
Nature Biomedical Engineering | Volume 8 | June 2024 | 726–739 726

nature biomedical engineering

Article https://doi.org/10.1038/s41551-023-01083-5

Shortwave-infrared-light-emitting probes 
for the in vivo tracking of cancer vaccines  
and the elicited immune responses

Fuqiang Ren1,8, Feifei Wang1,8, Ani Baghdasaryan1,8, Ying Li2, Haoran Liu1, 
RuSiou Hsu1, Chuchu Wang    3,4, Jiachen Li    1, Yeteng Zhong    1, Felix Salazar5, 
Chun Xu1, Yingying Jiang1, Zhuoran Ma1, Guanzhou Zhu1, Xiang Zhao6, 
Kerry Kaili Wong2, Richard Willis    7, K. Christopher Garcia6, Anna Wu    5, 
Elizabeth Mellins    2 & Hongjie Dai    1 

Tracking and imaging immune cells in vivo non-invasively would offer 
insights into the immune responses induced by vaccination. Here we 
report a cancer vaccine consisting of polymer-coated NaErF4/NaYF4 
core–shell down-conversion nanoparticles emitting luminescence in the 
near-infrared spectral window IIb (1,500–1,700 nm in wavelength) and with 
surface-conjugated antigen (ovalbumin) and electrostatically complexed 
adjuvant (class-B cytosine–phosphate–guanine). Whole-body wide-field 
imaging of the subcutaneously injected vaccine in tumour-bearing mice 
revealed rapid migration of the nanoparticles to lymph nodes through 
lymphatic vessels, with two doses of the vaccine leading to the complete 
eradication of pre-existing tumours and to the prophylactic inhibition of 
tumour growth. The abundance of antigen-specific CD8+ T lymphocytes in 
the tumour microenvironment correlated with vaccine efficacy, as we show 
via continuous-wave imaging and lifetime imaging of two intravenously 
injected near-infrared-emitting probes (CD8+-T-cell-targeted NaYbF4/NaYF4 
nanoparticles and H-2Kb/ovalbumin257-264 tetramer/PbS/CdS quantum dots) 
excited at different wavelengths, and by volumetrically visualizing the three 
nanoparticles via light-sheet microscopy with structured illumination. 
Nanoparticle-based vaccines and imaging probes emitting infrared light 
may facilitate the design and optimization of immunotherapies.

Activating the body’s own immune system to fight cancer through 
vaccination is at the frontier of cancer treatment and prevention, 
and can complement or replace traditional surgical resection, radio-
therapy and chemotherapy. Notable progress has been made in the 

development of safe and efficient cancer vaccines1, including the US 
Food and Drug Administration-approved human papillomavirus vac-
cine to prevent cervical and other cancers, as well as several vaccines 
to treat existing cancers in patients2–4. Therapeutic cancer vaccines 
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that NIR-II/SWIR nanoprobes offer unique opportunities for guiding 
vaccine design and for investigating immune responses with unprec-
edented spatial and temporal resolution over a long time span.

Results
Synthesis of pErNP for vaccine carrier and NIR-II/SWIR 
imaging in the 1,500–1,700 nm range
Previously, we developed a cubic α-phase down-conversion nanoparti-
cle composed of 2% Er, 2% Ce, 10% Zn doped NaYbF4 core/NaYF4 shell30 
(ErNP), and PbS/CdS core/shell QDs20 emitting in the 1,500–1,700 nm 
range for two-plex molecular imaging with millimetres tissue pen-
etration depth, high signal/background ratio and near-zero auto-
fluorescence18,25,30. The much longer luminescence lifetime of ErNP 
(>4 ms) than that of QD (~46 µs) was utilized for two-plex imaging in 
continuous-wave (CW) and lifetime modes, allowing differentiation of 
the two probes emitting in the same NIR-IIb range30.

Here we aimed to increase imaging multiplexity by synthesizing 
a pErNP composed of a pure hexagonal β-phase NaErF4 core (without 
other rare-earth dopants, hence the name ‘pure ErNP’ or pErNP) with 
a NaYF4 shell (Supplementary Fig. 1; synthesis details in Methods). 
Transmission electron microscopy (TEM) imaging revealed a uniform 
size of the pErNP with a mean diameter of ~21.7 nm (Supplementary  
Fig. 2a,b) and clear lattice fringes corresponding to the 0.513 nm 
d-spacing of (100) planes (Supplementary Fig. 2c,d). We clearly 
resolved a ~3.8 nm shell on the pErNP (Supplementary Fig. 2c,d), which 
was known to protect the nanocrystal core from luminescence quench-
ing by water molecules in aqueous solutions30,31.

Under excitation at 808 nm or 975 nm, the pErNP (with a pure 
NaErF4 nanocrystal core) exhibited substantial light adsorption by 
the Er ions (Fig. 1b). The resulting down-conversion luminescence 
emission30,31 was in the 1,500–1,700 nm NIR-IIb range (Fig. 1b) and had 
a long-lived luminescence lifetime of ~2.7 ms (Fig. 1g). In comparison, 
our previously reported ErNPs, which emitted in the NIR-IIb range 
(~20.6 nm size, Supplementary Fig. 3a–c), had a different absorption 
peak at ~900–980 nm and a ~7.1 ms emission lifetime (Fig. 1d,g). The 
PbS/CdS QD had a size of ~7.7 nm (Supplementary Fig. 3d–f) and broad 
absorption (Fig. 1f,g). Although all three probes emitted in the same 
NIR-IIb range of 1,500–1,700 nm, we were able to differentiate them 
for multiplexed imaging by using lifetime imaging of pErNPs after a 
pulsed 808 nm laser excitation, lifetime imaging of ErNPs after a pulsed 
940 nm laser excitation, and 860 nm CW QD imaging, respectively  
(Fig. 1h, Table 1 and Methods). This approach enabled multiplexed 
imaging of one of the three NIR-IIb probes without any crosstalk signals 
from the other two (Fig. 1h and Table 1). Note that the ErNPs absorbed 
light at ~940 nm (Fig. 1d) mainly by Yb ions in the 2% Er, 2% Ce and 10% Zn 
doped NaYbF4 core, with the excited Yb ions transferring energy to Er 
ions for NIR-IIb emission through down-conversion30. Pure Er ions in the 
core of pErNP absorbed little light at 940 nm (but absorbed at ~800 nm 
and ~975 nm, Fig. 1b), and gave no emission when imaging ErNPs under 
940 nm excitation (Fig. 1h and Table 1). Multiplexed imaging with three 
different probes emitting in the same NIR-IIb 1,500–1,700 nm range 
without any crosstalk signals is substantial since it enables superior 
penetration depth and signal-to-background ratios for the imaging 
targets of all three probes in vivo. The minimized light scattering and 
autofluorescence in the NIR-IIb window can be utilized for multiple 
molecular targets in a single imaging experiment.

