+ILC 
populations within the TME is not known. We found a unique 
expression pattern for PD-1 on ILCs whereby it was restricted to the 
TME ILCs and not surrounding normal skin. Furthermore, within 
the TME, PD-1 expression is selectively increased on T-bet+ ILCs, 
suggesting a role for tumor-derived products activating the immune 
compartment in TME resulting in PD-1 expression (55). In line 
with work by Wagner et al. and Kumagai et al., we found that lactate, 
which is produced by tumor cells, is capable of inducing PD-1 on 
T-bet+ ILCs. Blocking PD-1 specifically enhanced proliferation of 
T-bet+ILC in both in vivo murine and in vitro human tumor models. 
These data demonstrate a new tumor-derived immune evasion pro-
gram driven by lactate and PD-1 by which T-bet+ILC-driven anti-
tumor responses are inhibited. We propose that consistent with 
tumor-derived Tregs, tumor-derived ILCs metabolize lactic acid into 
phosphoenolpyruvate, which in turn increases calcium ion concen-
tration within the cytoplasm, thereby promoting NFAT transloca-
tion into the nucleus. In turn, nuclear NFAT may enhance the 
expression of PD-1 (55).D
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We next sought to investigate whether T-bet+ ILC prolifera-
tion was controlled by the metabolic regulation of ILCs by 
PD-1. Indeed, in line with ILC-2 biology (56), we found that 
within the TME, Tbet+NK1.1− ILCs predominantly use fatty 
acid oxidation for their metabolic demands. However, when 
PD-1 was absent, fatty acid metabolism was significantly 
down-regulated with a concomitant increase in glycolysis similar 
to ILC-2s (40). Our work confirms recent observations with 
respect to PD-1 biology in T cells (38) and in ILC-2s. It was 
originally described by Wilhelm et al. that ILC-2s were predom-
inantly dependent on fatty acid oxidation for their primary 
metabolic requirements and inhibition of fatty acid oxidation 
affects ILC-2 effector functions. This notion was then tested 
within ILC-2 biology in the absence of PD-1 in airway hyper-
reactivity. In airway hyperreactivity, Helou et al. demonstrated 
that in the absence of PD-1, ILC-2s activated by exogenous 
IL-33 exhibit enhanced aerobic glycolysis and up-regulated 
amino acid degradation including glutamine and methionine 
catabolism thereby enabling ILC proliferation. Similar to tumor 
data on ILC-2s (25, 36), the effect of PD-1 on ILC-2 metabolic 
switch is apparent only with exogenous IL-33 priming of ani-
mals and is not apparent in the absence of IL-33 as an alarmin. 
It also raises the possibility that IL-25 and TSLP (other ILC-2 
alarmins) may not induce the same outcome in ILC-2s that are 
deficient in PD-1 and this metabolic mechanism remains to be 
elucidated under these different alarmins. The caveat with stud-
ies that include exogenous IL-33 as an alarmin is as follows: 
These studies may be restricted to a biological output primarily 
driven by IL-33/PD-1 axis and may not fully capture the func-
tion of PD-1 signaling that occurs in activated ILCs within the 
tumor or tissue microenvironment. Herein lies the importance 
of our work which demonstrates a specific functional role for 
PD-1 in TME in response to tumor-derived alarmins. In our 
study, we show that PD-1 intrinsically controls the metabolic 
switch in T-bet+ ILCs within the TME, and this control results 
in a functional output whereby an increase in mTOR pathway 
is noted. Hence, our work identifies an intrinsic mechanistic 
function for PD-1 in tumor-derived ILCs without exogenous 
alarmins introduced within the system. Taken together, our data 
suggest that PD-1 is induced on T-bet+ ILCs by tumor-derived 
lactate, which then selectively inhibits the proliferation of the 
T-bet+ ILC within the TME by modulating metabolic 
pathways.

Several immunotherapeutic strategies exist for the treatment 
of melanoma, but there is a single approved systemic immuno-
therapeutic regimen for advanced cSCC (57). cSCC is charac-
terized by high mutational burden, is frequently seen in patients 
on immune suppressive drugs, and has been reported to have a 
dysfunctional peritumoral immune response (58–60) which 
suggests that it may respond well to immunotherapy. Recently, 
the use of PD-1 blocking antibodies has been tested in cSCC 
patients (57, 61, 62) and has shown significant efficacy in half 
of the patients treated but the underlying immunobiology is 
not yet understood. Our data demonstrating that PD-1 has a 
functional role in ILCs within human cSCC tumors suggest 
that ILCs may play a role in antitumor immunity in cSCC 
patients with PD-1 controlling this population.

