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Natural killer (NK) cells with tissue-residency features (trNK cells) are a new subpopula-
tion of NK cells, which plays an important role in tissue homeostasis. However, the char-
acteristics of trNK cells in the tumor microenvironment (TME) of human cancers remain
unclear. Using multicolor flow cytometry, we investigated the quantity, phenotype, and
function of trNK cells in biospecimens freshly resected from 60 non-small cell lung can-
cer (NSCLC) patients. We successfully identified a new CD69+CXCR6+ trNK subset with
an immunomodulatory-like and exhausted phenotype, specifically accumulated in the
TME of NSCLC. In vitro experiments showed that CD69+CXCR6+ trNK cells more readily
secreted IFN-γ and TNF-α spontaneously. Furthermore, the production of IFN-γ and TNF-
α by tumor-infiltrating CD69+CXCR6+ trNK cells was not induced by their reactivation in
vitro, which is analogous to T-cell exhaustion. Finally, we demonstrated that the dysfunc-
tion of CD69+CXCR6+ trNK cells could be partly ameliorated by PD-1 and CTLA-4 block-
ade. In summary, we identified a new dysfunctional CD69+CXCR6+ trNK cell subset that
specifically accumulates in the TME of NSCLC. Our findings suggest that CD69+CXCR6+

trNK cells are a promising target for immune checkpoint inhibitors in the treatment of
NSCLC.
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Introduction

Lung cancer remains the leading cause of tumor-related death
and the second contributor to new cancer diagnoses worldwide
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[1], and various approaches have been developed to improve
the prognosis of lung cancer patients. Immunotherapy based on
immune checkpoint inhibitors (ICIs) is a promising treatment
method that aims to block the immune inhibitory receptors on
certain immune cells, unleashing the antitumor capacity of those
cells [2, 3]. Unfortunately, although these immunotherapies have
shown tremendous advances in their therapeutic effects, the pop-
ulations of lung cancer patients that benefit from these therapies
or suffer from treatment cytotoxicity are heterogeneous [4]. This
dilemma is attributed to the diverse response of various immune
cells to ICIs, but the details of how ICIs influence specific immune
cell subgroups remain unclear.

Like well-known cytotoxic CD8+ T cells, natural killer (NK)
cells have attracted considerable interest in the field of cancer
immunotherapy [5, 6]. Previous studies have shown that NK
cells constitute a crucial member of the innate lymphoid cell
(ILC) family, which exerts tremendous antitumor effects by both
direct cytolytic functions and the secretion of proinflammatory
chemokines [5, 7]. Increased levels of NK cells infiltrating the
tumor microenvironment (TME) and gene expression that specif-
ically supports NK cell functions have been associated with better
prognoses in patients with hematological and solid neoplasms [8].
Therefore, enhancing the dysfunction of NK cells in solid tumors
with ICIs improves the prognoses of these cancer patients. More-
over, several unique NK cell subgroups have been shown to be
necessary in mediating the full therapeutic efficacy of ICI block-
ade [9, 10], implying a relationship between immunotherapy and
NK cells in lung cancer.

The human lung offers one of the largest exchange surfaces
with the exterior environment in the body, and the complexity of
its local immune environment has been demonstrated in previ-
ous work [11, 12]. Accumulating evidence supports the impor-
tant roles of tissue-resident immune cells against diverse infec-
tions and malignancies [13, 14]. These subsets of nonrecirculat-
ing immune cells provide localized immunity in terms of both the
innate and adaptive systems, but previous studies have more fre-
quently investigated tissue-resident memory T (Trm) cells than
other tissue-resident immune cells, including tissue-resident NK
(trNK) cells [11]. Furthermore, until now, most knowledge of
human NK cells has been drawn from ex vivo experiments on
conventional NK (cNK) cells derived from the peripheral blood
[15], which differed from trNK cell from peripheral organs in
function and development [16]. Nonetheless, recent publications
have identified increased numbers of trNK cell subsets in differ-
ent human tissues [11, 12] and verified several hallmark tissue-
resident surface molecules on NK cells, including CD69, CD49a
(α1 integrin), CD103 (αE integrin), and members of the C-X-C
motif chemokine receptor (CXCR) family [17]. Several reports
have identified novel Trm cell subsets with potential specialized
effector functions according to the expression of certain tissue-
resident markers on the cells [18, 19], and a corresponding inves-
tigation of trNK cells in lung cancer patients is urgently required.

Here, we identified a novel subset of CD69+CXCR6+ trNK
cells that accumulate specifically in the TME of human non-
small cell lung cancer (NSCLC), the commonest subtype of lung

cancer, accounting for 85% of total lung cancer cases [20]. We
also demonstrate that CD69+CXCR6+ trNK cells express tissue-
resident, immunomodulatory-like, and exhausted phenotypes.
Interestingly, CD69+CXCR6+ trNK cells derived from both tumor
and normal lung tissues secrete greater amounts of cytokines than
unactivated cNK cells. However, this greater cytokine secretion
by tumor-infiltrating CD69+CXCR6+ trNK cells was not observed
when they were reactivated in vitro, indicating the dysfunction of
trNK cells in NSCLC. A further analysis showed that the in vitro
blockade of PD-1 and CTLA-4 specifically promoted the secretion
of cytokines by tumor-infiltrating CD69+CXCR6+ trNK cells.

Overall, our study demonstrates the unique biological char-
acteristic of tumor-infiltrating CD69+CXCR6+ trNK cells, and
these findings should improve the therapeutic efficacy of ICIs in
NSCLC.