To make the probes biocompatible, all three NIR-IIb emitting 
probes were transferred into aqueous solutions by cross-linking three 
layers of hydrophilic polymers (named ‘P3 coating’: branched polyethyl-
ene glycol/polyacrylic acid/polyethylene glycol) on the surfaces of the 
particles; see Methods)24,30. Cryogenic electron microscopy (cryo-EM) 
revealed a uniform ~5-nm-thick P3 layer on the particles (Fig. 1a,c,e). 
This surface coating allowed near-complete excretion of the resulting 
P3-nanoparticles from the body within 2 weeks post-administration 
without causing any adverse health effects24,30. The hydrodynamic sizes 

aim to treat existing cancer by activating the adaptive immune sys-
tem and triggering T-lymphocyte responses, including the produc-
tion of antigen-specific CD8+ cytotoxic T lymphocytes (CTLs) that 
can recognize and kill cancer cells. In contrast, prophylactic cancer 
vaccines are designed to induce antitumour immune responses and 
prevent the development of cancer. Lymph nodes, which contain large 
number of antigen-presenting cells (APCs) responsible for initiating 
and regulating adaptive immune responses, are a primary target for 
vaccine delivery and immunotherapy5,6. The ovalbumin (OVA) system 
has been widely employed to develop cancer vaccines in pre-clinical 
models, using a wide range of delivery vehicles, including inorganic 
nanoparticles7 and lipid nanoparticles8, to prophylactically prevent or 
therapeutically treat OVA-expressing E.G7 mouse lymphoma tumours. 
To improve vaccine efficacy, researchers have co-administrated OVA 
antigen with adjuvants such as CpG oligodeoxynucleotides9–11. CpG B, a 
toll-like receptor ligand that binds to TLR9 expressed on the endosomal 
membrane, directly activates dendritic cells (DCs), macrophages and B 
cells, driving strong T helper 1 effector responses and enhancing T-cell 
cytotoxicity3,12. Several nanoparticles have been used to co-deliver CpG 
B and OVA for tumour treatment9,11,13–15, but with low long-term survival 
rates and small treatable tumour sizes (<~200 mm3 in volume)14,15. In 
addition, previous vaccine development typically lacked in vivo imag-
ing of vaccine trafficking and lymph node targeting16,17. In vivo longi-
tudinal imaging/monitoring of immune responses to vaccination has 
also been rare for correlating with therapeutic outcomes.

Spatially and temporally resolved imaging of an administrated vac-
cine, and in vivo assessment of the immune cell responses, could lead to 
new understandings of the immune system and guide vaccine design. 
With reduced light scattering and near-zero autofluorescence, in vivo 
near-infrared-II/short-wave infrared (NIR-II/SWIR, 1,000–3,000 nm) 
fluorescence imaging through intact mouse skin and tissues allows 
for the visualization of biological structures and their dynamics down 
to single-cell resolution and at depths of millimetres18–29. For exam-
ple, in vivo NIR-II structured-illumination light-sheet microscopy 
(LSM-SIM) can longitudinally map out cellular CD4, CD8 and OX40 
expression levels in tumour tissue in response to immunotherapy27. 
Recently, the excitation and emission wavelengths of one-photon 
confocal fluorescence microscopy were extended to ~1,650 nm and 
beyond 1,700 nm (NIR-IIc, 1,700–2,000 nm) respectively, enabling 
non-invasive in vivo molecular imaging of high endothelial venules, 
CD169+ subcapsular sinus macrophages and CD3+ T cells in mouse 
lymph nodes with single-vessel and single-cell resolution25. For vaccine/
immunotherapy studies of mouse models, in vivo NIR-II imaging using 
wide-field and LSM/confocal microscopy modes offers new opportuni-
ties for dynamically monitoring vaccine trafficking as well as immune 
cell responses in tumours and draining lymph nodes over time. Such 
capabilities could add a new dimension to conventional ex vivo flow 
cytometry analysis of immune cells (such as CD8+ CTLs) extracted from 
various organs/tissues.

In this Article, we report the development of a nanovaccine using 
a synthesized NIR-IIb luminescent nanoparticle, pErNP, as both an 
NIR-II/SWIR imaging tracer and vaccine carrier for the OVA antigen 
and the CpG B adjuvant. Therapeutically, two subcutaneous (s.c.) 
administrations of the pErNP–OVA–CpG B vaccine resulted in 100% 
eradication of E.G7 tumours and increased mouse survival (n = 17). 
Additionally, this vaccine prophylactically protected immunized 
healthy mice against tumour growth. The NIR-IIb luminescence of 
pErNP–OVA–CpG B allowed dynamic imaging of the vaccine’s migration 
through lymphatic vessels and lymph-node targeting and homing. We 
also employed two additional NIR-IIb probes, quantum dots (QDs) and 
doped Er nanoparticles, which we named ‘ErNP’, for in vivo three-plex 
molecular imaging of antigen-specific CD8+ CTLs in both wide-field 
and high-resolution microscopy modes to resolve CTLs in the tumour 
microenvironment. Such imaging was performed longitudinally within 
minutes of administration and up to several weeks. The results show 
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measured by dynamic light scattering (DLS) were ~52 nm, ~37 nm and 
~35 nm for pErNP-P3, ErNP-P3 and QD-P3, respectively (Supplementary 
Fig. 4). The amino functional groups on the outmost P3 coating layer 
were utilized to either conjugate to antigens for vaccine formulation 
(using pEr-P3) or antibodies or MHC-I tetramers (using ErNP-P3 and 
QD-P3) for in vivo molecular imaging in NIR-IIb.

