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Targeting the activity of T cells by membrane 
surface redox regulation for cancer 
theranostics
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Sureya Nijiati1, Xuejun Wen1, Xinyi Zhang1, Hongzhang Yang1, Haoting Chen2, 
Zhide Guo    1, Xianzhong Zhang    1, Jinhao Gao    3, Weisheng Guo    2 , 
Xiaoyuan Chen    4,5,6,7  & Zijian Zhou    1 

T cells play a determining role in the immunomodulation and prognostic 
evaluation of cancer treatments relying on immune activation. While specific 
biomarkers determine the population and distribution of T cells in tumours, 
the in situ activity of T cells is less studied. Here we designed T-cell-targeting 
fusogenic liposomes to regulate and quantify the activity of T cells by 
exploiting their surface redox status as a chemical target. The T-cell-targeting 
fusogenic liposomes equipped with 2,2,6,6-tetramethylpiperidine 
(TEMP) groups neutralize reactive oxygen species protecting T cells 
from oxidation-induced loss of activity. Meanwhile, the production of 
paramagnetic 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO) radicals allows 
magnetic resonance imaging quantification of the T cell activity. In multiple 
mouse models, the T-cell-targeting fusogenic liposomes led to efficient 
tumour inhibition and to early prediction of radiotherapy outcomes. This 
study uses a chemical targeting strategy to measure the in situ activity of 
T cells for cancer theranostics and may provide further understanding on 
engineering T cells for cancer treatment.

The efficacy of immune-activation-related cancer therapy greatly relies 
on the performance of tumour-infiltrating T cells1. The past decades 
have witnessed substantial progress in engineering T cells for cancer 
treatments, such as chimeric antigen receptor T cell immunotherapy 

and T-cell-receptor-engineered T cell therapy2,3. Unfortunately, the 
broad effectiveness of T-cell-based cancer therapy in the clinic is still 
elusive4. One major caveat is that the immunosuppressive tumour 
microenvironment may pose great challenge to T cells in terms of 

Received: 1 October 2021

Accepted: 12 October 2022

Published online: 19 December 2022

 Check for updates

1State Key Laboratory of Molecular Vaccinology and Molecular Diagnostics & Center for Molecular Imaging and Translational Medicine, Department 
of Laboratory Medicine, School of Public Health, Xiamen University, Xiamen, China. 2Department of Minimally Invasive Interventional Radiology, State 
Key Laboratory of Respiratory Disease, School of Biomedical Engineering & the Second Affiliated Hospital, Guangzhou Medical University, Guangzhou, 
China. 3State Key Laboratory of Physical Chemistry of Solid Surfaces & The Key Laboratory for Chemical Biology of Fujian Province, Department of 
Chemical Biology, College of Chemistry and Chemical Engineering, Xiamen University, Xiamen, China. 4Departments of Diagnostic Radiology, Chemical 
and Biomolecular Engineering, and Biomedical Engineering, Yong Loo Lin School of Medicine and College of Design and Engineering, National University 
of Singapore, Singapore, Singapore. 5Clinical Imaging Research Centre, Centre for Translational Medicine, Yong Loo Lin School of Medicine, National 
University of Singapore, Singapore, Singapore. 6Nanomedicine Translational Research Program, NUS Center for Nanomedicine, Yong Loo Lin School 
of Medicine, National University of Singapore, Singapore, Singapore. 7Institute of Molecular and Cell Biology, Agency for Science, Technology, and 
Research (A*STAR), Singapore, Singapore. 8These authors contributed equally: Changrong Shi, Qianyu Zhang.  e-mail: tjuguoweisheng@126.com; 
chen.shawn@nus.edu.sg; zhouz@xmu.edu.cn

http://www.nature.com/naturenanotechnology
https://doi.org/10.1038/s41565-022-01261-7
http://orcid.org/0000-0002-9110-159X
http://orcid.org/0000-0001-8591-8301
http://orcid.org/0000-0003-3215-7013
http://orcid.org/0000-0002-8064-357X
http://orcid.org/0000-0002-9622-0870
http://orcid.org/0000-0003-2383-8490
http://crossmark.crossref.org/dialog/?doi=10.1038/s41565-022-01261-7&domain=pdf
mailto:tjuguoweisheng@126.com
mailto:chen.shawn@nus.edu.sg
mailto:zhouz@xmu.edu.cn


Nature Nanotechnology | Volume 18 | January 2023 | 86–97 87

Article https://doi.org/10.1038/s41565-022-01261-7

whereas T cell infiltration has been serving as a major prognostic marker 
in clinics10–12. Therefore, insight into the in situ immune activity of T cells 
in tumours is appealing for the better immunomodulation and prog-
nosis of cancer treatment. However, molecular imaging approaches 
to delineate the in situ immune activity of T cells in tumours remain a 
formidable challenge.

The tumour microenvironment is composed of not only tumour 
cells, immune cells and the extracellular matrix, but also the physi-
ological environment such as the pH, growth factors and reactive 
oxygen species (ROS) present, and so on13. Recent progress on cancer 
theranostics has experienced a paradigm shift from directly targeting 
tumour cells towards cooperating with the physiological conditions 
of the tumour microenvironment (for example, pH and ROS)14,15. Given 
the cytotoxicity of ROS in directly killing cancer cells, promoting 
ROS generation in tumours has been widely considered for cancer 

the survival, proliferation and cytotoxic activity when they reach the 
tumour region5. Moreover, tumour heterogeneity further complicates 
this situation as evidenced by the fact that a combined rate of patients 
with responses to immunotherapy is as low as 30% or less in the clinic6. 
Therefore, assessing the status of T cells in tumours is essential to the 
immunomodulation and prognostic evaluation of cancer immuno-
therapy7. Although the traditional biopsy method is considered the 
golden standard, its invasiveness and lack of accuracy necessitate pur-
suing alternatives. To this end, molecular imaging approaches that 
noninvasively and anatomically assess T cells in vivo have gained much 
momentum8. Current strategies targeting the specific biomarkers of 
T cells have been widely exploited to reveal the population and distri-
bution of T cells in tumours9. However, recent studies have indicated 
that only 10% or less of tumour-infiltrating CD8+ T cells were active 
to recognize and kill tumour cells in ovarian and colorectal cancer, 
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Fig. 1 | Targeting the activity of T cells by exploiting the –SH and S–S balance 
on the membrane surface of the T cells. a, Schematic illustration of the 
phenomenon that tumour-infiltrating T cells may lose their activity in the tumour 
microenvironment due to the ROS-induced oxidation of –SH groups into S–S 
groups on the membrane surface of the T cells. b, The surface redox status of T 
cells could be a vivid target for regulating and imaging the activity of T cells by 

well-designed T-Fulips. The T-Fulips serve as ROS ‘decoys’ harbouring T cells from 
oxidation-induced loss of activity. Meanwhile, this process turns the diamagnetic 
TEMP into paramagnetic TEMPO radicals, which provides prominent changes of 
the proton T1 relaxation time in a ‘0 to 1’ manner for activated MRI quantification 
of the activity of T cells.
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therapy14,16,17. However, there is a pitfall in that overwhelming the 
ROS level in the tumour will also threaten the survival and function 
of immune cells, which are critical to longitudinally suppress the 

tumour growth through systemic immune responses18. For instance, 
the surface redox status of T cells is crucial to the activity of T cells, 
yet is susceptible to the ROS-induced oxidation stress in the tumour 
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Fig. 2 | Characterizations of fusogenic liposomes. a, Schemes showing the 
composition and structural formula of various Fulips, including DOTAP, DOPE, 
DOPE-PEG2000-TEMP and DOPE-PEG2000-aCD3. The image at the left shows their 
position on the T cell. b, Transmission electron miscroscopy images of different 
liposomes, including Fulips (unmodified), Iso-Fulips (isotype control) and 
T-Fulips (T-cell-targeting anti-CD3 (aCD3) modification). The insets show the 
T cells. Scale bars, 50 nm. c, The internalization of T-Fulips and Iso-Fulips (both 
loaded with DiR) analysed by flow cytometry. DiR, 1,1′-dioctadecyl-3,3,3′,3′-
tetramethylindotricarbocyanine iodide. FSC, forward scatter measurement. 