Results

CD69+CXCR6+ trNK cells accumulate in the
microenvironment of human NSCLC

Among the various immune cells residing in lung tissues, increas-
ing numbers of NK cell subsets have recently been precisely iden-
tified and studied [21]. In the present study, we collected tumor
and paired normal lung tissue samples resected from 52 patients
with NSCLC and normal lung tissue samples resected from eight
patients, in the hope of detecting the infiltration and identifying
the phenotypes of discrete NK cell subtypes in human NSCLC.
The preoperative clinicopathological parameters of the 52 tumor
tissue donors are presented in Table S1. NK cells were defined
as CD3−CD14−CD19−CD45+CD56+ lymphocytes, and the gating
strategy is shown in Fig. S1A.

The occurrence and cell counts (per 100,000 singlets) of NK
cells were significantly lower in the tumor tissues than in the
paired adjacent normal tissues, which implies the incompetence
of the innate antitumor immune function during the early pro-
gression of NSCLC (Fig. 1A and B). NK cells expressing the tra-
ditional tissue residency marker CD69 and the regulator of lym-
phocyte homing patterns CXCR6 were analyzed with flow cytom-
etry, which identified three main subpopulations: CD69+CXCR6+

double-positive (DP) NK cells, CD69+CXCR6− single-positive (SP)
NK cells, and CD69−CXCR6− double-negative (DN) NK cells
(Fig. S1B). To investigate the reliability of CXCR6 staining, we
first uploaded an unstained cell suspension directly to the flow
cytometer, as the negative control (Fig. S1C–D). Because Trm cells
were shown to strongly express CXCR6 [22], they were compared
with the CD69+CXCR6+ trNK cells as a positive control (Fig. S1E–
F). Finally, we uploaded samples stained with fluorescent antibod-
ies directed against different CXCR6 clonotypes, and presented
fluorescence minus one (FMO) control as well (Fig. S1G–H).

Consistent with the distribution of NK cells in the human lung,
the levels of DN cNK cells were reduced in the tumor tissues,
whereas those of CD69+CXCR6+ trNK cells and SP trNK cells were
significantly elevated in the NK cells (Fig. 1C), confirming the
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Figure 1. The distribution of the trNK cells in NSCLC. A−B. Line chart summarizes the proportion of NK cells in lymphocytes (A) and the counting
of NK cells per 100,000 singlets (B) between the normal and tumor tissues. C−E. The comparisons of DP (Double positive, CD69+CXCR6+), SP (Single
positive, CD69+CXCR6−), and DN (Double negative, CD69−CXCR6−) NK cell distribution in total NK cells (C), CD56bright NK cells (D), and CD56dim NK
cells (E) between the normal (N) and tumor (T) tissues. Data are shown as the line chart. Data were obtained from the normal and paired tumor
tissues resected from 35 of 52 operative NSCLC patients, pooled from three independent experiments. Symbols represent one individual sample.
*p < 0.05, **p < 0.01, ***p < 0.001 (two-tailed paired t-test, and Wilcoxon matched-pairs signed rank test for non-parametric pairing t-tests).

specificity and predominance of trNK cells during in the antitumor
immune response in NSCLC. The NK cells were further delineated
into two major subsets: CD56bright NK cells and CD56dim NK cells.
The DN expression of CD69 and CXCR6 or the SP expression of
CD69 was upregulated on both CD56bright and CD56dim NK cells in
the pulmonary tumor tissues (Fig. 1D and E), suggesting the accu-
mulation of trNK cells in the intratumoral CD56bright and CD56dim

cells and in the total NK cells of human NSCLC tissues.

The phenotype of tumor-infiltrating CD69+CXCR6+

trNK cells in NSCLC

We then analyzed the phenotypes of the NK cells in NSCLC. Tissue
residency was examined first (Fig. 2A), and the CD69+CXCR6+

trNK cells and SP trNK cells included more CD103+ cells than
did the DN cNK cells. However, there was no difference in
the frequency of CD103+ cells in the two trNK cell subsets
(CD69+CXCR6+ and SP) (Fig. 2B and C). Furthermore, the
CD69+CXCR6+ trNK cells infiltrating the tumors expressed more
CD103 than did those in normal tissue, emphasizing the signif-
icance of trNK cells in regulating the progression of malignancy
(Fig. 2D).

It is widely accepted that human NK cells from the peripheral
blood can be divided into two major subsets: CD56brightCD16−

and CD56dimCD16+ [23]. Our results confirm that CD69+CXCR6+

trNK cells from both normal and tumor tissues showed a lower
frequency of the CD56dimCD16+ phenotype and an increased fre-
quency of the CD56brightCD16− phenotype than did DN cNK cells.
The CD56dimCD16+ phenotype remained predominant among
the DN cNK cells (Fig. 2E–G). CD56/CD16 expression on the
CD69+CXCR6+ trNK cells was similar in both the cells from nor-
mal tissues and those from tumor tissues (Fig. 2H and I).

The CD56bright subset of NK cells has been shown to be the
precursor of the CD56dim subset in the linear maturation model
of human NK cells [24]. Therefore, a larger proportion of the
CD56brightCD16− subset implies a higher level of cell immaturity.
The expression of NKG2A and CD57, both markers of NK cell
maturation or differentiation [25], was then examined in the NK
cell subgroups (Fig. 2J). The CD69+CXCR6+ trNK cells included
more NKG2A+ cells and fewer CD57+ cells than the DN cNK cells,
and the CD69+CXCR6+ trNK cells also included more NKG2A+

cells than the SP trNK cells in the normal tissues (Fig. 2K and L).
No difference in NKG2A or CD57 expression on CD69+CXCR6+

trNK cells was observed between the normal and tumor tissues
(Fig. 2M and N).