pErNP–OVA–CpG B complex as a trackable vaccine by  
NIR-II/SWIR imaging
We chose the pErNP-P3 as a vaccine carrier due to its hydrodynamic 
size of ~50 nm measured by DLS, in a range suitable for lymph node 

homing/trafficking32,33 to trigger adaptive immune responses. 
We conjugated whole OVA proteins (~45 kD) from chicken egg to 
the NH2-groups on pErNP-P3 using 1-(3-dimethylaminopropyl)-
3-ethylcarbodiimide hydrochloride (EDC) chemistry and then simply 
mixed pErNP–OVA with CpG B to form the pErNP–OVA–CpG B nano-
complex through electrostatic interactions (Fig. 2a; see Methods). 
DLS and zeta-potential measurements (Supplementary Fig. 5) showed 
that the P3-coated pErNPs possessed a positive surface charge due to 
surface NH2-groups with a positive zeta-potential of ~7.3 mV in a pH 7.4 
phosphate-buffered saline (PBS) buffer. After OVA conjugation, the 
zeta-potential decreased to ~6.1 mV, and after complexation with CpG 
B, the zeta-potential further decreased to ~3.8 mV. Upon conjugation 
of OVA and CpG B, the particle size slightly increased (Supplementary 
Fig. 5) from the initial ~53 nm (pErNP-P3) to ~57 nm (pErNP–OVA) and 
to ~59 nm (pErNP–OVA–CpG B).

The OVA to pErNP conjugation efficiency was quantified to be 
~95.6%, without obvious detachment after a 24 h storage period in 
PBS buffer (detailed information in Supplementary Information and 
Supplementary Fig. 6). The complexation of CpG B with pErNP–OVA 
was confirmed using a fluorescently labelled CpG B, with ~68% of the 
fluorescein isothiocyanate (FITC)–CpG B remaining bound to pErNP–
OVA even after rigorous washing (Supplementary Fig. 7).
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Fig. 1 | Three nanoparticle probes luminescence/emitting in the 1,500–
1,700 nm range for vaccine carrier and multiplexed NIR/SWIR imaging. 
a,c,e, Cryo-EM images of pErNP-P3 (a), ErNP-P3 (b) and QD-P3 (e) in PBS buffer. 
These images show a uniform coating of approximately 5 nm thickness on the 
three types of particle. b,d,f, Absorption (dashed curves) and emission (solid 
curves) spectra of three different nanoparticles, pErNP-P3 (b), ErNP-P3 (d) and 
QD-P3 (f). The green shaded areas are the NIR-IIb 1,500–1,700 nm detection 
range for imaging. The dashed vertical lines were drawn to show the excitation 
wavelengths (808 nm for pErNP, 940 nm for ErNP and 860 nm for QD) used for 
three-plex imaging for each of the three probes in lifetime (for pErNP and ErNP) 

or CW (for QD) mode. g, Lifetime decays of pErNP, ErNP and QD, respectively.  
In b, d and f, pErNP and ErNP were measured in cyclohexane, QD was measured 
in PBS buffer, and photoluminescence (PL) decay curves were fit with a typical 
bi-exponential function. h, A colour photograph and multiplexed NIR-IIb imaging 
of pErNP, ErNP and QD in PBS buffer under three different imaging conditions 
that detect one probe at a time without imaging the other two. pErNP: 808 nm 
excitation, 1,500–1,700 nm detection in lifetime mode (for three-plex imaging 
details, see Supplementary Information). ErNP: 940 nm excitation, 1,500–1,700 nm 
detection in lifetime mode; QD: 860 nm excitation, 1,500–1,700 nm in CW.

Table 1 | Excitation conditions for pErNPs, ErNPs and  
PbS/CdS QDs, respectively

1,500–1,700 nm 
emission

Lifetime imaging 
excitation 808 nm

CW imaging 
excitation 
860 nm

Lifetime imaging 
excitation 940 nm

pErNP Yes No No

ErNP No No Yes

QD IIb No Yes No

For three-plex NIR-IIb imaging, without crosstalk of emission in the same 1,500–1,700 nm range.
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In vivo NIR-IIb imaging/tracking of administrated pErNP–
OVA–CpG B nanovaccine
The pErNP–OVA–CpG B nanocomplexes were subcutaneously injected 
at the tail base of C57BL/6 mice bearing OVA expressing E.G7 tumours. 
The pErNPs were exploited not only as an antigen/TLR9 adjuvant deliv-
ery vehicle but also as an NIR-II/SWIR imaging agent for visualizing the 
vaccine trafficking pathway. In vivo wide-field NIR-IIb imaging (excita-
tion ~975 nm or 808 nm; see Fig. 1b, emission 1,500–1,700 nm) showed 
a gradual increase of the pEr emission in the inguinal lymph node (iLN) 
over time, reaching a substantial level within ~3 h (Fig. 2b) post injec-
tion (p.i.) and peaking at ~6 h p.i. (Fig. 2b,c). Some of the nanovaccines 
remained at the s.c. injection site forming a depot (Fig. 2b), gradually 
decreasing/releasing over days and up to ~2 weeks. Supplementary 
Video 1 clearly showed the pErNP–OVA–CpG B vaccine trafficking 
through lymphatic vessels between the injection site, iLN and axil-
lary lymph node (aLN), an important process for inducing immune 
responses. For higher resolution, we also performed three-dimensional 
(3D) volumetric LSM-SIM imaging to visualize the distribution of the 
pErNPs within the iLN and lymphatic vessels (Fig. 2d). Moreover,  
our NIR-LSM imaging captured the movement of the vaccine in the 
lymphatic vessels trafficking to the iLN (Supplementary Video 2).

One day after vaccinating mice (n = 3) with pErNP–OVA–CpG B, we 
collected the iLNs and used fluorescence-activated cell sorting (FACS) 
to isolate DCs (CD11c+), B cells (CD19+), T cells (CD3+) and macrophages 
(F4/80+) (Supplementary Fig. 8 and Supplementary Table 1). We imaged 
the pEr luminescent emission from the cells in the NIR-IIb window and 
observed pEr signals in all four types of cell in the iLN (Supplementary 
Fig. 9). For accurate quantification, the pEr content in each cell type was 
measured using Inductively Coupled Plasma Optical Emission spectros-
copy (ICP-OES) (Supplementary Fig. 10 and Supplementary Table 2). We 
found that the DCs, macrophages and B cells had a per-cell-based pEr 
content of 13.6×, 101× and 2.1× fold higher than that of T cells, respec-
tively. This suggested that APCs in the lymph nodes were effective in 
taking up the pErNP–OVA–CpG B nanovaccine for T-cell priming and 
initiating immune responses.

