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lic change of cancer cells induced
by natural killer cells at the single-cell level studied
by label-free mass cytometry†

Zizheng Shen,a Hansen Zhao,a Huan Yao,a Xingyu Pan,a Jinlei Yang,a

Sichun Zhang, *a Guojun Han*bcd and Xinrong Zhang a

Natural killer cells (NK cells) are important immune cells which have attracted increasing attention in cancer

immunotherapy. Due to the heterogeneity of cells, individual cancer cells show different resistance to NK

cytotoxicity, which has been revealed by flow cytometry. Here we used label-free mass cytometry (CyESI-

MS) as a new tool to analyze the metabolites in Human Hepatocellular Carcinoma (HepG2) cells at the

single-cell level after the interaction with different numbers of NK92 MI cells. A large amount of

chemical information from individual HepG2 cells was obtained showing the process of cell apoptosis

induced by NK cells. Nineteen metabolites which consecutively change during cell apoptosis were

revealed by calculating their average relative intensity. Four metabolic pathways were impacted during

cell apoptosis which hit 4 metabolites including glutathione (GSH), creatine, glutamic acid and taurine.

We found that the HepG2 cells could be divided into two phenotypes after co-culturing with NK cells

according to the bimodal distribution of concentration of these 4 metabolites. The correlation between

metabolites and different apoptotic pathways in the early apoptosis cell group was established by the 4

metabolites at the single-cell level. This is a new idea of using single-cell specific metabolites to reveal

the metabolic heterogeneity in cell apoptosis which would be a powerful means for evaluating the

cytotoxicity of NK cells.
Introduction

Natural killer cells (NK cells) are one of the most important
immune cells in the human body, and are the initial immune
component in the immune system to recognize and kill cancer
cells.1–4 Different from B lymphocytes and T lymphocytes, the
immune reaction mediated by NK cells can directly cause
cytotoxicity without the introduction of antigens, so NK cells
have more comprehensive ability in cancer cell killing.5,6 Up to
now, the therapy of amplication and reinfusion of the
heterogeneous NK cells has been successfully used to treat liver
cancer,7 rectal cancer,8 breast cancer9–11 and acute myeloid
leukemia12–14 in clinics. With the great improvement of NK cell
therapy in recent years, the application of NK cells will be
a more powerful weapon to ght against cancer cells.15
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Although NK cells only account for 10–15% among the
peripheral blood lymphocytes, they play an indispensable role
in the immune process.16,17 Patients who lack NK cells or have
decreased NK cells will show low efficiency when coping with
cancer cells causing poor prognosis.18 Therefore, judging the
cytotoxicity of NK cells has great signicance in clinical
immunotherapy and can be used to forecast the effectiveness of
anti-cancer treatments. In the past few decades, the method for
judging the cytotoxicity of NK cells by measuring released
protein such as lactate dehydrogenase (LDH) was suggested.
The principle of the LDH release method is detecting the
amount of LDH released from the cancer cells killed by NK cells,
and then calculating the proportion of dead cancer cells
through a comparison with the control group.19 Because of the
low cost-efficiency and reliable repeatability, the LDH release
method has become the golden method in judging the cyto-
toxicity of NK cells.20 Limited by detection sensitivity, the LDH
release method can only be used among population cells and
provide the proportion of dead cells.20 Recently, ow cytometry
(FCM)21,22 and mass cytometry (CyTOF)23,24 have been reported
to distinguish the apoptotic state of cancer cells into early
apoptosis, late apoptosis and dead cells at the single-cell level by
measuring the apoptosis-associated cell membrane
proteins.25,26 However FCM and CyTOF are inherently limited by
the need for antibodies used to label the proteins.27–29
Chem. Sci., 2022, 13, 1641–1647 | 1641
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Fig. 1 Acquisition of HepG2 single-cell metabolite profiles by CyESI-
MS. (a) The procedure of single-cell sample preparation and CyESI-MS
detection. (b) EIC of the cell-event marker ion at m/z 760.58 was
extracted from the MS data in the positive-iron mode. The peak m/z
760.58 is a kind of abundant lipid PC 34 : 1 only existing in cells. (c) The
heat map of 224 individual HepG2 cell MS profiles. (d) The normalized
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Compared with the detection of the released proteins or
membrane proteins, the study of intracellular metabolites is of
great value because metabolites are the end products of the life
activities, which can reect the changes of cell validity in a short
time.30–32 The process of NK cells interacting with cancer cells
also causes changes of intracellular metabolites.1 NK cells
release pore-forming proteins (PFPs)33–35 and granzyme36–38 to
form perforations on the cancer cell membrane and induce
intracellular lysosome rupture, which eventually cause
apoptosis. Intracellular metabolites can reect and magnify the
small changes in genes,39 mRNAs40 and proteins41 during the
process of apoptosis induced by NK cells. Another inherent
advantage is being label-free42–44 which can avoid the limitation
of antibodies. Furthermore, intracellular metabolites contain
a massive amount of data and can be used to detect and reveal
potential biomarkers.45–47