Because Trm cells have been shown to express increased
immune checkpoint regulators [26], we analyzed the expres-
sion levels of PD-1, CTLA-4, TIGIT, LAG-3, and TIM-3 on human
CD69+CXCR6+ trNK cells (Fig. 2O–S, Fig. S2). The validity of flu-
orescent staining was confirmed with FMO and negative controls
(Fig. S1I-J). According to our results, CD69+CXCR6+ trNK cells
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Figure 2. The phenotype of the trNK cells in NSCLC. (A−D) The percentages of CD103+ cells in DP, SP, and DN NK cells from the normal (B) and
tumor tissues (C). The comparisons of the percentages of CD103+ cells in DP, SP, and DN NK cells between the normal (N) and tumor (T) tissues
(D). Data are shown as the representative flow analysis (A), mean ± SEM (B−C), and line chart (D). (E−I) The percentages of CD56dimCD16+ and
CD56brightCD16− cells in DP, SP, and DN NK cells from the normal (F) and tumor tissues (G). The comparisons of the percentages of CD56dimCD16+

(H) and CD56brightCD16− cells (I) in DP, SP, and DN NK cells between the normal (N) and tumor (T) tissues. Data are shown as the representative flow
analysis (E), mean ± SEM (F−G), and line chart (H−I). (J−N) The percentages of NKG2A+ and CD57+ cells in DP, SP, and DN NK cells from the normal
(K) and tumor tissues (L). The comparisons of the percentages of NKG2A+ (M) and CD57+ cells (N) in DP, SP, and DN NK cells between the normal
(N) and tumor (T) tissues. Data are shown as the representative flow analysis (J), mean ± SEM (K−L), and line chart (M−N). (O−S) The percentages
of PD-1+ and CTLA-4+ cells in DP, SP, and DN NK cells from the normal (P) and tumor tissues (Q). The comparisons of the percentages of PD-1+ (R)
and CTLA-4+ cells (S) in DP, SP, and DN NK cells between the normal (N) and tumor (T) tissues. Data are shown as the representative flow analysis
(O), mean ± SEM (P−Q), and line chart (R−S). Data were obtained from the normal and paired tumor tissues resected from 35 of 52 operative NSCLC
patients, pooled from three independent experiments. 33 of 52 samples were stained by CD103 (A−D); 35 of 52 samples were stained by CD56 and
CD16 (E−I); 24 of 52 samples were stained by NKG2A (J−N); six of 52 samples were stained by CD57 (J−N); 20 of 52 samples were stained by PD-1
(J−N); 18 of 52 samples were stained by CTLA-4 (O−S). Symbols represent one individual sample. *p < 0.05, **p < 0.01, ***p < 0.001 (two-tailed t-test
and Wilcoxon signed rank test in B−C, F−G, K−L, P−Q; two-tailed paired t-test and Wilcoxon matched-pairs signed rank test in D, H−I, M−N, R−S).

from both normal and tumor tissues showed greater expression
of PD-1, CTLA-4, and TIM-3 than the other NK cells, but only
CD69+CXCR6+ trNK cells from normal tissues expressed more
TIGIT and LAG-3 than the other NK cells (Fig. 2P and Q, Fig. S2B–
C). More TIM-3+ cells were detected among the CD69+CXCR6+

trNK cells from tumor tissues than among their counterparts from
normal tissues (Fig. S2D).

CD69+CXCR6+ trNK cells secrete elevated antitumor
cytokines

NK cells exert antitumor effects through the secretion of cytokines
and direct cytotoxicity [27]. Therefore, we analyzed the func-
tions of CD69+CXCR6+ trNK cells in NSCLC from these two
perspectives.
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Figure 3. Functions of the trNK cells in NSCLC. (A−D) The percentages of IFN-γ+ (B), TNF-α+ (C), and CD107a+ cells (D) in DP, SP, and DN NK cells
from the normal and tumor tissues. Data are shown as the representative flow analysis (A) and mean ± SEM (B−D). (E−F) The percentages of the
dead A549 lung cancer cells after co-culture with sorted DP and DN NK cells. Negative control refers to as the A549 cells cultured alone. Data are
shown as the representative flow analysis (E) and mean ± SEM (F). Data were obtained from the normal and paired tumor tissues resected from
ten of 52 operative NSCLC patients, pooled from three independent experiments. Symbols represent one individual sample. *p < 0.05, **p < 0.01,
***p < 0.001 (two-tailed t-test and Wilcoxon signed rank test in B−D and F).

First, we cultured cell suspensions obtained from paired nor-
mal and tumor tissues, and analyzed the cytokine secretion pro-
files of the NK cells with flow cytometry (Fig. 3A). In both the
normal and tumor tissues, the intracellular expression of IFN-γ
was significantly higher in CD69+CXCR6+ trNK cells than in SP
trNK cells or DN cNK cells (Fig. 3B). CD69+CXCR6+ trNK cells
from normal lung tissues also expressed more intracellular TNF-α
than SP trNK cells or DN cNK cells, but this difference between
CD69+CXCR6+ trNK cells and DN cNK cells was not observed in
tumor tissues (Fig. 3C). We then cultured the cell suspensions in
the presence of brefeldin A (BFA) and monensin, to enhance the
staining of intracellular cytokines [28]. The results were similar,
showing that CD69+CXCR6+ trNK cells still produced more IFN-γ
and TNF-α than SP trNK cells or DN cNK cells (Fig. S3A–C). No
difference in IFN-γ or TNF-α expression on CD69+CXCR6+ trNK
cells was observed between the normal and tumor tissues (Fig.
S3D–E).