d, Confocal microscopy images showing the fusion features of the T-Fulips 
containing different ratios of DOPE/DOTAP incubated with murine T cells. 
Scale bar, 10 µm. e, Quantification of the fusion efficiency of the T-Fulips 
containing different ratios of DOPE/DOTAP incubated with murine T cells. The 
fusion efficiency (%F) was studied by a fluorescence resonance energy transfer 
assay and calculated from the fluorescence of NBD at 535 nm (FNBD) as follows: 
%F = (FNBD – F0)/(F100 – F0). The initial fluorescence of the labeled liposome 
suspension was recorded as 0% fluorescence (F0) and the 100% fluorescence (F100) 
was determined after adding Triton X-100 at 0.1% (v/v).
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microenvironment (Fig. 1a). An increased number of reduced thiol 
groups (–SH) on the membrane surface of T cells, governed by the 
reduced form of thioredoxin (Trx)19 and surface molecules (for exam-
ple, cluster of differentiation 4 or CD4)20, are associated with the 
enhanced activity of T cells, and vice versa. The surface redox status 
of T cells is determined mainly by the local microenvironment rather 
than the intracellular redox regulatory toolbox of T cells18. Therefore, 
the redox status in the tumour microenvironment plays a key role in 

regulating the in situ activity of T cells through the oxidation/reduc-
tion balance between the –SH and S–S groups21, while scavenging 
extracellular ROS could enhance the responsiveness of T cells and 
relieve the suppressive immunogenic cell death in tumours22. Tak-
ing all this together, we proposed that targeting the surface redox 
status of T cells could provide a promising way to manage the activ-
ity of T cells by cooperating with the oxidative stress in the tumour 
microenvironment.
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Fig. 3 | MRI measurements of T-Fulips. a, T1 phantom images (left) and T1 
maps (right) of T-Fulips under different conditions. Scale bars are shown for 
phantoms and maps from left to right, respectively. H, high. L, low. b, Columns 
show the T1 relaxation times of the T-Fulips under different conditions. Data are 
representative from three independent samples and are shown as the mean ± s.d. 
c, The electron paramagnetic resonance measurements indicate the formation 
of paramagnetic TEMPO radicals for the DOPE-PEG2000-TEMP molecules in the 
presence of H2O2. The light purple background shows the fraction of TEMPO 

signals. d, Schematic illustration of the preparation of T cells and imaging 
mechanism for MRI. e, T1 phantom images and T1 maps of T cells with or without 
T-Fulips treatment at different concentrations of H2O2 (+ indicates 50 µM each;  
– indicates no addition). The data represent the mean ± s.d., analysed by one-way 
analysis of variance (ANOVA) with post-hoc analysis and two-sided Student’s 
t-test; n = 3 biologically independent samples; NS represents no significance; 
*P < 0.05 and **P < 0.01.
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Herein, we report a chemical targeting strategy to delineate the 
activity of T cells by exploiting the balance between –SH and S–S 
groups on the membrane surface of T cells in the tumour microenvi-
ronment (Fig. 1b). We designed T-cell-targeting fusogenic liposomes 
(T-Fulips), which were composed of ROS-scavenging groups, 
2,2,6,6-tetramethylpiperidine (TEMP) and T-cell-targeting anti-CD3 
F(ab′)2 fragments conjugated on the particle surface. The T-Fulips could 
target and fuse with T cells, which leads to the decoration of TEMP 
groups onto the membrane surface of T cells. As a result, the TEMP 
groups on the T cells serve as ROS ‘decoys’, harbouring T cells from the 
oxidation-induced loss of surface –SH groups, which otherwise would 
reduce the activity of T cells. Meanwhile, the transformation of diamag-
netic TEMP groups into paramagnetic 2,2,6,6-tetramethylpiperidine 
1-oxyl (TEMPO) radicals provides prominent changes of the proton 
T1 relaxation time for activated magnetic resonance imaging (MRI) 
quantification of the activity of T cells. Followed by the confirmation 
of T-Fulips in regulating and imaging the activity of T cells both in vitro 
and in vivo, we further studied the T-cell-based immune responses by 
T-Fulips treatment in multiple mouse tumour models. Moreover, we 
used MRI as a non-invasive and anatomical molecular imaging approach 
to quantitatively stratify the tumour response by radiation therapy (RT) 
treatment. This study centred a chemical targeting approach to exploit 
the in situ activity of T cells for improved cancer theranostics.

T-cell-targeting fusogenic liposomes
We first fabricated TEMP-modified fusogenic liposomes (Fulips) by tun-
ing the ratio between 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine 
(DOPE), DOPE-PEG2000-TEMP (PEG2000, poly (ethyl glycol)) and 
1,2-dioleoyl-3-trimethylammonium propane (DOTAP; Fig. 2a and 
Supplementary Figs. 1–4). To achieve T cell targeting, T-Fulips were 
produced by conjugating anti-CD3 F(ab′)2 fragments to the surface 
of liposomes, while anti-IgG F(ab′)2 fragments were used as an isotype 
control (denoted as Iso-Fulips). The resulted liposomes (Fulips, T-Fulips 
and Iso-Fulips) showed vesicular-cup shapes with hydrodynamic diam-
eters of 76.8 ± 12.3, 80.3 ± 13 and 81.6 ± 16.7 nm, respectively (Fig. 2b 
and Supplementary Fig. 5). Electrophoresis results further confirmed 
the successful conjugation of F(ab′)2 fragments on the T-Fulips (Sup-
plementary Fig. 6) with high thermodynamic stability under the physi-
ological conditions (Supplementary Fig. 7).

The T-Fulips showed much higher targeting efficiency to T cells 
when compared with that of Iso-Fulips (81.4% versus 23.6%; Fig. 2c 
and Supplementary Fig. 8). The fluorescence resonance energy trans-
fer assay results showed that the T-Fulips without DOTAP (0%) had a 
relatively low fusion efficiency (14.9%), while increasing the content 
of DOTAP to 50% in the T-Fulips led to a dramatically increased fusion 
efficiency of up to 84.3% (Fig. 2d,e and Supplementary Fig. 9). We there-
fore used the T-Fulips with 50% DOTAP in the following studies. Further-
more, the targeting fusion of T-Fulips to T cells was superior to that of 
Iso-Fulips with equivalent DOTAP contents (Supplementary Fig. 10).