In recent years, the analysis of intracellular metabolites
based on population cells has been developed rapidly. High
performance liquid chromatography (HPLC)48 is validly used to
separate and identify metabolites from cancer cells. This
method has been applied to study the principle of cell apoptosis
and other life activities.49,50 HPLC needs a lot of time to separate
the samples which is not conducive to rapid detection of cell
metabolites.48 More importantly, the population cell metabolite
data can only provide the average amount of metabolites which
covers up the differences between individual cells during the
cell apoptosis process induced by NK cells.51,52

Label-free mass cytometry (CyESI-MS)53 is a new tool devel-
oped by our group to satisfy the need for rapid analysis of
metabolites at the single-cell level. In brief, the single-cell
intracellular metabolites are extracted by the surrounding
solvent in a capillary and ionized under a high-voltage electric
eld. CyESI-MS has been proved to provide a multitude of
metabolite proles at the single-cell level rapidly and conve-
niently, which make it possible to analyze the changes of
intracellular metabolites during the cell apoptosis process. The
single-cell metabolite proles can also be applied to judge the
activities of apoptotic pathways through further statistical
analysis.

Herein we studied the dynamic metabolite changes of cancer
cells induced by NK cells using CyESI-MS at the single-cell level.
With the increasing ratio of NK cells (effector cells) and cancer
cells (target cells), the metabolite ngerprint of cancer cells
changed consecutively and 19 metabolites related to cell
apoptosis such as glutathione (GSH), creatine, glutamic acid
and taurine also changed. Even at the same ratio of effector cells
and target cells (E : T), the distribution of the concentration of
metabolites in individual cells presented a bimodal distribu-
tion. The correlation between metabolites and different
apoptotic pathways in the early apoptosis cell group was
established by the 4 metabolites at the single-cell level. Our
results have revealed that the apoptosis of cancer cells induced
by NK cells is a process with continuously changing metabo-
lites. Even in the same cell line, the individual cancer cells still
show different sensitivity to NK cells. Our work will provide new
ideas for using metabolites to evaluate the toxicity of NK cells
1642 | Chem. Sci., 2022, 13, 1641–1647
and reveal the process of apoptosis induced by NK cells in
heterogeneous individual cancer cells.
Results and discussion
Acquisition of HepG2 single-cell metabolite proles by CyESI-
MS

The experimental procedure is shown in Fig. 1a. HepG2 cells
were used to estimate the metabolic proling efficiency of
CyESI-MS at rst. The pulsed signals related to cell events were
captured by MS (Fig. 1b). As shown in Fig. 1c, each column of
the heat map represented a cell and each row represented a cell-
related peak. We acquired 333 metabolic-related ions in each
HepG2 cell. The normalized mass spectra of single HepG2 cells
detected by CyESI-MS are shown in Fig. 1d. Because CyESI is
considered as a so ion source, the cell-related MS prole
contains a variety of cellular small molecular metabolite infor-
mation, such as protonated metabolite ions, which may be
useful to reveal the process of apoptosis in cancer cells induced
by NK cells.
The dynamic changes of single-cell metabolic proles aer
interaction with NK cells

Previous studies have already elucidated the toxicity of NK cells
to cancer cells, but few studies have reported the metabolite
changes at the single-cell level. Therefore, we investigate the
dynamic changes of metabolites in the process of cancer cell
apoptosis induced by NK cells. The metabolic proles of indi-
vidual HepG2 cells co-cultured with different amounts of NK
cells are shown in Fig. 2a. As shown in Fig. 2a, single-cell
metabolic proles are different even aer co-culturing with the
same amount of NK cells, which reveal the metabolic hetero-
geneity of HepG2 cells during apoptosis. The normalized MS
proles of HepG2 cells provide an overview of the distribution
of metabolites aer co-culturing with different amounts of NK
mass spectra of single HepG2 cells.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The dynamic changes of single-cell metabolic profiles after
interaction with NK cells. (a) The heat map of two groups of single
HepG2 cells with different ratios of E : T. In one group, 162, 102, 201,
195, and 200 cells were detected with the ratio of E : T from 0 : 1, 1 : 1,
3 : 1, and 5 : 1 to 10 : 1. In the other group 186, 160, 143, 115, and 179
cells were detected. (b) The normalized MS profiles of HepG2 cells
with the ratio of E : T from 0 : 1 to 10 : 1. (c) The metabolic differences
with and without co-culture with NK cells. (d) The consecutive
distribution of HepG2 cells with different ratios of E : T from 0 : 1 to
10 : 1, from the single-cell metabolic profile analysis.

Fig. 3 The changes of specific metabolites in HepG2 cells induced by
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cells (Fig. 2b). A cluster of peaks at m/z 700–1000 with high
intensity including m/z 760.59, m/z 762.59, m/z 782.57, and m/z
808.58 are found with all ratios of E : T. The intensity of some
small molecules at m/z 100–700 such as m/z 132.13, m/z 184.07,
and m/z 308.08 reduces with the increasing ratio of E : T.