To further clarify the cytokine secretion function of trNK cells,
we individually sorted CD69+CXCR6+ trNK cells and DN cNK cells
from normal tissues. The gating strategy and post-sorting verifica-
tion are shown in Fig. S1K–L. Our results proved that the concen-

tration of IFN-γ was significantly higher in the culture supernatant
of the CD69+CXCR6+ trNK cells than in that of the DN cNK cells
(Fig. S3F–G).

The cytotoxicity characteristics of NK cells in NSCLC were also
evaluated. We first showed with flow cytometry that the propor-
tion of CD107a+ cells was higher in CD69+CXCR6+ trNK cells
than in cNK cells from both normal and tumor tissues (Fig. 3A and
D). CD69+CXCR6+ trNK cells and DN cNK cells were then sorted
from the cell suspensions, and cocultured with A549 lung cancer
cells for 12 h. The gating strategy of A549 cells is shown in Fig.
S1M. Unlike the overexpression of CD107a, CD69+CXCR6+ trNK
cells induced lower proportion of dead A549 cells than did DN
cNK cells after the coculture (Fig. 3E and F). Intracellular stain-
ing of granzyme B also showed that CD69+CXCR6+ trNK cells
prepared from normal tissues produced less granzyme B than DN
cNK cells, whereas the granzyme B secreted did not vary among
the three subgroups in tumor-derived cell suspensions of NK cells
(Fig. S3H–J). The intracellular expression of perforin was also
similar among the NK cell subgroups, regardless of whether the
NK cells were obtained from normal or tumor tissues (Fig. S3H–
J). CD69+CXCR6+ trNK cells from normal tissues expressed more
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granzyme-B than did those from tumor tissues, but no difference
in perforin expression on CD69+CXCR6+ trNK cells was observed
between the normal and tumor tissues (Fig. S3K–L).

Taken together, these results indicate that the cytokine pro-
duction of CD69+CXCR6+ trNK cells is more significant in NSCLC
than their direct cytotoxicity. Since the secretion of IFN-γ and TNF
by NK cells has been shown to induce direct antitumor cytotoxi-
city and mediate tumor cell death [5, 27], CD69+CXCR6+ trNK
cells are considered vital in controlling tumor progression.

Cytokine secretion by tumor-infiltrating
CD69+CXCR6+ trNK cells is restricted

The function of NK cells is influenced by various stimuli. To inves-
tigate whether this also applies to CD69+CXCR6+ trNK cells, we
stimulated cell suspensions separately with lung cancer cells, IL-
15, and phorbol myristate acetate (PMA) and ionomycin. Then
we analyzed the cytokine production by CD69+CXCR6+ trNK cells
relative to that by other NK cell subsets.

First, CD69+CXCR6+ trNK cells and CD69−CXCR6− cNK cells
were sorted from a cell suspension prepared from normal pul-
monary tissue (Fig. 4A). The sorted CD69+CXCR6+ trNK cells
included more IFN-γ+ and TNF-α+ cells than the cNK cells (Fig. 4B
and C). During coculture with A549 cells, the CD69+CXCR6+

trNK cells also produced more IFN-γ and TNF-α than cNK cells
cocultured with A549 cells (Fig. 4B and C). However, they pro-
duced less IFN-γ than their unstimulated counterparts, which
directly indicates that their capacity to secrete immunomodula-
tory cytokines is restricted by tumor cells (Fig. 4B).

NK cells were then stimulated with IL-15, added to cell suspen-
sions. CD69+CXCR6+ trNK cells obtained from normal pulmonary
tissues included more IFN-γ+ cells, TNF-α+ cells, and CD107a+

cells than did DN cNK cells (Fig. 4D–G). In contrast, this variation
was not observed between intratumoral CD69+CXCR6+ trNK cells
and DN cNK cells (Fig. 4D–G). Notably, the function of NK cells
was enhanced in the presence of IL-15 [29], whereas the addition
of IL-15 did not increase the frequency of IFN-γ+ cells or TNF-α+

cells in the CD69+CXCR6+ trNK cells, indicating the dysfunction
of trNK cells in human NSCLC (Fig. 4H–I).

We also stimulated pulmonary NK cells with PMA and Iono-
mycin, a nonspecific NK cell activator that increases the produc-
tion of IFN-γ and TNF-α by NK cells [30]. However, activated
CD69+CXCR6+ trNK cells failed to show greater IFN-γ or TNF-α
production than DN cNK cells from either normal or tumor tissues
(Fig. 4J–L), which was inconsistent with their inactivated coun-
terparts. Direct comparisons further demonstrated that PMA and
Ionomycin stimulation only effectively improved IFN-γ produc-
tion by CD69+CXCR6+ trNK cells from normal tissues (Fig. 4M).
The addition of PMA and Ionomycin did not upregulate the pro-
duction of TNF-α or IFN-γ by CD69+CXCR6+ trNK cells that had
infiltrated tumor tissue (Fig. 4M and N).

In summary, using A549 lung cancer cells, IL-15, and PMA and
Ionomycin to stimulate cells, we demonstrated the dysfunction

of CD69+CXCR6+ trNK cells and that CD69+CXCR6+ trNK cells
infiltrating tumor tissues were significantly more restrained.

PD-1 and CTLA-4 inhibit cytokine secretion by
CD69+CXCR6+ trNK cells

The inhibition of NK cell activities by immune checkpoint
molecules has recently been reported [5, 31]. In this study,
we confirmed the exhaustion phenotype of CD69+CXCR6+ trNK
cells. Consequently, we hypothesized that the elevated expression
of immune checkpoint markers, such as PD-1 and CTLA-4, on
CD69+CXCR6+ trNK cells contributes to their dysfunction during
stimulation, and thereby the in vitro blockade of PD-1 and CTLA-4
eliminates this dysfunction.