Greater than 95% of T cells were alive when treated with T-Fulips 
or Iso-Fulips with concentrations of up to 200 µg ml–1 (Supplementary 
Fig. 11), indicating the good biocompatibility of those liposomes. The 
biodistribution of the T-Fulips in vivo in 4T1 mouse tumours suggested 

good tumour targeting and retention effect (Supplementary Fig. 12). In 
a parallel study, endogenous immune cells were analysed and showed 
that the percentages of CD8+DiR+ and CD4+DiR+ T cells bound with 
T-Fulips were much higher than those of Iso-Fulips groups (Supple-
mentary Fig. 13a, b). Considering the fact that foreign nanoparticles 
are mostly engulfed non-specifically by bone-marrow-derived cells23,24, 
we further analysed the clusters of Gr-1+DiR+ and F4/80+DiR+ cells in the 
above experiments (Supplementary Fig. 13c). The modest interaction 
of the T-Fulips with lymphocytes could be attributed to the intrinsic lack 
of Fc for the anti-CD3-F(ab′)2 fragment and the greatly reduced inter-
nalization effect25,26. Of particular interest was that the T-Fulips-treated 
mouse group showed a much lower percentage of F4/80+DiR+ lympho-
cytes than that of the Iso-Fulips control (*P = 0.0457).

We further investigated the effect of T-Fulips on the proliferation 
of T cells. T-Fulips without TEMP was defined as T-Lips. The prominent 
proliferation of T cells ex vivo after a 48 h and 96 h incubation time was 
achieved for the concanavalin A (conA) + T-Fulips group, which was 
significantly higher than that of conA + T-Lips (Supplementary Fig. 14). 
As a result, the secretion of interferon gamma (IFN-γ) by T cells for the 
conA + T-Fulips group was significantly higher (*P = 0.0253) than that 
of the conA + T-Lips group (Supplementary Fig. 15). Taken together, 
these results indicate that T-Fulips were able to specifically target and 
protect T cells from oxidation-induced loss of proliferation efficiency, 
both in vitro and in vivo.

MRI study of T-Fulips in response to ROS condition
To investigate the MRI performance of T-Fulips in response to ROS, 
we used H2O2 to mimic the oxidative sources in the tumour microen-
vironment for the oxidation of –SH groups on the membrane surface 
of T cells. The T1-weighted MRI phantoms showed gradually enhanced 
bright contrast for the T-Fulips with increasing amount of H2O2 (Fig. 3a).  
On the contrary, the T-Fulips samples showed negligible T1 con-
trast among different concentrations in the absence of H2O2. The 
semi-quantitative signal-to-noise ratio analysis showed that activated 
MRI using T-Fulips could provide about twofold enhancement of the 
signal-to-noise ratio at a typical concentration of 50 µM H2O2, which 
further increased with increasing amount of H2O2 (Supplementary 
Fig. 16). Furthermore, the T1 relaxation time maps were also obtained 
to quantitatively analyse the T1 relaxation time changes of T-Fulips 
with H2O2 treatment (Fig. 3b). The MRI results of DOPE-PEG2000-TEMP 
molecules showed similar trends with those of T-Fulips samples, indi-
cating the major contribution of the T1 contrast enhancement from 
TEMPO molecules (Supplementary Fig. 17). The electron paramagnetic 
resonance measurements further confirmed the formation of para-
magnetic TEMPO radicals by H2O2 oxidation (Fig. 3c). The T1 phantom 
results and relaxation time map analyses indicated that T-Fulips are a 
good candidate for activatable MRI to delineate the response of T cells 
to oxidative stress in vitro (Fig. 3d,e).

T-Fulips modulate the proliferation activity  
of T cells
We speculated that the targeting fusion of T-Fulips with T cells could 
provide ROS ‘decoys’ on the surface of T cells to resist the oxidation 

Fig. 4 | T-Fulips enhance the activity of T cells by regulating –SH groups on 
the surface. a, Schematic illustration of the T-Fulips resisting the oxidation of 
–SH groups on the surface of T cells. b, Flow cytometry analysis of the number 
of surface –SH groups on T cells under different conditions. N-acetylcysteine 
(NAC) was used as a positive control. Thiol-reactive dye (Alexa Fluor 488 
maleimide derivative, ALM-488) was used. PBS, phosphate buffer saline. Data are 
representative from three biological independent samples. c, Flow cytometry 
analysis of the proliferation efficiency of T cells stimulated with conA, H2O2, 
conA + T-Fulips or Iso-Fulips. Data are representative from five biological 
independent samples. The arrows showed the displacement direction of the 
proliferation peak. d, Confocal microscopy images of the density of CD4+ T cells, 

CD8+ T cells and –SH groups of the tumours three days after receiving X-ray only 
or T-Fulips + X-ray treatment. Representative images from random fields of view 
in one of the three biologically independent mice. The white dashed boxs showed 
the zoomed area of the tumour. Scale bars of the merge view, 50 µm; scale bars 
of the zoom view, 30 µm. DAPI, 4′,6-diamidino-2-phenylindole. e,f, Quantitative 
analysis of the area fractions of the CD4 (red), CD8 (red) and –SH (cyan) signals 
calculated from the confocal microscopy images. Data were analysed using 
ImageJ and are shown as the mean ± s.d.; n = 5 random fields of view in one of the 
five biologically independent mice. Two-sided Student’s t-test was performed. NS 
represents no significance; *P < 0.05 and ***P < 0.001.
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of –SH groups on the cell membrane (Fig. 4a). The survival and pro-
liferative behaviour of T cells with T-Fulips treatment were studied 
by analysing the –SH groups on the membrane of T cells. The results 

showed that T-Fulips were able to increase the number of –SH groups 
on T cells, a number that was comparable to that of an N-acetylcysteine 
treatment group (Fig. 4b). Furthermore, T cells treated with T-Fulips 
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were able to maintain a high level of surface –SH groups when incubated 
with H2O2 for 48 h, a level which was significantly higher than that of 
the N-acetylcysteine and Iso-Fulips treatment groups (Supplementary 
Fig. 18). Interestingly, the T-Fulips-treated T cells also showed less intra-
cellular accumulation of ROS as compared with those control groups 
(Supplementary Fig. 19). These results indicated that the number of 
surface –SH groups on T cells was inversely correlated with the envi-
ronmental oxidative potential, which was consistent with the results 
in the literature18.

We further investigated whether resisting the ROS-induced oxi-
dation of –SH groups could influence the proliferation activity of 
T cells. The flow cytometry results showed that H2O2 could greatly 
attenuate the proliferation of T cells even with the presence of conA  
(Fig. 4c). These results were also consistent with the increased produc-
tion of IFN-γ and the high number of cell surface –SH groups on T cells, 
resulting from T-Fulips treatment (Supplementary Figs. 20 and 21). 
In other words, T-Fulips were able to cultivate a favourable reductive 
environment on the surface of T cells that prevented the ROS-induced 
oxidation of –SH groups and rescued T cells from the loss of activity. To 
explore the relationship between the ratio of thiol to sulfide groups and 
the T cell functionality, we further studied the proliferation and IFN-γ 
release of T cells by varying the treatment concentrations of T-Fulips. 
The results showed that the percentage of surface thiol groups on 
T cells increased gradually with the concentration of T-Fulips ranging 
from 6.25 to 100 µg ml–1 (Supplementary Fig. 22a, b). The correlation 
analysis results indicated the presence of an upper limit for surface 
thiol groups to the T cell functionality (Supplementary Fig. 22c–g). In 
addition, to exclude the effect of CD3ε ligation to T cells, we prepared 
anti-CD3ε-coated Fulips without TEMP groups (T-FulipsTEMP-free) as a 
control to study the T cell functionality after incubation. The results 
showed minimal changes of the percentage of CFSElow components 
(CFSE, carboxyfluorescein succinimidyl ester dye; ‘low’ indicates T cells 
that have lost any level of CFSE labelling) for the T-FulipsTEMP-free-treated 
T cells compared with those of control groups (Supplementary  
Fig. 23a). This trend was also consistent with the production of IFN-γ 
and the cell surface –SH groups on T cells with different treatments 
(Supplementary Fig. 23b–d).