To visualize the differences of metabolic proles, an unsu-
pervised nonlinear learning algorithm named t-SNE was
applied to cluster individual HepG2 cells by their metabolic
ngerprints. Aer co-culturing with NK cells, HepG2 cells are
clearly distinguished from those without co-culturing with NK
cells (Fig. 2c). The results show that metabolic ngerprints can
be used for distinguishing the normal cells and the apoptotic
cells induced by NK cells. As shown in Fig. 2d, we found that
HepG2 cells are located at the right side with a low ratio of E : T.
With the increasing amount of NK cells, the distribution of
HepG2 cells gradually moves from the right to the le. The
distribution of HepG2 cells illustrates the consecutive dynamic
changes of metabolites during apoptosis induced by NK cells.
NK cells. (a) Logarithmic radar charts of average relative intensities of
19 characteristic metabolites with different ratios of E : T. (b) Several
metabolic pathways are impacted during cell apoptosis induced by NK
cells: (1) glycerophospholipid metabolism, (2) D-glutamine and D-
glutamate metabolism, (3) taurine and hypotaurine metabolism, (4)
glutathione metabolism, and (5) glycine, serine and threonine
metabolism. The changes of relative intensities of (c) glutathione, (d)
glutamic acid, (e) creatine, and (f) taurine in individual cells during
apoptosis and the p-value indicates a significant difference (using
Bonferroni to adjust the p-value: *p < 0.1/4, **p < 0.05/4, and ***p <
0.005/4).
The changes of specic metabolites in HepG2 cells induced by
NK cells

The ngerprints could only reveal the dynamic changes of
metabolites by fuzzy recognition, but the accurate m/z could
help to annotate the metabolites. We annotate the metabolites
by accurate m/z and calculate the average relative intensity of
single-cell metabolites. We nd the relative intensities of 19
© 2022 The Author(s). Published by the Royal Society of Chemistry
metabolites, including 7 small molecules atm/z 100–700 and 12
lipids atm/z 700–1000, continuously change with the increase of
the number of NK cells (Fig. 3a, S1 and Table S1†). The 19
metabolites are involved in several metabolic pathways
(Fig. 3b). The most signicant impact occurs in the glycer-
ophospholipid metabolic pathway which hits 3 kinds of
metabolites including LysoPC, PC and PE. The impact of glyc-
erophospholipid metabolism might be caused by membrane
perforation on HepG2 cells which was induced by the PFP and
granzyme released by NK cells. Multiple types of lipids are
involved in the glycerophospholipid metabolic pathway, so it is
difficult to establish a correlation with a specic lipid.

D-Glutamine and D-glutamate metabolism, taurine and
hypotaurine metabolism, glutathione metabolism, and glycine,
serine and threonine metabolism each hits one metabolite,
including D-glutamic acid, taurine, glutathione and creatine.
The changes in the above four pathways might be caused by
intracellular lysosome rupture during cell apoptosis.

The metabolite changes may relate to cell apoptosis. It has
been illustrated that the decrease of glutathione is a potential
early activation signal to apoptosis, and the subsequent
Chem. Sci., 2022, 13, 1641–1647 | 1643
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Fig. 4 The heterogeneity of the response of HepG2 cells induced by
NK cells. (a)–(e) The distribution of glutathione with different ratios of
E : T. (f)–(j) The distribution of glutamic acid with different ratios of
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generation of reactive oxygen species (ROS) promotes cell
apoptosis.54,55 With the increasing amount of NK cells, the
relative intensity of glutathione decreases (Fig. 3c). The statis-
tically signicant difference not only exists between the groups
with and without co-culturing with NK cells, but also exists
between the groups co-cultured with different amounts of NK
cells. Similar results could be obtained in glutamic acid and
creatine (Fig. 3d and e). NK cells lead to perforation on cancer
cells membrane, which will further result in the leakage of some
metabolites during the cell apoptosis, including glutamic
acid56–58 and creatine.59,60 The results demonstrated that the
changes of specic metabolites could be used to reveal the
process of cell apoptosis.