To design blockade strategies, we first evaluated the coexpres-
sion of inhibitory molecules. In 18 normal and tumor tissues from
NSCLC patients, the proportion of PD-1+ CD69+CXCR6+ trNK
cells was positively associated with the proportion of CTLA-4+

CD69+CXCR6+ trNK cells in normal tissues (p < 0.001, Spear-
man’s r = 0.792; Fig. 5A), tumor tissues (p < 0.001, Spearman’s r
= 0.589; Fig. 5B), and both combined (p < 0.001, Spearman’s r =
0.608: Fig. 5C). Recent clinical evidence has also shown that the
combination of two or more ICIs enhances the prognosis of NSCLC
[32], so used PD-1 blockade alone, CTLA-4 blockade alone, and
PD-1 and CTLA-4 blockade combined to treat NK cells stimulated
with PMA and ionomycin (Fig. 5D and E).

Our results showed that the capacity of CD69+CXCR6+ trNK
cells from normal tissue to secrete IFN-γ and TNF-α was enhanced
by treatment with anti-PD-1 antibody or anti-CTLA-4 antibody
alone or combined, which confirmed the hypothesis that PD-1
and CTLA-4 inhibit the secretion of cytokines by CD69+CXCR6+

trNK cells (Fig. 5F). The secretion of IFN-γ by tumor-infiltrating
CD69+CXCR6+ trNK cells was enhanced by the anti-PD-1 anti-
body treatment (Fig. 5G). Neither the production of TNF-α nor
the coproduction of IFN-γ and TNF-α by tumors was altered by
the blockade of PD-1 or CTLA-4 in CD69+CXCR6+ trNK cells
(Fig. 5F and G). We also compared the secretion of cytokines by
CD69+CXCR6+ trNK cells and DN cNK cells during stimulation.
When treated with ICIs, the activated CD69+CXCR6+ trNK cells
secreted more IFN-γ and TNF-α than SP trNK cells or DN cNK cells
in most cases (Fig. S4), consistent with their unactivated counter-
parts.

Discussion

As a promising therapeutic treatment for different malignancies,
immunotherapies aim to unleash the full efficacy of antitumor
agents mediated by the human immune system, and consequently
to limit tumor development [33]. For many decades, it has been
widely believed that most lymphocytes involved in the immuno-
surveillance of tumors recirculate throughout the body constantly
during their lifespans [22, 34]. However, with rapid advances
in immunology, mounting evidence suggests that different
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Figure 4. Functions of the stimulated trNK cells in NSCLC. (A−C) The percentages of IFN-γ+ (B) and TNF-α+ cells (C) in sorted DP and DN NK
cells from the normal tissues during culture alone or coculture with A549 lung cancer cells. Data are shown as the representative flow analysis
(A) and mean ± SEM (B−C). (D−G) The percentages of IFN-γ+ (E), TNF-α+ (F), and CD107a+ cells (G) in DP, SP, and DN NK cells from the normal
and tumor tissues stimulated with IL-15. Data are shown as the representative flow analysis (D) and mean ± SEM (E−G). (H−I) The comparisons
of the percentage of IFN-γ+ (H) and TNF-α+ cells (I) in DP NK cells from the normal and tumor tissues between the unstimulated cells and the
cells stimulated with IL-15. Data are shown as line chart (H−I). (J−L) The percentages of IFN-γ+ (K) and TNF-α+ cells (L) in DP, SP, and DN NK cells
from the normal and tumor tissues stimulated with PMA and Ionomycin. Data are shown as the representative flow analysis (J) and mean ± SEM
(K−L). (M−N) The comparisons of the percentage of IFN-γ+ (M) and TNF-α+ cells (N) in DP NK cells from the normal and tumor tissues between the
unstimulated cells and the cells stimulated with PMA and Ionomycin. Data are shown as line chart (M−N). Data were obtained from the normal
tissues resected from five operative NSCLC patients (A−C), pooled from three independent experiments. Data were obtained from the normal and
paired tumor tissues resected from 10 of 52 operative NSCLC patients (D−N), pooled from three independent experiments. Symbols represent one
individual sample. *p < 0.05, **p < 0.01, ***p < 0.001 (two-tailed t-test and Wilcoxon signed rank test in [B,C], [E−G], and [K,L], two-tailed paired t-test
and Wilcoxon matched-pairs signed rank test in [H,I] and [M,N]).
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Figure 5. Cytokine secretion by trNK cells after the blockade(s) of PD-1 and CTLA-4 in NSCLC. (A−C) Spearman correlation analysis and linear
regression analysis assess the correlation between the proportion of PD-1+ DP NK cells and CTLA-4+ DP NK cells from the normal tissues (A), the
tumor tissues (B), and taken together (C). (D−E) The representative flow analysis of the intracellular expression of IFN-γ and TNF-α in DP, SP, and DN
NK cells from the normal (D) and tumor tissues (E) when stimulated with BFA and monensin and PMA and Ionomycin. (F−G) The comparisons of
intracellular expression of IFN-γ and TNF-α in DP NK cells from the normal (F) and tumor tissues (G) between spontaneous cells and cells after the
blockade(s) of PD-1 and CTLA-4. Data are shown as mean ± SEM. Data were obtained from the normal and paired tumor tissues resected from 18
of 52 operative NSCLC patients (A−C), pooled from three independent experiments. Data were obtained from the normal and paired tumor tissues
resected from nine of 52 operative NSCLC patients (D−G), pooled from three independent experiments. Symbols represent one individual sample.
*p < 0.05, **p < 0.01, ***p < 0.001 (Spearman’s correlation and linear regression tests in [A−C]; two-tailed t-test and Wilcoxon signed rank test in
[F−G]).