Therapeutic and prophylactic efficacy of the pErNP–OVA–CpG 
B nanovaccine
We investigated the therapeutic effects of subcutaneously injected 
pErNP–OVA–CpG B nanovaccine (n = 17) in E.G7 tumour-bearing mice, 
as well as pErNP–OVA (n = 8), OVA alone (n = 8), OVA mixed with CpG B 
(n = 5) and PBS only (n = 12). The first dose was administered 4 days after 
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Fig. 2 | An NIR-II/SWIR emitting pEr nanoparticle for in vivo trackable 
nanovaccine. a, Schematic of a nanovaccine pErNP–OVA–CpG B (OVA proteins 
were conjugated to the NH2- groups on pErNP-P3 via EDC chemistry and then 
mixed with CpG B for electrostatic complexation to form the pErNP–OVA–CpG 
B nanocomplex). b, Immunization schedule, C57BL/6 mice were immunized by 
s.c. injection at the mouse tail base with the pErNP–OVA–CpG B nanovaccine 
on days 0, 7 and 14. Also shown are NIR-IIb luminescence images (the imaging 
conditions were as follows: excitation at 975 nm with a power density of 
approximately 50 mW cm−2 and detection at 1,500–1,700 nm, and all images were 
captured using an exposure time of 20 ms, except for the 6 h timepoint, where an 

exposure time of 50 ms was used to visualize the lymphatic vessels; the imaging 
was conducted in CW mode) showing the vaccine trafficking pathways after s.c. 
injection at the tail base of a mouse. Images were recorded at different timepoints 
as indicated p.i. c, The pErNP signal in iLN normalized by background plotted as 
a function of time post s.c. injection of pErNP–OVA–CpG B nanovaccine or pEr 
nanoparticle only (P = 0.5247). Data are presented as mean ± standard deviation 
and analysed by two-tailed Student’s t-test. d, Three-dimensional volumetric 
NIR-II SIM images of pErNP–OVA–CpG B in iLN (left) and lymphatic vessels (right). 
Imaging conditions: 975 nm excitation, 1,500–1,700 nm detection, exposure 
times 100 ms, CW mode.
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E.G7–OVA tumour cell inoculation on the left hindlimb, followed by 
boosting on days 7 and 14, except for the mice that had to be killed due 
to tumour burden. Tumour volumes ranged from ~35 mm3 to ~284 mm3 
at the start of treatment (Fig. 3a–e). Mice treated with pErNP–OVA–CpG 
B exhibited the slowest tumour growth, with tumour volumes begin-
ning to obviously shrink on approximately day 5 after the first dose. 
After the booster dose, tumours continued to shrink and eventually 
disappeared. Remarkably, all 17 mice treated with pErNP–OVA–CpG 
B survived with 100% efficacy (Fig. 3f,g and Supplementary Fig. 11) 
without any tumour regrowth monitored over ~30 days.

For mice treated by pErNP–OVA (n = 8), there was a discernible 
slowdown in tumour growth, especially for initially smaller tumours, 
after two doses of treatment (Fig. 3c). However, most tumours started 
to grow again unabated from day 11, even after the third dose. The 
pErNP–OVA treated group showed an improved survival rate of 25% 
observed over 14 days. The remaining treatment groups after two doses 
of PBS (n = 12), OVA (n = 8) alone and OVA + CpG B (n = 5) all showed 
rapid tumour growth with 0 % survival rate (Fig. 3f,h,i).

To evaluate the prophylactic potential of the pErNP–OVA–CpG B 
nanocomplex as a cancer vaccine, we subcutaneously injected E.G7–
OVA cells into vaccinated healthy mice (n = 3) 1 week after the second 
dose of vaccine and compared them with healthy mice treated with 
two doses of PBS control (n = 3). No detectable solid tumours grew 

in mice immunized with two doses of pErNP–OVA–CpG B monitored 
for over 30 days (Supplementary Fig. 12), while the control group 
treated with two doses of PBS injection showed rapid tumour growth, 
reaching ~1,500 mm3 volume within 7 days following cancer cell inocu-
lation (Supplementary Fig. 12). These results demonstrate that the 
pErNP–OVA–CpG B nanocomplex indeed induces strong protective 
antitumour immunity, making it an efficient prophylactic vaccine.

For E.G7 tumour-bearing mice, we noticed the pEr–OVA–CpG 
B vaccine signal appearing in the tumour 6 h post s.c. injection  
(Fig. 2). For comparison, we injected pErNP-P3 nanoparticles without 
OVA and CpG B conjugation into E.G-7 tumour-bearing mice (Supple-
mentary Fig. 13, n = 3). Similar to the pErNP–OVA–CpG B nanovaccine, 
the pErNP-P3 particles also reached the iLN and tumour (Supplementary 
Fig. 13). We then collected blood samples from the mice and separated 
plasma from blood cells using ethylenediaminetetraacetic acid-treated 
plasma tubes. We observed that both pErNP–OVA–CpG B and pErNP-P3 
nanoparticle-treated mice had strong pEr signals in their plasma and 
not in the cell pellets, suggesting that the pEr signal observed in the 
tumour originated from particles entering blood circulation (after 
s.c. injection) and then leaking into tumour through enhanced per-
meation and retention effect. This finding prompted us to perform 
another control experiment of injecting our pErNP–OVA–CpG B vac-
cine intravenously (instead of at tail base subcutaneously) into EG.7 
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Fig. 3 | Therapeutic efficacy of nanovaccine for eradicating pre-existing 
tumours in mice. a–e, Tumour volume measured at different timepoints post 
s.c. injection of pErNP–OVA–CPG B (n = 17), OVA alone (n = 8), pErNP–OVA (n = 8), 
PBS (n = 8) and OVA mixed with CpG B (n = 5) respectively. n is the number of mice 
used for each group. f, Per cent survival graph of each animal groups treated  

in a–e. g,h, Photographs of E.G7–OVA tumour-bearing mice recorded on various 
days post tumour inoculation (−4 days) and treated on the same 0 day by pErNP–
OVA–CpG B or PBS. i, Ex vivo photos of the solid tumours of pErNP–OVA–CpG B 
immunized and PBS-treated group taken on day 7.
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tumour-bearing mice (n = 2). We did observe strong tumour uptake of 
the vaccine but not in the LNs, and tumours grew rapidly to reach the 
mortality limit without treatment effect. This suggested s.c. injection 
of our vaccine was superior to intravenous (i.v.) injection and strong 
immune responses were initiated in the lymph nodes, not in the tumour.