As reported in a previous study, the increasing concentration
of taurine in cancer cells can help to ght against cell
apoptosis.61–63 Similar results can be found in the cell apoptosis
of HepG2 cells induced by NK cells. With the increasing amount
of NK cells, the relative intensity of taurine increases (Fig. 3f).
E : T. (k)–(o) The distribution of creatine with different ratios of E : T.
(p)–(t) The distribution of taurine with different ratios of E : T. The red
curves in (a), (f), and (k) show the metabolic heterogeneity in HepG2
cells without co-culturing with NK cells. In (b)–(e), (g)–(j), and (i)–(o),
the cells are divided into two phenotypes according to the relative
intensity of specific metabolites. The blue curves represent the cells of
low relative intensity and may be in the stage of late apoptosis, and the
red curves represent the cells of high relative intensity and may be in
the stage of early apoptosis. In (p)–(t) the blue curves represent the
cells in low relative intensity of taurine, while red curves represent the
cells in high relative intensity.
The metabolic heterogeneity of the response of HepG2 cells
induced by NK cells

The average cell metabolic data reveal the continuous changes
of specic metabolites during cell apoptosis, but they cover up
the metabolic heterogeneity of the cells. The single-cell
metabolite information is important especially for studying cell
apoptosis, because each cell has a specic metabolite abun-
dance in different apoptotic states. The distributions of single-
cell specic metabolites could help to reveal the metabolic
heterogeneity.

Taking glutathione as an example, the relative intensity of
glutathione in normal HepG2 cells disperses in a wide range
without co-culturing with NK cells (Fig. 4a). The distribution
of glutathione can be t in a one peak Gaussian function
which indicates the existences of metabolic heterogeneity in
single cells. Aer co-culturing with NK cells, the distribution
of glutathione changes from one peak to two peaks (Fig. 4b–e),
which indicates that the HepG2 cells might be divided into
two phenotypes according to the relative intensity of gluta-
thione. A mixture Gaussian function is used to describe the
distribution of glutathione (Fig. S2†). One group of cells with
low relative intensity of glutathione may be late apoptotic
cells, and the other group of cells with high relative intensity
of glutathione may be early apoptosis cells. With the
increasing amount of NK cells, the proportion of cells in late
apoptosis increases (Fig. S3a†). The proportion of cells in early
apoptosis and the mid-value of the concentration of gluta-
thione decrease when more NK cells are added (Fig. S3e†).
Similar results are obtained in glutamic acid and creatine
(Fig. 4f–o, S3b, c, f and g†).

Taurine could be absorbed by cells to ght against adverse
conditions. Without co-culturing with NK cells, only a small
proportion of HepG2 cells have high relative intensity of taurine
(Fig. 4p). With the increasing amount of NK cells, the propor-
tion of HepG2 cells with high relative intensity of taurine and
the mid-value of the concentration of taurine increase (Fig. 4q–
t, S3d and h†). The results show that the metabolic
1644 | Chem. Sci., 2022, 13, 1641–1647
heterogeneity can be used to distinguish the cell phenotypes
and reveal the different apoptotic stages of each single cell.

The correlation between metabolites and the apoptotic
pathway and different apoptotic pathways in the early
apoptosis group of HepG2 cells induced by NK cells

The activity of the apoptotic pathway can be inferred by
measuring the quantity and activity of specic proteins.
However, measuring the proteins at the single-cell level, espe-
cially at the same time in individual cells, is still a problem.
Metabolites, as substrates for protein catalytic reactions, can
also be used to infer the activity of the apoptotic pathway. The
concentration of different metabolites in individual cells will
represent the activity of the apoptotic pathway.62,64,65

The correlation between the concentration of metabolites
and the activity of the apoptotic pathway is rst proved in
individual cells. Taking glutamic acid and creatine as an
example, the relative intensity of glutamic acid and creatine is
closely related to the membrane perforation during cell
apoptosis and their changes should be consistent. The relative
intensity of glutamic acid and creatine in individual normal
HepG2 cells is shown in Fig. 5a. The concentration of glutamic
acid is positively correlated with the concentration of creatine in
normal HepG2 cells. Similar results can be found in early
apoptosis cells induced by NK cells. The slopes of the early
apoptosis HepG2 group and normal HepG2 group are similar,
which illustrates that the concentration of metabolites can
represent the activity of the apoptotic pathway. The
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The correlation between four metabolites in the normal HepG2
group and early apoptosis HepG2 group. The normal HepG2 group is
on the left represented by red dots and the early apoptosis HepG2
group is on the right represented by purple dots. (a) and (b) The glu-
tamic acid is positively correlated with creatine in both groups with
similar slopes, as well as glutamic acid and glutathione (c) and (d). (e)
and (f) The glutamic acid is positively correlated with taurine in both
groups but with different slopes, as well as glutamic acid and gluta-
thione (g) and (h). 207, 124, 179, 154, 78, 135, 77, and 154 cells are
obtained in each figure from (a) to (h).
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concentration of both metabolites is lower in the early
apoptosis HepG2 group (Fig. 5b), which indicates the high
activity of the membrane perforation apoptotic pathway.

The correlation between different apoptotic pathways can be
established by specic metabolites. The concentration of glu-
tamic acid represents the activity of membrane perforation and
the concentration of glutathione represents the activity of the
ROS apoptotic pathway. In the normal HepG2 group, the
concentration of glutamic acid is positively correlated with the
concentration of glutathione (Fig. 5c), and in the early apoptosis
HepG2 group (Fig. 5d). The slopes in both groups are similar,
showing that the process of membrane perforation and ROS
apoptotic pathway are consistent. With the lower concentration
of glutamic acid and glutathione, the individual cells in the
© 2022 The Author(s). Published by the Royal Society of Chemistry
early apoptosis HepG2 group show high activity of membrane
perforation and ROS apoptotic pathway.