To further study the effectiveness of T-Fulips in modulating 
the T-cell-based immune response in vivo, we referred to RT in a 4T1 
mouse tumour model. The number of CD8+ T cells had a significant 
decrease when the X-ray irradiation dose reached 4 Gy and stayed at a 
similar level when further increasing the dose to 8 and 12 Gy (Supple-
mentary Fig. 24). Interestingly, the number of CD4+ T cells decreased 
at the irradiation dose of 8 Gy and remained at a similar level when 

the radiation dose was further increased. This phenomenon could be 
due to the different tolerances of CD8+ and CD4+ T cells in response 
to irradiation-induced damage27,28. The vulnerability of CD8+ T cells 
further highlighted the importance of managing the activity of CD8+ 
T cells in RT29. We therefore used the irradiation dose of 4 Gy in the 
following animal studies. The number of tumour-infiltrating helper 
T cells (CD45+CD4+IFN-γ+) and cytotoxic T cells (CD45+CD8+IFN-γ+) 
gradually increased from day 3 to day 12 after RT (Supplementary 
Fig. 25, P2 and P5), indicating a time-dependent immune response 
activated by RT. In particular, we observed a significant decline of 
both helper and cytotoxic T cells from day 1 to day 3 after RT. How-
ever, the number of CD45+CD4+IFN-γ− T cells and CD45+CD8+IFN-γ− 
T cells showed little difference between day 1 and day 3 after RT, 
both of which slightly increased at later time points (Supplemen-
tary Fig. 25, P1 and P4). Interestingly, the number of regulatory T 
(Treg) cells (CD45+CD4+IFN-γ−FOXP3+) decreased significantly during 
the first three days after RT (Supplementary Fig. 25, P3), indicating 
that Treg cells were more vulnerable to RT than effector T cells. The 
double-edged sword effect of RT further implied that the infiltra-
tion of T cells could have been compromised with the RT-modulated 
tumour microenvironment. It has been well documented that RT is 
accompanied by a large amount of inflammatory ROS production30, 
which could dampen the survival and proliferative activity of T cells 
by interacting with the –SH groups on the cell membrane. The tissue 
immunofluorescence staining results showed that the number of –SH 
groups decreased significantly at day 3 after RT accompanied with 
a significantly lower level of tumour-infiltrating CD4+/CD8+ T cells 
compared to those of control groups (Fig. 4d–f). Furthermore, the 
higher rates of infiltrated cytotoxic T cells (CD45+CD8+IFN-γ+) and 
helper T cells (CD45+CD4+IFN-γ+) were observed in the tumours after 
T-Fulips treatment, especially at day 3 and day 5 after RT, compared 
with those without T-Fulips treatment (Supplementary Fig. 26). It is 
interesting that the mouse group treated with T-Fulips but without 
RT also showed an increased number of tumour-infiltrating T cells 
at day 3 post-injection, indicating the potential immunomodulatory 
effect of the T-Fulips. Longitudinally, the number of –SH groups 
on T cells gradually increased from day 1 to day 5 after RT, which 
positively correlated with the 1.9-fold and 2.8-fold increases of the 
CD4+ and CD8+ T cells, respectively, in the tumour (Supplementary  
Fig. 27). Taken together, these results indicate that T-Fulips were able 
to resist ROS-induced oxidation of –SH groups on the membrane 
surface of T cells, which could be a promising strategy for nurturing 
a favourable microenvironment for the proliferation of T cells both 
in vitro and in vivo.

Fig. 5 | T-Fulips regulate and quantify the activity of T cells in the RT of a 
mouse 4T1 tumour model. a, T1 MRI pseudo-colour images of mouse treated 
with T-Fulips + X-ray (upper) and Iso-Fulips + X-ray (lower). The white dashed 
squares show the zoomed-in area of the tumours. b, Quantitative T1 relaxation 
time changes in mouse tumours of different groups (n = 5 or 6 per group). Data 
are shown as the mean ± s.d., and a two-sided Student’s t-test was performed. 
*P < 0.05. Data colours in b are related to the colours in the subsequent panels. 
Dots or squares with the same colour represent same group. Orange is for 
‘Iso-Fulips + X-ray’ group. Red is for ‘T-Fulips + X-ray’ group. c, Quantification 
of CD45+CD8+IFN-γ+ (red) and CD45+CD4+IFN-γ+ (cyan) cells in tumours after 
different treatments (n = 5 per group). The box plot displays the first and third 
quartiles (top and bottom of the boxes), the median (band inside the boxes) 
and the lowest and highest point within 1.5 times the interquartile range of 
the lower and higher quartile (whiskers). Data are shown as the mean ± s.d.; 
two-sided Student’s t-test was performed; *P < 0.05. d, Percentages of –SH 
groups on effector T cells (n = 5 per group). CD45+CD8+IFN-γ+ SH+ (red) and 
CD45+CD4+IFN-γ+ SH+ (cyan) are shown. The box plot displays the first and third 
quartiles (top and bottom of the boxes), the median (band inside the boxes) and 
the lowest and highest point within 1.5 times the interquartile range of the lower 
and higher quartile (whiskers). Data are shown as the mean ± s.d.; two-sided 
Student’s t-test was performed; *P < 0.05. e, Tumour growth curves of mouse 

groups with different treatments, including control, X-ray, Iso-Fulips + X-ray and 
T-Fulips + X-ray. Individual tumour growth curves and the corresponding tumour 
inhibition rates (data inside dashed boxes) are shown. The tumour growth 
inhibition rates were calculated by the following equation: {1 - [(expend point -  
expday0) / (controlday16 - controlday0)]} × 100. exp, experimental group. Data 
are shown as the mean ± s.d.; two-sided Student’s t-test was performed. NS 
represents no significance; **P < 0.01. f, Correlations between the percent of –SH 
groups and the corresponding proportions of cytotoxic T cells for individual 
mice from different treatment groups. The red dots represent the percentage 
of cytotoxic T cells and proportion of –SH groups corresponding to individual 
mice. The Pearson’s correlation coefficient R is 0.8281. Red line: best linear fit 
(slope is significantly different from zero, 95% confidence interval), dotted lines: 
95% confidence interval. g, Correlations between the T1 relaxation time changes 
and the cytotoxic T cells of mouse groups receiving Iso-Fulips + X-ray (orange 
dots) and T-Fulips + X-ray (half-red dots). The Pearson’s correlation coefficient 
R is 0.7470. h, Correlations between the T1 relaxation time changes and tumour 
inhibition rates for mice treated with Iso-Fulips + X-ray (orange dots) and 
T-Fulips + X-ray (red squares), showing the Pearson’s correlation coefficient R of 
0.4123 and 0.7077, respectively. The horizontal black dashed line indicates 60% 
tumour volume inhibition rate.
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T-Fulips regulate immune response and predict 
therapeutic outcomes
Next, we studied the ability of T-Fulips in delineating the change of 
T cells using quantitative MRI in a 4T1 murine tumour model. We 
acquired the T1 images of tumours at pre- and post-contrast time 
points in two groups with T-Fulips or Iso-Fulips treatment before RT 
(Fig. 5a and Supplementary Fig. 28). The results showed that mice 
treated with T-Fulips 24 h before RT had a prominent T1 relaxation 
time change in the tumours, which was significantly higher than that 
of Iso-Fulips: 197.3 ± 81.5 ms versus 74.1 ± 31.6 ms (*P = 0.0185), respec-
tively (Fig. 5b). Similar results were obtained for two groups treated 
with T-Fulips or Iso-Fulips after RT: X-ray + T-Fulips (248.3 ± 64.6 ms) 
and X-ray + Iso-Fulips (61.8 ± 34.2 ms), respectively (Supplementary 
Figs. 29 and 30). The histology staining showed the well-matched 
spatial distribution between CD3+ T cells and T-Fulips in the tumours 
(Supplementary Fig. 31), further indicating the efficient targeting of 
T-Fulips to CD3+ T cells in vivo. In addition, the CD3+ T cells isolated 
from the tumours after T-Fulips treatment showed prominent electron 
paramagnetic resonance signals (Supplementary Fig. 32), indicating 
the existence of paramagnetic TEMPO radicals on T cells. Those results 
demonstrated that the change of T1 relaxation time in MRI was attrib-
uted to CD3+ T cells in the tumours.