tissue-resident lymphocyte subsets occur in the peripheral non-
lymphoid organs, contrary to the traditional opinion [34]. Further
research into the development and functions of tissue-resident
lymphocytes has demonstrated their tremendous capacity to
control tumor initiation, growth, and metastasis [13, 21, 22],
Therefore, they are ideal targets for immunotherapy. However,
compared with Trm cells, which mainly mediate the local adaptive
immune response, our knowledge of trNK cells, which mediate
the local innate immune response, remains limited, which limits
the clinical application of immunotherapies.

In this study, we characterized the unique CD69+CXCR6+

trNK cell subset in human lung cancer, and showed the enrich-
ment of these trNK cells in solid tumor tissues from patients
with NSCLC compared with their levels in normal lung tissue.
We also demonstrated the predominant role of CD69+CXCR6+

trNK cells in regulating antitumor activity via their extraordinary
capacity to secrete IFN-γ and TNF-α. Whereas this capacity is
impaired in activated CD69+CXCR6+ trNK cells, PD-1- and CTLA-
4-neutralizing antibodies significantly rescued this dysfunction.
Because the role of trNK cells and their heterogeneous distribu-
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tion among cell populations make them a promising target for
ICIs [16], our results also provide a novel explanation of the vary-
ing efficiency of immunotherapy mediated by ICIs in human lung
cancer.

We first analyzed the distribution of trNK cells in human lung
cancer, and showed that the coexpression of CD69 and CXCR6
defines a novel subset of trNK cells in lung tissues resected from
patients with operable NSCLC. The tumor tissues in these samples
were enriched in trNK cells compared with the adjacent normal
lung tissue (Fig. 1). Although CD69 is specifically expressed on
trNK cells among the NK cells in the peripheral organs of humans
and mice, CD49a and CD103 have also been used to identify trNK
cells [17]. These have also been shown to promote the reten-
tion of immune cells under the regulation of transforming growth
factor β (TGF-β) [35, 36]. In contrast, the functional involve-
ment of CXCR6 in the retention of lymphocytes is regulated
by the interaction between CXCR6 and its ligand CXCL16 [37].
Although CD69+CXCR6+ trNK cells and SP trNK cells both show
increased expression of the tissue-resident marker CD103 com-
pared with that on DN cNK cells (Fig. 2), our analysis showed that
CD69+CXCR6+ trNK cells express several unique features, distinct
from those expressed by SP trNK cells, in the NSCLC microenvi-
ronment. Therefore, the combination of CD69 and CXCR6 allows
the discrimination of trNK cells and cNK cells, and implies that
human solid tumors potentially mediate a specific pathway of
tissue-resident cell recruitment, in addition to the regulation of
CD49a and CD103 expression by TGF-β [36].

Previous reports have indicated that the dominant phenotypes
and functions of human trNK cells vary from those of their
conventional counterparts at various anatomical sites, including
the lymph nodes, tonsils, and liver [38]. However, the diversity of
the lung trNK cell populations has rarely been studied, especially
in terms of pulmonary malignancies. According to our phenotypic
analyses, CD69+CXCR6+ trNK cells and SP trNK cells showed an
abundance of the CD56brightCD16− subtype and immature char-
acteristics, similar to those of the immunomodulatory CD56bright

NK cell subset, which has a capacity for the rapid secretion of
cytokines including IFN-γ and TNF-α [29]. The distribution of the
CD56brightCD16− phenotype was similar in the CD69+CXCR6+

trNK cells from normal and tumor tissues, which implies that
the immunomodulatory function of trNK cells is not disrupted
by the TME. Elevated proportions of PD-1+ or CTLA-4+ cells
were also observed in CD69+CXCR6+ trNK cells from both
normal and tumor tissues (Fig. 2). Other inhibitory receptors,
including TIGIT, TIM-3, and LAG-3, were more abundantly
expressed on CD69+CXCR6+ trNK cells as well, which confirms
that trNK cells maintain the exhaustion phenotype in NSCLC
(Fig. S2).

Because the phenotypic results were contradictory, we per-
formed in vitro experiments to evaluate the functions of
CD69+CXCR6+ trNK cells. We used flow cytometry and enzyme-
linked immunosorbent assays (ELISAs) to confirm the greater pro-
duction of IFN-γ and TNF-α by CD69+CXCR6+ trNK cells than by
cNK cells (Fig. 3, Fig. S3). The lower proportion of dead lung
cancer cells after coculture with NK cells and the relatively low

expression of granzyme B confirmed that the direct cytotoxicity of
CD69+CXCR6+ trNK cells against tumor cells was not superior to
that of DN cNK cells (Fig. 3, Fig. S3). Notably, the cytokine secre-
tion capacity of CD69+CXCR6+ trNK cells was not affected by the
TME, which is consistent with their stable immunomodulatory-
like phenotype shown in Fig. 2.