Specic metabolites can also affect the activity of the
apoptotic pathway. The concentration of taurine is positively
correlated with the concentration of glutamic acid in the early
apoptosis HepG2 group (Fig. 5f), but the concentration of glu-
tamic acid of most individual cells is still lower than that in the
normal HepG2 group (Fig. 5e), which indicates that the intake
of taurine can help cells to resist apoptosis, but can't completely
counteract the effects of membrane perforation apoptosis
induced by NK cells. Similar results can be found in the ROS
apoptotic pathway (Fig. 5g and h).

Conclusions

In this work, we used the dynamic metabolite changes of indi-
vidual HepG2 cells to reveal the process of apoptosis induced by
NK92MI cells through label-free CyESI-MS. A large amount of
chemical information from single HepG2 cells was obtained
which were unreachable by conventional FCM or CyTOF
without using antibodies. Metabolic ngerprints were used to
cluster the HepG2 cells and illustrate the consecutive dynamic
changes of metabolites at the single-cell level. The specic
metabolite changes could help to reveal the process of
apoptosis. The concentration of specic metabolites can be
used to not only distinguish cell phenotypes during the
apoptosis, but also establish the correlation between different
apoptotic pathways in the early apoptosis group. This work
provided a new thought for using single-cell specic metabo-
lites to reveal the metabolic heterogeneity in cell apoptosis
which would be a powerful means for evaluating the cytotoxicity
of NK cells and studying the apoptotic pathway at the single-cell
level.

Data availability

All experimental data, procedures for data analysis are provided
in the ESI.†

Author contributions

Z. S. designed and optimized experiments. H. Z developed the
data analysis methods. H. Y. maintained the Cy-ESI device. X. P.
cultured the cells. J. Y. modied the gures. S. Z., G. H. and X. Z.
revised the manuscript provided by the other authors. All the
authors discussed the results and contributed to edit the
manuscript.

Conflicts of interest

There are no conicts of interest to declare.

Acknowledgements

Prof. Xinrong Zhang and Sichun Zhang acknowledge the
support of the National Natural Science Foundation of China
(21974078, 21727813, and 22074077). Prof. Guojun Han
Chem. Sci., 2022, 13, 1641–1647 | 1645

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1sc06366a


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
 2

02
2.

 D
ow

nl
oa

de
d 

on
 0

4/
12

/2
02

5 
7:

35
:0

7 
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
acknowledges the Clinical Medicine Plus X-Young Scholars
Project of Peking University. We thank Bin Yu (Core Facility,
Center of Biomedical Analysis, Tsinghua University) for tech-
nical support with ow cytometry analysis.
Notes and references

1 J. P. Di Santo, Nat. Immunol., 2008, 9, 473–475.
2 L. Gauthier, A. Morel, N. Anceriz, B. Rossi, A. Blanchard-
Alvarez, G. Grondin, S. Trichard, C. Cesari, M. Sapet,
F. Bosco, H. Rispaud-Blanc, F. Guillot, S. Cornen,
A. Roussel, B. Amigues, G. Habif, F. Carague, S. Arrufat,
R. Remark, F. Romagne, Y. Morel, E. Narni-Mancinelli and
E. Vivier, Cell, 2019, 177, 1701–1713.

3 N. K. Bjorkstrom, T. Lindgren, M. Stoltz, C. Fauriat,
M. Braun, M. Evander, J. Michaelsson, K.-J. Malmberg,
J. Klingstrom, C. Ahlm and H.-G. Ljunggren, J. Exp. Med.,
2011, 208, 13–21.

4 A. Horowitz, D. M. Strauss-Albee, M. Leipold, J. Kubo,
N. Nemat-Gorgani, O. C. Dogan, C. L. Dekker, S. Mackey,
H. Maecker, G. E. Swan, M. M. Davis, P. J. Norman,
L. A. Guethlein, M. Desai, P. Parham and C. A. Blish, Sci.
Transl. Med., 2013, 5, 208ra145.

5 R. Kiessling, E. Klein and H. Wigzell, Eur. J. Immunol., 1975,
5, 112–117.

6 R. B. Herberman, M. E. Nunn and D. H. Lavrin, Int. J. Cancer,
1975, 16, 216–229.

7 Y. Yang, Z. Qin, D. Du, Y. Wu, S. Qiu, F. Mu, K. Xu and
J. Chen, Cardiovasc. Intervent. Radiol., 2019, 42, 48–59.

8 M. Alderdice, P. D. Dunne, A. J. Cole, P. G. O'Reilly,
D. G. McArt, V. Bingham, M.-A. Fuchs, S. McQuaid,
M. B. Loughrey, G. I. Murray, L. M. Samuel, M. Lawler,
R. H. Wilson, M. Salto-Tellez and V. M. Coyle, Mod. Pathol.,
2017, 30, 1287–1298.