Furthermore, the analysis of the retrieved CD45+CD4+IFN-γ+ and 
CD45+CD8+IFN-γ+ cells from the tumours at day 12 post-RT showed 
that mouse tumours with T-Fulips and RT treatments, regardless of 
the order of the treatments, had higher levels of activated T cells and 
a greater number of –SH groups in the tumours compared with those 
of Iso-Fulips groups (Fig. 5c,d and Supplementary Figs. 33 and 34). The 
ROS-scavenging effect of the T-Fulips could suppress the expression 
of thioredoxin-interacting protein, which, as a result, sustained the 
activity of thioredoxin and the number of surface –SH groups (Sup-
plementary Fig. 35). Interestingly, the high level of Trx upon T-Fulips 
treatment was also associated with the augmented intracellular level 
of antioxidant defenses including Trx, thioredoxin reductase (TrxR) 
and glutathione (GSH). This phenomenon indicated that resisting 
the ROS-induced oxidation of –SH groups could modulate the intra-
cellular redox balance, which subsequently shaped the survival and 
proliferation activity of T cells. Enzyme-linked immunosorbent assay 
(ELISA) measurements at day 12 after RT showed that the mouse groups 
with T-Fulips and X-ray treatments had a significantly higher level of 
interleukin-6 (IL-6), granzyme B (Gzms-B), tumour necrosis factor-α 
(TNF-α) and IFN-γ in the plasma compared with those treated with 
Iso-Fulips and X-ray treatment (Supplementary Fig. 36). The tumour 
growth curves, the mouse body weights and the survival rates of mouse 
groups were recorded until at least 32 days after the different treat-
ments (Fig. 5e and Supplementary Figs. 37 and 38). The results showed 
that the two mouse groups treated with T-Fulips and X-ray, regardless 
of the treatment order, had greatly improved survival rates (58.8% 
and 54.4% on average) compared with those of the Iso-Fulips groups 
(16.7% and 40.9% on average). The minimal changes of the alanine ami-
notransferase and aspartate aminotransferase levels in the plasma and 
the serum levels of uric acid, urea, creatinine, creatine kinase, creatine 
kinase isoenzyme myocardial band and lactate dehydrogenase indicate 

the low systemic toxicity of the different treatments (Supplementary 
Fig. 39a–h). In addition, the hematoxylin and eosin staining results of 
major organs including heart, liver, spleen, lung and kidneys at day 12 
after T-Fulips treatment further support the good biocompatibility of 
our materials (Supplementary Fig. 39i).

We further analysed the correlation between the percentages 
of –SH groups and the amounts of cytotoxic T cells in tumours of 
mice at day 12 after different treatments, showing the Pearson’s cor-
relation coefficient R of 0.8281 (R2 = 0.6857; Fig. 5f). The Pearson’s R 
correlation between the T1 relaxation time changes at day 2 and the 
number of cytotoxic T cells at day 12 in the tumours after different 
treatments (T-Fulips or Iso-Fulips followed by X-ray irradiation) was 
0.7470 (R2 = 0.6002; Fig. 5g). More importantly, the Pearson’s R cor-
relation between the T1 relaxation time changes and the tumour growth 
inhibition rates was 0.7077 (R2 = 0.5008) for the T-Fulips + X-ray treated 
mouse group (Fig. 5h). The Pearson’s R value was 0.9599 (R2 = 0.9214) for 
the X-ray + T-Fulips treated mouse group (Supplementary Fig. 40). Fur-
thermore, T-Fulips showed similar tumour inhibition efficiencies and 
prognostic capabilities in an MC-38 murine tumour model, indicating 
the generality of T-Fulips and the MRI approach in cancer theranostics 
(Supplementary Fig. 41).

In addition, we studied the efficacy of T-Fulips in regulating the 
activity of T cells in an adoptive cell therapy tumour model. Although 
adoptive cell therapy has shown great clinical impact on treating 
haematological cancers, the therapeutic outcome of adoptive cell 
therapy in solid tumours remains elusive31,32. We anticipated that the 
redox status of the tumour microenvironment might take part in the 
activity of tumour-infiltrated T cells through oxidizing the surface 
–SH groups on the T cells. In this respect, T cells pre-incubated with 
T-Fulips may hold great potential in preventing surface oxidation in 
the tumour microenvironment for improved tumoricidal effect. The 
results showed that activated OT-I CD8+ T cells treated with T-Fulips 
greatly reduced the proliferation rate of B16F10-OVA cells in vitro both 
in the presence and in the absence of H2O2 (Supplementary Fig. 42a). By 
contrast, OT-I CD8+ T cells incubated with Iso-Fulips or T-FulipsTEMP-free 
showed a limited effect on the proliferation of B16F10-OVA cells with 
enhanced Ki67high expression (where ‘high’ indicates a larger number 
of proliferating cells). The increased production of IFN-γ from T cells 
further confirmed the improved activity of T cells by T-Fulips treatment 
in vivo (Supplementary Fig. 42b, c).

To investigate whether T-Fulips could promote the therapeu-
tic efficacy of T cells in vivo, T cells pretreated with T-Fulips were 
intravenously (i.v.) injected into B16F10-OVA mouse tumour groups 
(Fig. 6a). The tumour growth for different groups was monitored, 
and the T cells + T-Fulips group showed great tumour inhibition 
efficiency (100.1%) compared with those of control groups: 29.4% 
(***P = 0.000148) and 41.1% (***P = 0.000116) for Iso-Fulips and 
T-FulipsTEMP-free, respectively (Fig. 6b–e). Flow cytometry analy-
sis of the antigen-specific H-2Kb/SIINFEKL+IFN-γ+ T cells in the 
tumours harvested on the end-point day showed that mice receiving 
T cells + T-Fulips treatment had higher levels of effector T cells and a 
greater number of –SH groups in the tumours compared with those 
of the T cell only, Iso-Fulips and T-FulipsTEMP-free groups (Fig. 6f,g and 