To further clarify the influence of elevated immune inhibitors
on CD69+CXCR6+ trNK cells, we analyzed the functions of human
NK cells under various stimuli (Fig. 4). First, the production of
IFN-γ and TNF-α by CD69+CXCR6+ trNK cells decreased during
coculture with A549 lung cancer cells. Moreover, IL-15, a univer-
sal stimulant of multiple immune cells that has been tested in a
clinical trial [39, 40], failed to increase the proportions of IFN-γ+

and TNF-α+ cells in the CD69+CXCR6+ trNK cells. Furthermore,
when tumor-infiltrating CD69+CXCR6+ trNK cells were stimu-
lated with PMA and ionomycin, their intracellular expression of
IFN-γ and TNF-α was not upregulated, which was inconsistent
with other NK cells stimulated with PMA and ionomycin [30].
Thus, we demonstrated the dysfunction of CD69+CXCR6+ trNK
cells by stimulating them with lung cancer cells, cytokines, and a
nonspecific NK cell activator.

Therefore, we presume that the exhaustion phenotype impairs
the function of activated CD69+CXCR6+ trNK cells, which con-
sequently facilitates tumor immune escape under pathological
conditions. Based on this hypothesis, we tested the effects of
blocking PD-1 and CTLA-4, individually or together, on acti-
vated CD69+CXCR6+ trNK cells, and reevaluated their func-
tionality after the blockade(s) (Fig. 5, Fig. S4). The activated
CD69+CXCR6+ trNK cells from normal lung tissues expressed
more IFN-γ and TNF-α after the in vitro blockade than before
the blockade, whereas their counterpart cells from the tumor
tissues did not. The failure to improve the function of acti-
vated CD69+CXCR6+ trNK cells derived from tumor tissues was
attributable to the elevation of other inhibitory markers on them,
such as TIM-3 (Fig. S2D). The upregulation of TIM-3 in tumor-
infiltrating NK cells was found capable of suppressing their
cytokine secretion and cytotoxic activity [41], which was consis-
tent with our current results.

These results convincingly clarify the controversy regarding
the role of NK cells in therapies involving inhibitory checkpoint
blockade [42]. For instance, some models maintain that PD-1
and CTLA-4 are expressed by tumor-infiltrating cytotoxic T cells
rather than by NK cells, and that blockade therapy with PD-1-
and CTLA-4-directed ICIs mainly affects T cells in the TME [43,
44]. Some published studies have contested this view, and have
shown that melanoma patients who responded to PD-1 or CTLA-4
blockade therapy had increased MIP-1β- and CD69-expressing
NK cells [45]. Moreover, an elevated frequency of PD-1+ cells
was associated with the highest functional activity in NK cells
expressing CD69 when activated in vitro, although CD69 is
commonly regarded as a signal that activates lymphocytes [46,
47]. Our results provide an innovative perspective on CD69+ NK
cells in terms of their tissue residency, and demonstrate that trNK
cells, especially the unique CD69+CXCR6+ trNK cell subtype, is
the major contributor to the elevated proportions of PD-1+ and
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CTLA-4+ cells in the entire NK group. Therefore, trNK cells also
participate in the clinical benefits of ICI-based immunotherapies
in NSCLC via their enhanced capacity to secrete cytokines IFN-γ
and TNF-α.

In conclusion, our study has demonstrated the accumulation of
CD69+CXCR6+ trNK cells in NSCLC. This cell subgroup shows an
immunomodulatory-like and exhausted phenotype, and a distinct
capacity to secrete IFN-γ and TNF-α. In vitro experiments con-
firmed the dysfunction of CD69+CXCR6+ trNK cells during stimu-
lation, and the blockade of ICIs could ameliorate this dysfunction.
These results extend our understanding of the antitumor effects
of trNK cells in human lung cancer.

Materials and methods

Tissue collection

The study included tissues from 60 patients diagnosed with a
malignant pulmonary NSCLC tumor with an identified histo-
logical type, who underwent surgical resection at the Second
Affiliated Hospital of Zhejiang University School of Medicine,
Hangzhou, China. 52 of the patients donated tumor and paired
normal lung tissues, and eight of them donated normal lung tis-
sue only. None of the patients had received chemotherapy or
radiotherapy before surgery. Tumorous (homogeneous cellularity,
without necrotic foci) and autologous normal lung tissues were
obtained during surgery. Normal adjacent tissue was obtained
from a macroscopically normal part of the excised pulmonary tis-
sue at least 5 cm from the tumor tissue. The removed tissue was
immersed in RPMI-1640 medium (Sigma, RNBK7760) and imme-
diately transported to the laboratory.

Human NSCLC sample preparation

To investigate the distribution and phenotypes of NK cells and
their specific subsets in NSCLC, freshly excised paired normal and
tumor tissues from 60 patients were uniformly cut into small
pieces. The shredded tissue samples were then divided into at
least three 5 mL tubes as experimental replicates.

We then added 5 mL of RPMI-1640 containing 10% fetal
bovine serum (FBS; Thermo Fisher Scientific, 10100147), 5 mg of
type 1 collagenase (Cell Signaling Technology, 62648), and 5 mg
of type 4 collagenase (Cell Signaling Technology, 44204) into the
tubes containing 5 mL of shredded tissue samples, and digested
them at 37°C (Miltenyi, gentleMACSTM Tissue Dissociator). After
digestion, we filtered the mixtures to remove any tissue particles,
and the cell suspensions were allowed to stand. Finally, after the
cells were counted, we centrifuged them at 250×g for 10 min, and
resuspended them in complete RPMI medium (RPMI-1640 sup-
plemented with 10% FBS, 100 U/mL penicillin, and 100 μg/mL
streptomycin), based on the protocols of subsequent experiments.

Distribution and phenotypic analysis with cell-surface
staining

In the distribution and phenotypic analyses, the cells were
resuspended and divided into several centrifuge tubes. Each
tube contained 50 μL of cell suspension, containing at least
1,000,000 cells. We then added 50 μL of cell staining buffer
(CSB; Biolegend, 420201) containing 0.5 μL of fluorescence-
labeled antibody, and stored the samples in the dark for 15 min at
20–24 °C. All fluorescence-labeled antibodies used in the present
study are shown in Supplementary Table 2.