9 R. Chidambaram, H. Terunuma, M. Balamurugan,
V. D. Dedeepiya, P. Sumaina, R. Senthilkumar,
M. Rajmohan, R. Karthick, S. Preethy and S. J. K. Abraham,
Mol. Clin. Oncol., 2017, 7, 493–497.

10 M. Z. Dewan, M. Takada, H. Terunuma, X. Deng, S. Ahmed,
N. Yamamoto and M. Toi, Biomed. Pharmacother., 2009, 63,
703–706.

11 N. A. Aqui and R. H. Vonderheide, Cancer Biol. Ther., 2008, 7,
1888–1889.

12 J. Xu and T. Niu, J. Hematol. Oncol., 2020, 13, 167.
13 N. Hattori and T. Nakamaki, Int. J. Mol. Sci., 2019, 20, 2057.
14 B. Grzywacz, L. Moench, D. McKenna Jr, K. M. Tessier,

V. Bachanova, S. Cooley, J. S. Miller and E. L. Courville, J.
Immunother., 2019, 42, 65–72.

15 I. Melero, A. Rouzaut, G. T. Motz and G. Coukos, Cancer
Discovery, 2014, 4, 522–526.

16 T. E. O'Sullivan, J. C. Sun and L. L. Lanier, Immunity, 2015,
43, 634–645.

17 A. Cerwenka and L. L. Lanier, Nat. Rev. Immunol., 2016, 16,
112–123.

18 W. Hu, G. Wang, D. Huang, M. Sui and Y. Xu, Front.
Immunol., 2019, 10, 1205.
1646 | Chem. Sci., 2022, 13, 1641–1647
19 Z. Husain, Y. Huang, P. Seth and V. P. Sukhatme, J.
Immunol., 2013, 191, 1486–1495.

20 V. Jurisic, I. Spuzic and G. Konjevic, Cancer Lett., 1999, 138,
67–72.

21 I. A. Vorobjev and N. S. Barteneva, Methods, 2017, 112, 105–
123.

22 I. Vermes, C. Haanen, H. Steffensnakken and
C. Reutelingsperger, J. Immunol. Methods, 1995, 184, 39–51.

23 X. Wu, Q. DeGottardi, I. C. Wu, J. Yu, L. Wu, F. Ye, C.-T. Kuo,
W. W. Kwok and D. T. Chiu, Angew. Chem., Int. Ed., 2017, 56,
14908–14912.

24 F. Zhang, K. Wei, K. Slowikowski, C. Y. Fonseka, D. A. Rao,
S. Kelly, S. M. Goodman, D. Tabechian, L. B. Hughes,
K. Salomon-Escoto, G. F. M. Watts, A. H. Jonsson,
J. Rangel-Moreno, N. Meednu, C. Rozo, W. Apruzzese,
T. M. Eisenhaure, D. J. Lieb, D. L. Boyle, A. M. Mandelin II,
B. F. Boyce, E. DiCarlo, E. M. Gravallese, P. K. Gregersen,
L. Moreland, G. S. Firestein, N. Hacohen, C. Nusbaum,
J. A. Lederer, H. Perlman, C. Pitzalis, A. Filer, V. M. Holers,
V. P. Bykerk, L. T. Donlin, J. H. Anolik, M. B. Brenner,
S. Raychaudhuri, J. Albrecht, S. L. Bridges Jr, C. D. Buckley,
J. H. Buckner, J. Dolan, J. M. Guthridge, M. Gutierrez-
Arcelus, L. B. Ivashkiv, E. A. James, J. A. James, J. Keegan,
Y. C. Lee, M. J. McGeachy, M. A. McNamara, J. R. Mears,
F. Mizoguchi, J. P. Nguyen, A. Noma, D. E. Orange,
M. Rohani-Pichavant, C. Ritchlin, W. H. Robinson,
A. Seshadri, D. Sutherby, J. Seifert, J. D. Turner and
P. J. Utz, Nat. Immunol., 2019, 20, 928–942.

25 M. R. Neeland, S. Andorf, M. Manohar, D. Dunham,
S.-C. Lyu, T. D. Dang, R. L. Peters, K. P. Perrett,
M. L. K. Tang, R. Saffery, J. J. Koplin and K. C. Nadeau,
Nat. Commun., 2020, 11, 1091.

26 X. Qin, J. Su, P. Vlckova, P. Kyriakidou, S. E. Acton,
V. S. W. Li, M. Nitz and C. J. Tape, Nat. Methods, 2020, 17,
335–342.