Fig. 6 | T-Fulips promote the therapeutic efficacy of adoptive T cell therapy in 
a B16F10-OVA model. a, Experimental design of the study. B16F10-OVA tumour 
cells were injected subcutaneously (s.c.) into C57BL/6 mice to establish the 
tumour model. Mice were then sub-lethally lymphodepleted by irradiation on 
day 6 and intravenously administered activated OT-I CD8+ T cells on day 7. Mouse 
groups were injected with PBS, T cells, T cells + Iso-Fulips, T-Fulips or T-FulipsTEMP-

free (T-Fulips without TEMP). b,c, Curves show the averaged and the individual 
tumour growth profiles for different groups (n = 5–7 per group). Averaged data 
are shown as the mean ± s.d.; two-sided Student’s t-test was performed. *P < 0.05, 
**P < 0.01 and ***P < 0.001. d, Representative C57BL/6 mouse images acquired  
on the end-point day. The tumours are outlined with yellow dotted circles.  

e, Quantitative tumour inhibition rates of mouse groups with different 
treatments (n = 5–7 per group). Data are shown as the mean ± s.d.; two-sided 
Student’s t-test was performed. NS represents no significance; ***P < 0.001. 
f, Quantification of the antigen-specific H-2Kb/SIINFEKL+IFN-γ+ T cells in 
the tumours after different treatments (n = 5–7 per group). Data are shown 
as the mean ± s.d.; two-sided Student’s t-test was performed. NS represents 
no significance; *P < 0.05 and ***P < 0.001. g, Percentages of –SH groups on 
the antigen-specific H-2Kb/SIINFEKL+IFN-γ+ T cells (n = 5–7 per group). Data 
are shown as the mean ± s.d.; two-sided Student’s t-test was performed. NS 
represents no significance; **P < 0.01 and ***P < 0.001.
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Supplementary Fig. 43). The incubation of T cells with T-Fulips or 
T-FulipsTEMP-free did not alter the accumulation efficiency of T cells in the 
mouse B16F10-OVA tumours (Supplementary Fig. 44), which confirmed 

the critical role of TEMP groups in regulating the surface redox status of 
T cells for improved therapeutic outcomes. Furthermore, these results 
highlight that T-Fulips treatment is an effective means to manage the 
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activity of T cells in the tumour microenvironment for improved cancer 
immunotherapy.

Conclusion
Mounting evidence has shown that the functional activity and prolifera-
tion of T cells require an optimal reductive microenvironment33–35, in 
which the redox balance between –SH and S–S groups on the membrane 
surface of T cells plays an important role18. During cancer progression, 
however, tumours are often cultivated with oxidative stress, which may 
cause the oxidation of the –SH groups into S–S groups on the surface of 
the T cells, resulting in the loss of activity of the T cells. This phenom-
enon partially contributes to the immunosuppressive nature of cancers, 
which potentiates the administration of antioxidant molecules (such as 
Trx and vitamins) and the use of cytokines and anti-inflammatory drugs 
to enhance the response of T cells, with varied success19,36,37. In a recent 
study, adjuvant drug delivery aided by the surface reductive environ-
ment of T cells was applied to improve the efficacy of an adoptive T cell 
cancer therapy38. In our work, we employed a nanomaterial approach 
to regulate and quantify the activity of T cells by targeting the redox 
status on the membrane surface of T cells. The favourable reductive 
microenvironment with an increased number of –SH groups on the 
surface of the T cells after T-Fulips treatment was linked to the greatly 
improved survival and proliferation activity of the T cells. Meanwhile, 
this procedure led to a paramagnetic transition of TEMP to TEMPO mol-
ecules, allowing for quantitative stratification of the tumour response 
by activated MRI for an early prognosis of RT.

A plethora of molecular imaging methods targeting the specific 
biomarkers (for example, OX40 and major histocompatibility complex 
(MHC)-encoded products) of T cells through non-covalent or covalent 
binding approaches have been reported39–41. However, the relationship 
between the number of biomarkers and the dynamic activity of T cells is 
still debatable. In the current work, we surmised that the chemical strat-
egy of regulating the redox status on the surface of T cells is amenable 
to explain the trade-off between the expression of biomarkers and the 
ROS-induced oxidative stress. This approach is beneficial to system-
atically improve the immunotherapy response and to quantitatively 
stratify the pathological progress related to the immune activation 
of T cells in the tumour. Emerging evidence has shown that exhausted 
T cells, a subpopulation of cell dysfunction, present one of the major 
hurdles to cancer immunotherapy42. Although the mechanism is largely 
unknown, it was found that ROS accumulation is one of the characteris-
tic features of exhausted T cells43. This phenomenon is also supported 
by our results, shown in the Supplementary Fig. 19, indicating that the 
redox stress response was essential to shift the balance towards the 
activity of T cells. Although we mainly referred to the effector T cells, 
Tregs would also benefit from surface redox regulation by T-Fulips treat-
ment through a transforming growth factor beta (TGF-β)-dependent 
mechanism44–46. Furthermore, we speculate that targeting the redox 
metabolism by chemical approaches could be fruitful to regulate the 
fate of a variety of immune cells, such as B cells, dendritic cells, natural 
killer cells, macrophages and neutrophils. Hence, targeting the activ-
ity of immune cells could be promising to the management of many 
diseases that are related to the activation of immune cells, such as virus 
infection (for example, COVID-19)47, chronic inflammatory diseases48, 
rheumatoid arthritis49 and so on.

In conclusion, we have presented a chemical targeting strategy 
to delineate the activity of T cells by exploiting the surface redox sta-
tus both in vitro and in vivo. The developed T-Fulips were equipped 
with TEMP groups to neutralize ROS and protect T cells from an 
oxidation-induced loss of activity. Meanwhile, the production of par-
amagnetic TEMPO radicals allowed MRI quantification of the T cell 
activity. This study uses a chemical targeting strategy to regulate the 
in situ activity of T cells in a visualizable manner for cancer theranos-
tics and may provide further understanding on engineering T cells for 
cancer treatment.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code 
availability are available at https://doi.org/10.1038/s41565-022-01261-7.
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Methods
Preparation of fusogenic liposomes
Liposomes were prepared according to the method described by 
Csiszár et al.50 with slight modifications. Briefly, lipid components 
DOPE, DOPE-PEG2000-Maleimide (MAL), DOPE-PEG2000-TEMP and posi-
tively charged lipid DOTAP and the fluorescent compound DiR were 
mixed in chloroform at a molar ratio of 1:0.12:0.12:1:0.12. Chloroform 
was evaporated under a vacuum for 0.5 h. Then, lipids were dispersed 
in PBS at a total lipid concentration of 2 mg ml–1 at pH 7.4. The solution 
was vortexed for 2 min to produce multilamellar liposomes. After 
homogenization in an ultrasonic bath for 20 min at 4 °C, mainly uni-
lamellar vesicles were formed. Characterization of the size and zeta 
potential distribution of liposomes was conducted by transmission 
electron miscroscopy, dynamic light scattering and electrophoretic 
light scattering.

Antibody conjugation
CD3+ T-cell-specific Fulips were generated by conjugating anti-CD3ε 
monoclonal antibody F(ab′)2 fragments to the particle surface. 
Anti-IgG-F(ab′)2 fragments were used as the isotype control. The anti-
body fragments were reduced using 2 mM dithiothreitol for 90 min 
at 25 °C to retrieve free sulfhydryl groups for chemical linkage to the 
maleimide groups on the nanoparticle surface. Free dithiothreitol was 
removed before conjugation using 7 kDa desalting columns. Some 
50 µg of antibody was added per 1 mg of liposomes. The reaction 
was carried out for 12 h at 25 °C under nitrogen protection, and then 
purified by two wash–spin cycles in PBS at 70,000 g for 60 min. The 
amount of antibody on the nanoparticle surface was quantified by 
bicinchoninic acid (BCA) assay. The amount of F(ab′)2 fragments on 
the surface of T-Fulips and Iso-Fulips was ~30 µg per mg of the lipo-
some samples.