In vivo dynamic NIR-II molecular imaging of CD8 and  
peptide–MHC-I tetramer targets
The ~100% therapeutic efficacy of eradicating pre-existing tumours 
in mice indicated strong adaptive immune responses elicited by the 
pErNP–OVA–CpG B nanocomplex. Since antigen-specific CD8+ CTLs are 
responsible for attacking and killing antigen-expressing cancer cells in 
tumours34,35, we explored spatially mapping/imaging and temporally 
tracking antigen-specific CTLs for assessing immune responses in vivo. 
We conjugated anti-CD8 diabody36,37 to our ErNP-P3 (second NIR-IIb 
emitting particle in Fig. 1) to form an ErNP–aCD8 probe (Fig. 4a right), 

and QDs (third NIR-IIb particle in Fig. 1) to tetramers of MHC class I 
H-2K(b) chicken ova 257–264 SIINFEKL peptide to afford QD–OVA–
tetramer probes (Fig. 4a left; see Methods for conjugation details and 
Supplementary Fig. 14 for conjugation efficiency). In vivo, we admin-
istered pErNP–OVA–CpG B nanovaccine or control complexes subcu-
taneously, and then administered ErNP–aCD8 and QD–OVA–tetramer 
probes intravenously to target antigen-specific CD8+ CTLs residing in 
the tumour microenvironment through the blood. We employed the CW 
and lifetime modes multiplexed imaging of the probes to differentiate 
the three targets without signal crossing (Fig. 4b; for imaging details, 
see Methods, Table 1 and Supplementary Information).

For E.G7 tumour-bearing C57 BL/6 mice (n = 3) immunized on 
day 0, we intravenously injected a mixture of ErNP–aCD8 and QD–
OVA–tetramer probes on day 3 and subsequently performed two-plex 
imaging at various timepoints (Fig. 4b). Wide-field whole-body NIR-IIb 
luminescence imaging showed weak signals in the spleen and negligible 
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Fig. 4 | In vivo two-plex NIR-IIb molecular imaging of antigen-specific CD8+  
T cells in wide-field mode. a, Schematics of QD functionalized by P3 coating and 
conjugated to biotinylated H-2Kb chicken ova 257–264 SIINFEKL, to form QD–
OVA–tetramer (left) and ErNP functionalized with P3 coating and conjugated  
to CD8 diabody (right). b, Immunization and imaging schedule, C57BL/6 mice 
were immunized with the pErNP–OVA–CpG B nanovaccine or PBS on days  
0, 7 and 14. On day 3, two probes (ErNP–aCD8 and QD–OVA–tetramer) were 
injected intravenously followed by imaging at various times, as indicated.  
c, Representative wide-field NIR-IIb molecular images from one of three 
mice bearing E.G-7 tumours immunized with pErNP–OVA–CpG B, recorded 
48 h after i.v. injection of ErNP–aCD8 and QD–OVA–tetramer (for details, see 
Supplementary Fig. 14). Imaging conditions for ErNP–aCD8 channel: 940 nm 
excitation with a power density of ~50 mW cm−2, 1,500–1,700 nm detection, 
exposure times 20 ms, lifetime mode. QD: 860 nm excitation with a power density 
of ~50 mW cm−2, 1,500–1,700 nm detection, exposure times 50 ms, CW mode.  
d, The same as c for a mouse treated with PBS buffer as a control (for details,  

see Supplementary Fig. 15, n = 3). e, The tumour-to-normal tissue (T/NT) signal ratios 
of ErNP–aCD8 and QD–tetramer in tumour plotted as a function of time. T/NT 
was measured by ImageJ/Fiji using the ratio of fluorescence signals in the whole 
tumour area over the background without vasculature. For immunized group: 
ErNP–aCD8 versus QD–OVA–tetramer, P < 0.0001; QD–RBD–tetramer versus 
QD–OVA–tetramer, P = 0.0012; for control group: ErNP–aCD8 versus QD–OVA–
tetramer, P = 0.4503. All data are from three independent experiments and are 
presented as mean ± standard deviation. Two-sided Student’s t-tests were used for 
the comparisons. f, Ex vivo FACS analysis of tumour-infiltrating CD8+ T cells from 
pErNP–OVA–CpG B vaccinated or control PBS-treated mice. Tumour-extracted 
cells from vaccinated animals were stained with OVA-specific SIINFEKL-H2Kb 
tetramer+ (left) or an irrelevant tetramer (RBD tetramer; middle). Cells from PBS-
treated control animals were stained with the OVA-specific tetramer (right). The 
upper right quadrant of each plot shows the percentage of tetramer+ CD8+ T cells 
within the viable CD3+ T-cell population (for gating strategy, see Supplementary 
Fig. 22). Tumour cells are CD8negCD4+CD3+ (Supplementary Fig. 26).
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signal in the liver, heart and other organs for both animal groups  
(Fig. 4c,d). A strong signal in the E.G7–OVA tumour appeared in the 
CD8 channel (green, Fig. 4c,d and Supplementary Fig. 15 for n = 3 data) 
for mice immunized by the pErNP–OVA–CpG B vaccine, with the CD8 
tumour-to-normal-tissue signal ratio (T/NT) reaching ~40 imaged 
on day 5 (48 h post injecting the probes, Fig. 4e). Meanwhile, we also 
observed a strong OVA–tetramer signal in the tumour (red, Fig. 4c and 
Supplementary Fig. 15), following a similar trend as the CD8 channel 
intensity with a peak T/NT ratio of ~95. These highly reproducible imag-
ing results (Supplementary Fig. 15) indicated OVA antigen-specific CD8+ 
CTLs accumulation in the tumour in response to pErNP–OVA–CpG B 
vaccination, which correlated well with effective cancer cell killing by 
CTLs and tumour shrinking. In strong contrast, the PBS-treated animal 
group without vaccination showed negligible signals in both CD8 and 
OVA–tetramer channels in the tumour, indicating no OVA-specific CTL 
in the tumour and correlating with unabated tumour growth (Fig. 4d,e 
right and Supplementary Fig. 16 for n = 3 data).