27 A. Adan, G. Alizada, Y. Kiraz, Y. Baran and A. Nalbant, Crit.
Rev. Biotechnol., 2017, 37, 163–176.

28 V. V. Tuchin, A. Tarnok and V. P. Zharov, Cytometry, Part A,
2011, 79, 737–745.

29 S. C. Bendall, E. F. Simonds, P. Qiu, E.-a. D. Amir,
P. O. Krutzik, R. Finck, R. V. Bruggner, R. Melamed,
A. Trejo, O. I. Ornatsky, R. S. Balderas, S. K. Plevritis,
K. Sachs, D. Pe'er, S. D. Tanner and G. P. Nolan, Science,
2011, 332, 687–696.

30 J. K. Nicholson and J. C. Lindon, Nature, 2008, 455, 1054–
1056.

31 J. T. Brindle, H. Antti, E. Holmes, G. Tranter, J. K. Nicholson,
H. W. L. Bethell, S. Clarke, P. M. Schoeld, E. McKilligin,
D. E. Mosedale and D. J. Grainger, Nat. Med., 2002, 8,
1439–1444.

32 S. Wiklund, E. Johansson, L. Sjostrom, E. J. Mellerowicz,
U. Edlund, J. P. Shockcor, J. Gottfries, T. Moritz and
J. Trygg, Anal. Chem., 2008, 80, 115–122.

33 D. A. Anthony, D. M. Andrews, S. V. Watt, J. A. Trapani and
M. J. Smyth, Immunol. Rev., 2010, 235, 73–92.

34 J. Loh, D. T. Chu, A. K. O'Guin, W. M. Yokoyama and
H. W. Virgin, J. Virol., 2005, 79, 661–667.
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1sc06366a


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
 2

02
2.

 D
ow

nl
oa

de
d 

on
 0

4/
12

/2
02

5 
7:

35
:0

7 
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
35 M. J. Smyth, K. Y. T. Thia, S. E. A. Street, D. MacGregor,
D. I. Godfrey and J. A. Trapani, J. Exp. Med., 2000, 192,
755–760.

36 J. A. Trapani and M. J. Smyth, Nat. Rev. Immunol., 2002, 2,
735–747.

37 J. H. Russell and T. J. Ley, Annu. Rev. Immunol., 2002, 20, 323–
370.

38 X. Cao, S. F. Cai, T. A. Fehniger, J. Song, L. I. Collins,
D. R. Piwnica-Worms and T. J. Ley, Immunity, 2007, 27,
635–646.

39 S. Nagata and M. Tanaka, Nat. Rev. Immunol., 2017, 17, 333–
340.

40 Y. Huang, R. Su, Y. Sheng, L. Dong, Z. Dong, H. Xu, T. Ni,
Z. S. Zhang, T. Zhang, C. Li, L. Han, Z. Zhu, F. Lian, J. Wei,
Q. Deng, Y. Wang, M. Wunderlich, Z. Gao, G. Pan,
D. Zhong, H. Zhou, N. Zhang, J. Gan, H. Jiang,
J. C. Mulloy, Z. Qian, J. Chen and C.-G. Yang, Cancer Cell,
2019, 35, 677–691.

41 B. Tang, Y. Yang, M. Kang, Y. Wang, Y. Wang, Y. Bi, S. He and
F. Shimamoto, Mol. Cancer, 2020, 19, 838–846.

42 Z. Wei, X. Xiong, C. Guo, X. Si, Y. Zhao, M. He, C. Yang,
W. Xu, F. Tang, X. Fang, S. Zhang and X. Zhang, Anal.
Chem., 2015, 87, 11242–11248.

43 S. Xu, M. Liu, Y. Bai and H. Liu, Angew. Chem., Int. Ed., 2021,
60, 1806–1812.

44 Z. Fang, R. Wang, H. Zhao, H. Yao, J. Ouyang and X. Zhang,
Anal. Chem., 2020, 92, 2690–2696.

45 X.-C. Zhang, Q. Zang, H. Zhao, X. Ma, X. Pan, J. Feng,
S. Zhang, R. Zhang, Z. Abliz and X. Zhang, Anal. Chem.,
2018, 90, 9897–9903.

46 X.-C. Zhang, Z.-W. Wei, X.-Y. Gong, X.-Y. Si, Y.-Y. Zhao,
C.-D. Yang, S.-C. Zhang and X.-R. Zhang, Sci. Rep., 2016, 6,
24730.

47 R. Wang, H. Zhao, X. Zhang, X. Zhao, Z. Song and J. Ouyang,
Anal. Chem., 2019, 91, 3667–3674.

48 K. Dettmer, P. A. Aronov and B. D. Hammock, Mass
Spectrom. Rev., 2007, 26, 51–78.

49 Y. Fu, Y. Deng, Q. Yu, X. Meng, D. Wang, P. Wang and
P. Wang, J. Anal. Methods Chem., 2018, 2018, 3567647.

50 T. Cajka and O. Fiehn, Anal. Chem., 2016, 88, 524–545.
© 2022 The Author(s). Published by the Royal Society of Chemistry
51 K. D. Duncan, J. Fyrestam and I. Lanekoff, Analyst, 2019, 144,
782–793.