Cell culture and animal tumour model
The 4T1, MC-38 cells were acquired from the American Type Culture 
Collection. B16F10-OVA cells were from Cell Bank of Shanghai, Chi-
nese Academy of Sciences. Cells were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM) containing 10% heat-inactivated foetal 
bovine serum (FBS) and supplemented to a final concentration with 
l-glutamine (2 mM), penicillin (50 U ml–1) and streptomycin (50 µg ml–

1). Murine T cells were enriched from spleens using a mouse CD3 T cell 
isolation kit and cultured in RPMI-1640 medium supplemented with 
10% FBS and 1% penicillin–streptomycin. The purity of the isolated cells 
was determined using anti-mouse CD3 antibody and confirmed to be 
greater than 95% pure. Animals were housed in groups of 4–5 mice per 
cage, maintained at a temperature of ~25 °C in a humidity-controlled 
environment with a 12 h light/dark cycle. To establish the tumour 
model, BALB/c mice were subcutaneously inoculated with 1 × 106 4T1 
tumour cells on the right flank. C57BL/6 mice were subcutaneously 
inoculated with 1 × 106 MC-38 or B16F10-OVA tumour cells on the right 
flank. All animal experiments were carried out in accordance with the 
Guide Protocol of Laboratory Animals, approved by the Ethics Com-
mittee of Xiamen University. Six- to eight-week-old female BALB/c mice 
were ordered from the Xiamen University and Guangzhou Medical 
University Animal Centers.

In vitro T cell assays
In vitro binding of Fulips was assessed after incubation of 30,000 
enriched CD3 T cells with DiR-fluorescent-dye-labelled liposomes 
at different concentrations for 30 min at 37 °C. After the incubation, 
T cells were washed three to five times in PBS and directly assessed 
by flow cytometry and laser scanning confocal microscopy for DiR 
fluorescence. For internalization studies, cells were incubated for dif-
ferent periods of time on ice, washed and stained immediately with 
LysoTracker staining. For the T cell proliferation assay, the murine 
T cells were collected and labelled with CFSE (0.5 mM) for 5 min. Then, 

conA and H2O2 were added. After one to three days, the CFSE signal was 
analysed by a flow cytometer. For the measurement of –SH groups, 
ALM-488 was used at the indicated concentrations, and the fluores-
cence of –SH staining was determined by flow cytometry.

Biodistribution of the T-Fulips
The 4T1 tumour model was established in BALB/c mice. When 
the tumours had grown to around 100 mm3 (tumour vol-
ume = ½ × length × width2), T-Fulips or isotype control were admin-
istered intravenously. Mice were anaesthetized and imaged using 
a Carestream Imaging Station system at 1, 4, 6, 12, 24 and 48 h 
post-injection. At the last time point, mice were killed. Tumour and 
normal organs including heart, liver, spleen, lung, kidneys and brain 
were dissected for ex vivo imaging.

MRI measurements and analysis
All phantoms and animal MRI studies were performed on a 9.4 T small 
animal MRI scanner (Bruker 94/20). The phantom samples with differ-
ent concentrations of DOPE-PEG2000-TEMP and T-Fulips were prepared 
in solution with the addition of different amounts of H2O2. For animal 
studies, all the mice were anaesthetized with an isoflurane/O2 mixture 
and placed in a stretched prone position. T1 MRI experiments were 
acquired using a rapid acquisition with relaxation enhancement with 
variable repetition time sequence. The T1 MRI phantoms were acquired 
using the following parameters: effective echo time (TE), 8.50 ms; 
flip angle, 180°; rare factor, 2; slice thickness, 1 mm; field of view, 
3.0 cm × 3.0 cm; number of repetitions, 1; number of averages, 2; and 
matrix, 256 × 256. For the activated MRI, the T-Fulips or Iso-Fulips were 
injected intravenously with an injection dose of 10 mg per kilogram 
mouse body weight. The post-contrast MRI was acquired 24 h after the 
injection of contrast agents using the same sequence parameters as 
those for the pre-contrast T1 MRI study. All the simulations of T1 maps 
were calculated on a pixel-by-pixel basis using the built-in software 
(Paravision 5.1, Bruker). Regions of interest were manually drawn across 
images. The quantitative T1 maps were calculated from the multi-TR 
signals with nonlinear least square fitting of the data with the following 

equation: M (TR) = M0 [1 − exp (− TR
T1
)], where M(TR) is the signal intensity 

at each TR, M0 is a free fitting variable equal to M(TR = +inf), TR is the 
repetition time and +inf is the plus infinity.

Cancer treatment study
For therapy studies, BALB/c mice were subcutaneously inoculated 
with 1 × 106 4T1 tumour cells on the right flank; C57BL/6 mice were 
subcutaneously inoculated with 1 × 106 MC-38 tumour cells on the 
right flank. After the tumour size reached around 30–40 mm3, mice 
were randomly grouped (n = 5 per group). Mice from different groups 
were scanned individually by MRI using a T1 mapping sequence and 
multi-slice T1-weighted MRI sequence (pre-contrast MRI). The T-Fulips 
or Iso-Fulips were then injected intravenously with the injection dose 
of 10 mg per kilogram mouse body weight. At 24 h after the injection 
of contrast agents, the post-contrast MRI were acquired using the 
same T1 mapping sequence and multi-slice T1-weighted sequence as 
for pre-contrast MRI. The tumour size and body weight were recorded 
every two days after each treatment until 32 days post-irradiation, and 
the tumour volumes were calculated. The survival rate was recorded 
for up to 52 days post-irradiation.

Statistical analysis
All the quantitative data were expressed as mean ± s.d. and analysed 
with Microsoft Excel (2016), SPSS Statistics 26.0 software and Graph-
Pad Prism (v.9.0). Comparisons of multiple groups at a single point 
were performed by using a one-way ANOVA with post-hoc analysis and 
two-sided Student’s t-test. Survival data were analysed using a log-rank 
test. The Pearson’s correlation coefficient R was used to calculate the 
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strength of a linear association between two variables. GraphPad Prism 
(v.9.0), FlowJo (v.10.6.2) and ImageJ (v.1.8.0) were used for statistical 
analysis and figure production. The statistical significance is indicated 
as NS (no significance), *P < 0.05, **P < 0.01 and ***P < 0.001, 95% con-
fidence level.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
The main data that support the findings of this study are available 
within the Article, Supplementary Information and Supplementary 
Data 1. Other relevant data during the study are available for research 
purposes from the corresponding authors upon reasonable request. 
Source data are provided with this paper.
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Antibodies
Antibodies used Anti-Thioredoxin antibody (rabbit monoclonal, abcam, cat#: ab273877, clone: EPR23843-48), dilution 1:200; 