The CD8 and tetramer signals inside the tumour in pErNP–OVA–
CpG B immunized mice were much stronger than those in the spleen or 
liver (Extended Data Fig. 1a), suggesting extravasation from the blood 
circulation and specific targeting of our ErNP–CD8 and QD–tetramer 
probes to antigen-specific CTLs in the tumour microenvironment. For 
the PBS control group, we observed that the spleen and liver signals 
were stronger than in the tumour (Extended Data Fig. 1b), suggest-
ing the lack of antigen-specific CTLs in the tumour and uptake of the 
probes by the reticuloendothelial system (including liver and spleen, 
Extended Data Fig. 1c,d). Admittedly, while our method was effective 
for molecular imaging in the tumour microenvironment for s.c. tumour 
models, it would not be effective for molecular imaging in the spleen or 
liver (such as in an orthotopic liver tumour model) due to reticuloen-
dothelial system uptake of nanoparticles in general.

We also made an MHC-I tetramer negative control probe, by con-
jugating an irrelevant tetramer (peptide from the receptor binding 
domain (RBD) of severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) spike protein bound to H-2Kb) to QDs and injecting the 
QD–RBD–tetramer into the E.G7 bearing mice immunized by pErNP–
OVA–CpG B (Fig. 4e left and Supplementary Fig. 17). In this instance, 
although a strong CD8 signal was detected (Supplementary Fig. 17), a 
negligible QD–RBD–tetramer signal was observed in the OVA express-
ing tumour (Fig. 4e left dashed purple line, Fig. 5d and Supplementary 
Fig. 17), confirming the specificity of QD–OVA–tetramer for labelling 
OVA-specific CTLs in the tumour induced by the pErNP–OVA–CpG 
vaccination.

In vivo one-photon 3D volumetric NIR-II LSM-SIM imaging of 
antigen-specific CD8+ CTLs in tumours
We recently developed a non-invasive in vivo NIR-II LSM-SIM with 
long excitation and emission wavelengths up to ~1,540 nm and 
~1,700 nm, respectively18,27. This method suppressed light scattering 
and out-of-focus background, affording spatial resolution down to 
single-cell level at ~1 mm tissue depth in vivo. Our LSM-SIM imaging 
achieved a spatial resolution of approximately 1.7 ± 0.2 μm × 1.1 ±  
0.2 μm × 1.6 ± 0.1 μm, making it suitable for resolving single cells in vivo 
as shown for CD4+ and OX40+ cells in the tumour microenvironment by 
intratumourally injected CpG (refs. 18,27). To image antigen-specific 
CD8+ CTLs with high resolution in the tumour microenvironment, 
we performed three-plex 3D volumetric LSM-SIM imaging on day 5 
(48 h post i.v. injection of ErNP–aCD8 and QD–OVA–tetramer probes 
on day 3) post vaccination by pErNP–OVA–CpG B. While the pErNP 
vaccine signal in the tumour was weak by this time after the first 
vaccination, both ErNP–aCD8 (red colour in Fig. 5b) and QD–OVA–
tetramer (green colour in Fig. 5b) signals were strong. Importantly, the 
CD8 and OVA–tetramer signals largely overlapped (yellow colour in  
Fig. 5b), corresponding to individual antigen- specific CTLs. In contrast, 
for the control mice ‘vaccinated’ by PBS buffer injection, the signal of 

CD8 and OVA–tetramer were both weak and lacked obvious signal over-
lap (Fig. 5c). For mice injected with ErNP–aCD8 and negative control 
QD–RBD–tetramer probes, strong CD8 signals were observed in the 
tumours without any obvious QD–RBD–tetramer signal (Fig. 5d). We 
then proceeded to resect the tumour and applied a NIR DRAQ7 nuclear 
dye to stain the cell nuclei25. Ex vivo SIM imaging of DRAQ7 revealed 
distinct labelling of the nuclei, without overlapping with either aCD8 
or OVA–tetramer signals on the cell surfaces (as shown in Fig. 5e), but 
with feature sizes similar to those of aCD8 and OVA–tetramer signals. 
These results suggested NIR-IIb LSM-SIM is capable of imaging at the 
single-cell level within intact tumours in vivo, similar to previous results 
of CD4 and OX40 imaging18,27.

We have shown non-invasive in vivo imaging of antigen-specific 
CD8+ CTLs through intact tissue with cellular resolution using 
NIR-IIb imaging. To validate the in vivo imaging results, we used 
fluorophore-conjugated anti-mouse CD3 and CD8 antibodies, RBD–
tetramer and OVA–tetramer to perform ex vivo flow cytometry analysis 
of cells extracted from tumours (Fig. 4f and Supplementary Figs. 18, 19, 
22 and 23 used protein kinase inhibitor (PKI) dasatinib for optimized 
tetramer staining38; Supplementary Figs. 20, 21, 24 and 25 show cells 
without PKI). Indeed, flow cytometry detected substantially more 
OVA-specific CD8+ T cells in tumours from mice vaccinated with 
pErNP–OVA–CpG B than in tumours from control mice treated with PBS  
(Fig. 4f and Supplementary Figs. 18–21). For the irrelevant RBD–
tetramer control group, ex vivo flow cytometry showed negligi-
ble staining of CD8+ T cells in tumours (Fig. 4f and Supplementary  
Figs. 18–21), consistent with the results of in vivo NIR-IIb imaging  
(Fig. 5d and Supplementary Fig. 17). This further confirmed NIR-II/SWIR 
molecular imaging as a promising approach for assessing immune 
responses in animal models in vivo.

Discussion
The overarching goal of this work was to explore the potential of NIR-II/
SWIR luminescent/fluorescent nanoparticles as vaccine delivery car-
riers as well as in vivo molecular imaging probes for investigating 
the immune responses of vaccinated mice. Our findings may guide 
the design of better vaccines and afford a deeper understanding of  
the immune systems at the cellular level by imaging and tracking lon-
gitudinally without killing the mice. Although many types of nano-
particle have been developed for vaccine and drug delivery39–43, we 
deployed nanoparticles luminescent in the ~1,500–1,700 nm NIR-IIb 
range, allowing for deep tissue in vivo imaging of vaccine trafficking 
by low-resolution and high-resolution modalities.