CSB (500 μL) was then added to the stained cell suspensions,
which were centrifuged at 250×g for 5 min. Finally, we resus-
pended the cells in 300 μL of CSB, filtered them through a 40 μm
filter, and analyzed the samples on a FACSCanto II system (BD
Biosciences). The percentage of positive cells under each gate was
calculated with the FlowJo software (Tree Star, Version 10).

Functional analyses with intracellular cytokine
staining

In the functional analyses, each cell suspension was resuspended
and divided into different numbers of subsamples according to the
experimental plan. Each subsample contained at least 1,000,000
cells, and was cultured in a 12-well cell culture plate (1 mL/well)
for 12 h at 37°C. The interventions included the addition of IL-15
(10 ng; Proteintech), BFA and monensin (3 mg and 1.4 mg; Multi
Sciences, CS1002), BFA and monensin (3 mg and 1.4 mg) and
PMA and ionomycin (50 μg and 1 mg; Multi Sciences, CS1001).

After incubation, the cell suspensions were transferred to cen-
trifuge tubes and washed once with phosphate-buffered saline
(PBS) before subsequent experiments. We then added 250 μL
of freshly diluted permeabilization buffer (Biolegend, 421402),
and placed the samples at 4°C for 25 min. After adding 200 μL
of intracellular staining permeabilization wash buffer (Biolegend,
421002), we centrifuged the cell suspensions at 550×g for 10 min
and removed the supernatants. We then added 50 μL of CSB con-
taining 1 μL of fluorescence-labeled antibody, and incubated the
samples in the dark for 30 min.

CSB (500 μL) was then added to the stained cell suspensions,
which were centrifuged at 550×g for 10 min. The methods used
to resuspend, detect the stained cells, and calculate their propor-
tions were as described in the cell-surface staining section.

Function analyses by direct cell cytotoxicity evaluation

To examine the functions of CD69+CXCR6+ trNK cells more accu-
rately, cell suspensions from normal pulmonary tissues were first
stained with fluorescence-labeled antibody directed against CD69
or CXCR6, as described in the cell-surface staining section. The
cells were then sorted with the FACSCalibur system (BD Bio-
sciences), according to the manufacturer’s protocol, and post-
sorting tests were performed to ensure the validity of the results.
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Single-cell suspensions of CD69+CXCR6+ trNK cells or DN cNK
cells were prepared and separated into aliquots, each containing
10,000 cells. Each aliquot was cocultured with 10,000 A549 lung
cancer cells in a 96-well culture plate (200 μL/well) at 37°C for
24 h.

The proportions of dead A549 cells were determined after
staining with 7-AAD Viability Staining Solution (Biolegend,
420403). Dead A549 cells were identified as 7-AAD+ cells. After
resuspending the samples into tubes each containing 50 μL of cell
suspension, we then added 50 μL of CSB containing 1 μL of 7-
AAD solution. After storing the samples in the dark for 5 min, we
detected the stained cells with the flow cytometry as described
above as soon as possible.

Function analyses by ELISA

To confirm the secretion of IFN-γ by CD69+CXCR6+ trNK cells,
we first prepared single-cell suspensions of CD69+CXCR6+ trNK
cells and DN cNK cells, as described above. We then separated
the suspensions into aliquots, each containing 100,000 cells, and
cultured them in a 96-well culture plate (200 μL/well) at 37°C
for 24 h.

After incubation and centrifugation at 500 rpm for 5 min, the
supernatants of the single-cell suspensions were collected. The
IFN-γ concentrations were determined with an ELISA (Protein-
tech, KE00146), according to the protocol of the manufacturer.

Changes in the functionality of the NK cells after
blockade with ICIs

To investigate how the blockade of immune checkpoints affects
the functionality of NK cells in NSCLC, cell suspensions were pre-
pared from normal lung tissues of eight patients with the method
described above. The cells were resuspended and divided into dif-
ferent subsamples, each containing at least 1,000,000 cells. We
cultured them in complete RPMI medium supplemented with BFA
and monensin and PMA and ionomycin in 12-well cell culture
plates (1 mL/well) at 37°C for 12 h.

At the beginning of the culture period, we also added 10 μL
of neutralizing anti-human PD-1 antibody (1 mg/mL; Biolegend,
329926) alone, 10 μL of neutralizing anti-human CTLA-4 anti-
body (1 mg/mL; Biolegend, 349932) alone, or 10 μL of anti-
human PD-1 antibody and 10 μL of anti-human CTLA-4 antibody
(combined in the well).

After incubation, intracellular cytokine staining, flow cytomet-
ric analysis, and calculations were performed as described above.

Statistical analysis

GraphPad Prism software version 8.0 was used in the statisti-
cal analyses. Each symbol in the results represented one sample,
and the results in the form of a bar diagram were presented as

mean ± SEM. Differences in the percentages of positively stained
cells between the normal and tumor tissues were determined by
paired t-tests (Wilcoxon matched-pairs signed rank tests for non-
parametric pairing t-tests). Differences in the percentages of pos-
itively stained cells among NK cells were determined by t-tests
(Wilcoxon signed rank tests for non-parametric t-tests). Correla-
tions between PD-1+ DP NK cells and CTLA-4+ DP NK cells were
evaluated with Spearman’s correlation and linear regression tests.
The data were analyzed by two-tailed tests unless otherwise spec-
ified while the p value < 0.05 was regarded as statistically signif-
icant.
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