Anti-TXNIP antibody (mouse monoclonal, abcam,  cat#: 3700T, clone: EPR14774), dilution 1:200; 
β-Actin Mouse mAb (CST, cat#: 3700T, clone: 8H10D10), dilution 1:1000; 
HRP-conjugated goat anti-rabbit IgG (Sangon Biotech, cat#: D110058), dilution 1:10000; 
HRP-conjugated goat anti-mouse IgG (Sangon Biotech, cat#: D110087), dilution 1:10000; 
Pacific Blue anti-mouse F4/80 (Biolegend, cat#: 123123, clone: BM8), dilution 1:200; 
FITC anti-mouse/human CD11b (Biolegend, cat#: 101206, clone: M1/70), dilution 1:200;  
FITC anti-mouse CD3 (Biolegend, cat#: 100204, clone: 17A2), dilution 1:200; 
PE anti-mouse CD4 (Biolegend, cat#: 100408, clone: GK1.5),  dilution 1:200; 
PE anti-mouse CD8a (Biolegend, cat#: 100708, clone: 53-6.7),  dilution 1:200; 
Alexa Fluor 488 anti-mouse FOXP3 (Biolegend, cat#: 126405, clone: MF-14), dilution 1:200;  
APC anti-mouse IFN-γ (Biolegend, cat#: 505809, clone: XMG1.2), dilution 1:200;  
PE/Cyanine7 anti-mouse IFN-γ (Biolegend, cat#: 505825, clone: XMG1.2), dilution 1:200; 
Pacific Blue anti-mouse CD45 (Biolegend, cat#: 103126, clone: 30-F11), dilution 1:200; 
APC anti-mouse Ly-6G/Ly-6C (Gr-1) (Biolegend, cat#: 108412, clone: RB6-8C5), dilution 1:200; 
APC anti-mouse H-2Kb bound SIINFEKL (Biolegend, cat#: 144606, clone: 25-D1.16),dilution 1:200; 
Anti-mouse CD3ε-(Fab’)2 fragments (BioXCell, cat#: BE0001, clone: 145-2C11);  
Anti-mouse IgG-(Fab’)2 fragments (BioXCell, cat#: BE0091); 

Validation The  antibodies listed above are standard reagents used in the field and validated in the literature as cited on the manufacturers 
websites, as well as by the manufacturers data sheets themselves. 
1. Anti-Thioredoxin antibody: https://www.abcam.cn/thioredoxin--trx-antibody-epr23843-48-ab273877.html 
2. Anti-TXNIP antibody: https://www.abcam.com/txnip-antibody-epr14774-chimeric-ab210826.html 
3. β-Actin Mouse mAb: https://www.cellsignal.com/products/primary-antibodies/b-actin-8h10d10-mouse-mab/3700 
4. HRP-conjugated goat anti-rabbit IgG: https://www.sangon.com/productDetail?productInfo.code=D110058 
5. HRP-conjugated goat anti-rabbit IgG: https://www.sangon.com/productDetail?productInfo.code=D110087 
6. Pacific Blue anti-mouse F4/80: https://www.biolegend.com/en-us/products/pacific-blue-anti-mouse-f4-80-antibody-4075?
GroupID=BLG5319 
7. FITC anti-mouse/human CD11b: https://www.biolegend.com/en-us/products/fitc-anti-mouse-human-cd11b-antibody-347?
GroupID=BLG10660 
8. FITC anti-mouse CD3: https://www.biolegend.com/en-us/products/fitc-anti-mouse-cd3-antibody-45?GroupID=BLG6732 
9. PE anti-mouse CD4: https://www.biolegend.com/en-us/products/pe-anti-mouse-cd4-antibody-250?GroupID=BLG4745 
10. PE anti-mouse CD8a: https://www.biolegend.com/en-us/products/pe-anti-mouse-cd8a-antibody-155?GroupID=BLG2559 
11. Alexa Fluor 488 anti-mouse FOXP3: https://www.biolegend.com/en-us/products/alexa-fluor-488-anti-mouse-foxp3-
antibody-4661?GroupID=BLG5706 
12. APC anti-mouse IFN-γ: https://www.biolegend.com/en-us/products/apc-anti-mouse-ifn-gamma-antibody-993?
GroupID=GROUP24 
13. PE/Cyanine7 anti-mouse IFN-γ: https://www.biolegend.com/en-us/products/pe-cyanine7-anti-mouse-ifn-gamma-antibody-5865?
GroupID=GROUP24 
14. Pacific Blue anti-mouse CD45: https://www.biolegend.com/en-us/products/pacific-blue-anti-mouse-cd45-antibody-3102?
GroupID=BLG6841 
15. APC anti-mouse Ly-6G/Ly-6C (Gr-1): https://www.biolegend.com/en-us/products/apc-anti-mouse-ly-6g-ly-6c-gr-1-antibody-456?
GroupID=BLG4876 
16. APC anti-mouse H-2Kb bound SIINFEKL: https://www.biolegend.com/en-us/products/apc-anti-mouse-h-2kb-bound-to-siinfekl-
antibody-7882?GroupID=BLG9387 
17. Anti-mouse CD3ε-(Fab’)2 fragments: https://bxcell.com/product/m-cd3e-fab2-fragments/ 
18. Anti-mouse IgG-(Fab’)2 fragments: https://bxcell.com/product/hamster-fab2-fragments/

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) 4T1 , MC38 cell lines were purchased from American Type Culture Collection (ATCC). B16F10-OVA are from Cell Bank of 
Shanghai, Chinese Academy of Sciences (Shanghai, China)

Authentication Cell lines have been authenticated by short tandem repeat profiling, and the results were compared with reference database.

Mycoplasma contamination All cell lines tested negative for mycoplasma contamination.

Commonly misidentified lines
(See ICLAC register)

No commonly misidentified cell lines were used.

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Six- to eight-week-old female BALB/c and C57BL/6mice and were purchased from Beijing Vital River Laboratory Animal Technology 
Co. Ltd. (Beijing, China). OT-I mice were approved purchased from Laboratory Animals Center for Guangzhou Medical University. 
Animals were housed in groups of 4–5 mice per cage, maintained at a temperature of ~25 °C in a humidity-controlled environment 
with a 12 h light/dark cycle.
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Wild animals This study did not involve wild animals.

Field-collected samples This study did not involve sample collected from the field.

Ethics oversight All animal experiments were carried out in accordance with the Guide Protocol of Laboratory Animals, approved by the Ethics 
Committee of the Xiamen University and Guangzhou Medical University. 

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Tissue was collected and incubated in a digestion cocktail containing collagenase IV (100 U/mL, Sigma-Aldrich), DNase I (20 
μg/mL, Sigma-Aldrich) in complete RPMI at 37 °C for 60 min. Tissue was then filtered through a 70-μm filter. Cells were mixed 
in 4 ml of Percoll solution and centrifuged at 800g for 15 min without a brake. The Percoll layer was removed and cells were 
diluted in 5 ml of 2% fetal bovine serum (FBS). Cells were treated with ACK buffer and resuspended in 1% BSA. At this point, 
cells were counted using an automated cell counter (Thermo Fisher Scientific).  
For tumor tissues, the antibody staining solution was added to each cell samples at a concentration of about 1*10e6 and 
stained for 30 min at 4 °C before running the flow cytometry tests. 
For isolating T cells, the cells were cultured and stained following the instruction of the Mouse T Cell Isolation Kit provided by 
the product company (BioLegend).

Instrument Flow cytometry data were collected using Cytoflex LX and the equipped  CytExpert (2.3) software.

Software Flow cytometry data were analyzed using FlowJo (v10.6.2) for windows.

Cell population abundance The purity of post-sort fractions is regularly measured by the software. The fractions were around 70-90%.

Gating strategy A forward-scatter/side-scatter gate was used to gate on lymphocytes to exclude debris.All gating strategies were provided in 
the supplementary figures.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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