52 Q. Huang, S. Mao, M. Khan, L. Zhou and J.-M. Lin, Chem.
Commun., 2018, 54, 2595–2598.

53 H. Yao, H. Zhao, X. Zhao, X. Pan, J. Feng, F. Xu, S. Zhang and
X. Zhang, Anal. Chem., 2019, 91, 9777–9783.

54 J. Sang, W. Li, H.-J. Diao, R.-Z. Fan, J.-L. Huang, L. Gan,
M.-F. Zou, G.-H. Tang and S. Yin, Cancer Lett., 2021, 509,
13–25.

55 N. Gong, X. Ma, X. Ye, Q. Zhou, X. Chen, X. Tan, S. Yao,
S. Huo, T. Zhang, S. Chen, X. Teng, X. Hu, J. Yu, Y. Gan,
H. Jiang, J. Li and X.-J. Liang, Nat. Nanotechnol., 2019, 14,
379–387.

56 C. Zhang, C. Wang, J. Ren, X. Guo and K. Yun, Int. J. Mol. Sci.,
2016, 17, 1523.

57 H. Kawasaki, T. Morooka, S. Shimohama, J. Kimura,
T. Hirano, Y. Gotoh and E. Nishida, J. Biol. Chem., 1997,
272, 18518–18521.

58 C. M. F. Pereira and C. R. Oliveira, Free Radicals Biol. Med.,
1997, 23, 637–647.

59 P. Mehrotra, S. Arandjelovic, J. S. A. Perrys, Y. Guo,
S. Morioka, B. Barron, S. F. Walk, B. Ghesquiere,
U. Lorenz, A. S. Krupnick and K. S. Ravichandran, Nature,
2020, 580, 130–135.

60 J. M. Loo, A. Scherl, N. Alexander, F. Y. Man, E. Weinberg,
Z. Zeng, L. Saltz, P. B. Paty and S. F. Tavazoie, Cell, 2015,
160, 393–406.

61 J. Marcinkiewicz and E. Kontny, Amino Acids, 2014, 46, 7–20.
62 R. Leon, H. Wu, Y. Jin, J. Wei, C. Buddhala, H. Prentice and

J.-Y. Wu, J. Neurosci. Res., 2009, 87, 1185–1194.
63 T. Takatani, K. Takahashi, Y. Uozumi, E. Shikata,

Y. Yamamoto, T. Ito, T. Matsuda, S. W. Schaffer, Y. Fujio
and J. Azuma, Am. J. Physiol. Cell Physiol., 2004, 287, C949–
C953.

64 C. Friesen, Y. Kiess and K. M. Debatin, Cell Death Differ.,
2004, 11(suppl 1), S73–S85.

65 H. G. Zhou, L. Liu, Y. Zhang, Y. Y. Huang, Y. H. Tao,
S. Zhang, J. J. Su, Y. P. Tang, Z. L. Guo, R. M. Hu and
Q. Dong, CNS Neurosci. Ther., 2013, 19, 252–261.
Chem. Sci., 2022, 13, 1641–1647 | 1647

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1sc06366a

	Dynamic metabolic change of cancer cells induced by natural killer cells at the single-cell level studied by label-free mass cytometryElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc06366a
	Dynamic metabolic change of cancer cells induced by natural killer cells at the single-cell level studied by label-free mass cytometryElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc06366a
	Dynamic metabolic change of cancer cells induced by natural killer cells at the single-cell level studied by label-free mass cytometryElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc06366a
	Dynamic metabolic change of cancer cells induced by natural killer cells at the single-cell level studied by label-free mass cytometryElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc06366a
	Dynamic metabolic change of cancer cells induced by natural killer cells at the single-cell level studied by label-free mass cytometryElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc06366a
	Dynamic metabolic change of cancer cells induced by natural killer cells at the single-cell level studied by label-free mass cytometryElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc06366a
	Dynamic metabolic change of cancer cells induced by natural killer cells at the single-cell level studied by label-free mass cytometryElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc06366a
	Dynamic metabolic change of cancer cells induced by natural killer cells at the single-cell level studied by label-free mass cytometryElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc06366a

	Dynamic metabolic change of cancer cells induced by natural killer cells at the single-cell level studied by label-free mass cytometryElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc06366a
	Dynamic metabolic change of cancer cells induced by natural killer cells at the single-cell level studied by label-free mass cytometryElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc06366a
	Dynamic metabolic change of cancer cells induced by natural killer cells at the single-cell level studied by label-free mass cytometryElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc06366a
	Dynamic metabolic change of cancer cells induced by natural killer cells at the single-cell level studied by label-free mass cytometryElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc06366a
	Dynamic metabolic change of cancer cells induced by natural killer cells at the single-cell level studied by label-free mass cytometryElectronic supplementary information (ESI) available. See DOI: 10.1039/d1sc06366a