Since the first in vivo NIR-II imaging with carbon nanotubes in 
2009 (ref. 19), many groups have demonstrated that in vivo NIR-II 
fluorescence imaging in the 1,000–3,000 nm range can offer supe-
rior imaging depth and signal-to-background ratios compared with 
traditional NIR imaging in the 800–900 nm range, owing to reduced 
light scattering and autofluorescence18–23,27,30,44–46. In particular, 
imaging performance was maximized by detecting in the NIR-IIb 
(1,500–1,700 nm) subwindow, which allowed in vivo imaging at the 
single-cell level at depths of millimetres18,25,27 and imaging guided 
surgical removal of cancer cells down to the few-cell level26. The cur-
rent work added pErNPs to the ErNP and QD NIR-IIb probe set. These 
probes were luminescent in the same emission range but could be 
excited by different excitation wavelengths or exhibited different 
excited-states lifetimes. These optical characteristics were exploited 
for three-plex in vivo imaging in the 1,500–1,700 nm range in CW or 
lifetime modes (Table 1), expanding from our previous work of using 
ErNP and QD for two-plex molecular imaging of PD-L1 and CD8 in 
mice treated by anti-PD-L1 checkpoint blockade immunotherapy30. 
Nevertheless, it is necessary to further expand the NIR-II probe sets 
beyond the currently achieved three for much higher degrees of 
multiplexed in vivo imaging of the vast number of biomarkers of the 
immune system.
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Cancer treatment and prevention by immunotherapy and vaccina-
tion/immunization are powerful ways to fight cancer and have been an 
important field of basic immunological research with landmark clinical 
successes47. With the E.G7–OVA mouse tumour model, a wide range of 
nanoparticle approaches have been investigated for vaccine develop-
ment and mechanistic understanding of the complex immune respo
nses11,13,43,48,49. Our current pErNP–OVA–CpG B nanovaccine exhibited 
bright NIR-II/SWIR fluorescence. In vivo imaging clearly demonstrated 
effective vaccine trafficking through the lymphatic system and homing 
to tumour draining lymph nodes. This was an important first step in 

triggering a cascade of immune reactions in the lymph node includ-
ing antigen presentation, B-cell activation/expansion/antibody pro-
duction, and T-cell priming and induction of CTLs for infiltrating the 
tumour and attacking cancer cells50–53.

For 17 treated mice our pErNP–OVA–CpG B nanovaccine eradicated 
OVA-expressing E.G-7 tumours up to ~284 mm3 in size and afforded 
100% survival without tumour regrowth, monitored over 30 days. In 
contrast, 75% of the mice in the control groups (n = 33, free pEr nano-
particles, OVA mixed with CpG B, pErNP–OVA and PBS buffer) had to 
be killed within 7 days due to heavy tumour burden, with 0% survival 

Merged

PB
S 

co
nt

ro
l

a

b

c

d

Merged

Merged

Low

High

High

Low

aCD8 channel

aCD8 channel aCD8 
channel

OVA–tetramer

OVA–tetramer

pEr–OVA–CpG BpEr–OVA–CpG B

SARS-CoV-2 
RBD-tetramer

1,108 × 723 × 400 µm3 1,108 × 723 × 400 µm3

1,108 × 723 × 400 µm3 1,108 × 723 × 400 µm3

1,199 × 723 × 398 µm3

1,199 × 723 × 398 µm31,199 × 723 × 398 µm3

1,199 × 723 × 398 µm3

1,199 × 723 × 398 µm3 1,199 × 723 × 398 µm31,199 × 723 × 398 µm3

aCD8 channel OVA–tetramer DRAQ7 Merged

High

Low

1,173 × 720 × 298 µm3 1,173 × 720 × 298 µm3 1,173 × 720 × 298 µm3 1,173 × 720 × 298 µm3

e

PrismScan

Excitation at

808 860
940 nm

Det
ec

tio
n

1,5
00–1

,70
0

nm

Tumour

NIR-II LSM-SIM

pE
r–

O
VA

–C
PG

 B
 im

m
un

iz
ed

pE
r–

O
VA

–C
PG

 B
 im

m
un

iz
ed

Fig. 5 | In vivo 3D volumetric NIR-II LSM-SIM imaging of antigen specific 
CD8+ CTLs in tumour microenvironment. a, Scheme of in vivo NIR-II LSM-SIM 
imaging18 with illumination and detection at 45° to the tumour (for details, 
see Supplementary Information). b, Three-dimensional volumetric NIR-II SIM 
images of ErNP–aCD8 (red), and QD–OVA–tetramer (green) recorded in the 
tumour in the pErNP–OVA–CpG B nanovaccine immunized mouse 48 h after i.v. 
injection of ErNP–aCD8, and QD–OVA–tetramer. It is important to note that the 
pEr signal is weak at this timepoint. c, The same as in b except that the mouse was 
‘immunized’ by PBS buffer. d, The same as in b (mouse immunized with pErNP–
OVA–CpG B nanovaccine) except that QD–RBD–tetramer was used instead of  
the QD–OVA–tetramer. e, Three-dimensional volumetric NIR-II SIM images of  

tumour tissue ex vivo. After in vivo SIM imaging, the mouse was killed under 
anaesthesia and the tumour was removed. The tumour was fixed in 10% neutral-
buffered formalin for 30 min at room temperature, then washed three times  
with 1× PBS buffer and labelled with the nuclear dye, DRAQ7, for 3 h. After 
washing the tumour three times with 1× PBS buffer, it was preserved in glycerol 
at 4 °C for ex vivo imaging. Imaging conditions for ErNP: 940 nm excitation, 
1,500–1,700 nm detection, exposure times 20 ms, lifetime mode; QD: 860 nm 
excitation, 1,500–1,700 nm detection, exposure times 100 ms, CW mode; pErNP: 
808 nm excitation, 1,500–1,700 nm detection, exposure times 20 ms, lifetime 
mode; DRAQ7: 650 nm excitation, 690–850 nm detection, exposure times 
100 ms, CW mode.
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beyond 30 days. Vaccination of healthy mice by pErNP–OVA–CpG B also 
prophylactically protected mice against tumour challenge. Such high 
treatment and immunization efficacy of pErNP–OVA–CpG B was supe-
rior to most vaccines with similar components (nano-carrier, protein 
and adjuvant) in the literature6,42,54. We attributed the high efficacy to 
the unique structure of cross-linked hydrophilic polymer coating over 
the inorganic pErNP core, OVA antigen covalently conjugated to the 
polymer layer and CpG B electrostatically complexed to the surface 
positive charges. In vivo NIR-IIb imaging showed that a fraction of the 
nanovaccine migrated to the lymph nodes within hours of administra-
tion (Fig. 2b), with the remaining vaccine gradually released from the 
s.c. injection site (Fig. 2b). This could be correlated to the rapid and 
sustained immune responses and therapeutic effects detected.