The presence of ILC-1s in tumor has been previously reported 
in multiple studies and the expression pattern of coinhibitory 
receptors has been reported. Given the heterogeneity of this 
population, and due to a significant number of transcriptomic 
studies on this population it is difficult to discern whether ILC-1 
is pro- or anti-tumorigenic. Several caveats remain in this field, 
the two most significant being the following: a) Transcriptomics 

definitions are rarely confirmed by protein expression (for exam-
ple: T-bet protein which can define a type 1 function in both 
innate and adaptive immune cells), b) most ILC-1 protein defi-
nitions are restricted to surface receptor proteins such as CD49, 
c-kit, CRTh2, CD5, and CD127 in mice and humans, and c) 
although coinhibitory receptor expression is analyzed, none of 
the reports test whether the coinhibitory receptors are coex-
pressed with Tbet and second whether these coinhibitory recep-
tors render functional changes to the ILC population. We have 
resolved these issues in our work by identifying ILCs based on 
existing literature but with further analysis of Tbet protein coex-
pression with PD-1. Here, we show that similar to our murine 
study, a type 1 ILC population exists within cSCC and can be 
characterized as CRTH2−CD117−CD127+Tbet+ and is con-
trolled by PD-1. This population is characteristically different 
to the one described in cSCC by Luci et al. (46) based on CD56 
and Tbet expression and is responsive to anti-PD-1 therapy. 
Taken together, we have defined a PD-1-dependent ILC popu-
lation that participates in antitumor immunity.

In summary, we demonstrate that PD-1 regulates the fre-
quency and function of Tbet+NK1.1− helper ILCs in a 
tumor-dependent manner. It remains to be deciphered to what 
extent Tbet+NK1.1− ILCs can be harnessed for boosting antitu-
mor responses by using PD-1-based immunotherapies. However, 
the data presented in this study clearly highlights the critical 
need to understand the regulatory function of PD-1 on ILC 
subsets to fully harness the potential of PD-1 in modulating 
immune responses through ILCs.

Materials and Methods (See SI Appendix for 
detailed methods)

Animals. Wild-type C57BL/6 (WT), B6.Pdcd1−/− (Pdcd1−/−), B6.Pdcd1−/− 
TbetZsGreen, B6.TBetZsGreen, and B6.Rag2−/− littermates were bred and main-
tained in a pathogen-free facility at Newcastle University under a home office-ap-
proved project license. All experimental animals were 8 to 12 wk of age. All murine 
experimental procedures were performed at Newcastle University incorporating 
the NC3R guidelines for animal research, and the data were presented according 
to the ARRIVE guidelines.

Tumor Models (See SI Appendix). Tumor models used in the manuscript are 
expanded within the extended methods section of the SI Appendix.

ILC Isolation from Tumor.
TIL isolation. ILCs from the tumor tissue were isolated as previously described 
(63). The detailed methodology is expanded in SI Appendix.

Flow Cytometry. Single-cell suspensions were generated from indicated 
organs and stained with Live/Dead fixable dead cell stain kit as per the manufac-
turer’s instructions (Invitrogen). For murine ILC analysis, cells were incubated with 
biotin-labeled lineage cocktail (CD3+, CD5+, CD8+, CD11b+, CD11c+, CD19+, 
CD49b+, Ter119+, F4/80+, B220+, NK1.1+, and Gr1+) followed by streptavidin. 
Cells were then stained with a combination of markers including CD45, CD90.2, 
CD127, CD25, KLRG1, Nkp46, PD-1, PD-L1, PD-L2, and ST2.

Human PBMCs and TILs were washed with PBS prior to staining. Then, 
1 × 106 cells were stained with Live/Dead fixable dead stain kit as per the 
manufacturer’s instructions (Invitrogen). Cells were then incubated with cell 
surface antibodies: Lineage cocktail BV510 or FITC (CD3+, CD5+, CD11b+, 
CD11c+, CD14+, CD16+, CD19+, CD20+, CD56+, and TCRa/b+), CD45, CD127, 
CD161, CRTH2, c-Kit, Nkp44, and PD-1. Cells were then fixed and permeabilized 
(Fixation/Permeabilization kit; BD Bioscience) and stained for intracellular tran-
scription factors as follows: Tbet and RORγt. Detailed methodology is expanded 
in SI Appendix.

Statistical Analysis. Statistical analysis was performed with GraphPad Prism. 
The specific tests are included in the figure legends.D
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Data, Materials, and Software Availability. All study data are included in the 
article and SI Appendix. Data has been deposited in the Gene Expression Omnibus 
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE229288) (64).
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