Importantly, our previous work demonstrated that the cross-linked 
P3 coating on nanoparticles imparted high biocompatibility to vari-
ous types of nanoparticles without discernable toxic effects in vivo, 
enabling their excretion from the body within ~2 weeks via the biliary 
pathway24. This coating also allowed for highly specific targeting of 
CD8, PD-L1, CD4, OX40, CD169 and MECA-79 in vivo through antibody 
conjugation, with little non-specific binding25,27,30. Here the same P3 
functionalization of the pEr nanoparticles facilitated the highly effi-
cient loading of antigenic vaccine and CpG B. In a control experiment, 
we attempted to coat pErNPs with phospholipid–polyethylene glycol 
(DSPE–PEG–NH2, a widely used coating in nanomedicine field55–57), and 
the resulting water soluble pEr–DSPE–NH2 nanoparticles were conju-
gated to OVA and CpG B to form pEr–DSPE–OVA–CpG B using the same 
method as pEr-P3–OVA–Cp G B nanocomplex. NIR-IIb imaging found 
that the pEr–DSPE–OVA–CpG B vaccine exhibited little trafficking to 
lymph nodes, correlating with the lack of immunotherapeutic efficacy 
or slowdown in tumour growth (Supplementary Fig. 27). Hence, NIR-II 
imaging with mouse models could provide a useful approach to guide 
the development of vaccines.

Our pErNP–OVA nanocomplex vaccine slowed down tumour 
growth and extended mice survival (Fig. 3c). However, consistent 
with previous findings, we found that CpG B had a strong adjuvant 
effect, greatly boosting immune responses to the nanoparticle–OVA 
complex58–60 and resulting in a much more potent pErNP–OVA–CpG B 
vaccine (Fig. 3a). This effect was attributed to CpG binding to and acti-
vating APC12, inducing inflammatory cytokine production and enhanc-
ing antigen-specific immunity by shifting naive, inactive, OVA-specific 
CD8 T cells to cytotoxic, activated CD8 T cells12,60. Also, to confirm the 
antigen specificity of the immune response, we treated mice bearing 
OVA-negative (‘cold’) EL4 tumour with the pEr–OVA–CpG B vaccine. 
NIR-II imaging observed similar vaccine trafficking to mouse lymph 
nodes, but no therapeutic efficacy was observed, and the tumours 
grew unabated and rapidly (Extended Data Fig. 2).

It is widely accepted that immune activated, antigen-specific CD8+ 
CTLs are directly responsible for killing cancer cells61. Studies have 
shown that tumours with high levels of infiltrating CD8+ CTLs tend 
to have a better prognosis and respond more favourably to immuno-
therapies, such as immune checkpoint inhibitors31,62. This suggests that 
CD8+ CTLs play a key role in killing cancer cells and controlling tumour 
growth31,38,62,63. Moreover, recent research has highlighted the impor-
tance of the quality, as well as the quantity, of CD8+ CTLs in the tumour 
microenvironment. For example, CD8+ CTLs that are exhausted, are 
dysfunctional or have low functional avidity may be less effective at 
killing cancer cells64–66. Therefore, monitoring the function and qual-
ity of CD8+ CTLs within the tumour microenvironment may provide 
important information about the immune response to cancer and the 
potential efficacy of immunotherapies. Previous studies employed  
ex vivo flow cytometry to confirm antigen-specific CD8+ CTLs extracted 
from tumours stained by CD8+ antibody and fluorophore-conjugated 
peptide-MHC-I (p-MHC-I) tetramer. The p-MHC-I tetramer approach62 
has empowered the investigation of cellular immune responses and 
the important roles of CD8+ CTLs. In the current work, we established 

in vivo imaging of antigen-specific CD8+ CTLs in the tumour microen-
vironment induced by the pErNP–OVA–CpG B nanovaccine targeted to 
the tumour draining lymph node, using two additional NIR-IIb emitting 
nanoparticles functionalized with the same P3 coating (as the pErNP 
vaccine carrier) and conjugated to CD8 diabody and pMHC-I OVA–
tetramer, respectively (Fig. 4a). Intravenous injection of these probes 
afforded ~5.5 h of blood circulation times30, allowing extravasation of 
the probes into the tumour microenvironment to specifically recognize 
and bind to the CTLs. This was confirmed by in vivo wide-field and 3D 
volumetric microscopy imaging (Figs. 4c and 5) and validated by ex vivo 
flow cytometry analysis (Fig. 4f). These results established a method of 
in vivo molecular imaging and tracking of antigen-specific CD8+ CTLs 
with cellular resolution at millimetres depth inside a tumour, with the 
capability of longitudinal imaging/tracking.

The functionalization chemistry for NIR-II/SWIR-emitting nano-
particles and subsequent antibody or protein conjugation were crucial 
to the specificity of the in vivo molecular imaging using the resulting 
NIR-II probes, and the chemistry employed in the current work was 
developed over a multi-year period24–27,30. Nevertheless, much remains 
to be investigated and understood with the current cancer vaccine 
and mouse model. It is also highly desirable to perform multiplexed 
molecular imaging of immune cells in the lymph node in response to 
vaccination or immunotherapy, combined with imaging of the tumour 
microenvironment for a deeper understanding of cancer vaccines and 
immunotherapeutics.

Outlook
We have developed a nanovaccine that can be tracked using the NIR-II/
SWIR imaging modality, for pre-clinical research. Our experiments 
showed efficient trafficking of the nanovaccine through lymphatic 
vessels to tumour draining lymph nodes in mice, with migration to 
secondary lymph nodes also observed. High tumour luminescence 
of the vaccine carrier pErNP was observed, with mice exhibiting 
favourable immunotherapeutic effects. In tumour-bearing mice, the 
nanovaccine showed excellent tumour eradication and therapeutic 
efficacy, and prevented tumour growth in healthy mice. Furthermore, 
we employed NIR-II imaging by wide-field and light-sheet microscopy 
to visualize intratumoural antigen-specific CD8+ CTLs in vivo. All 
previous work performed ex vivo probing after killing mice. We moni-
tored the recruitment of CD8+ CTLs to the tumour and longitudinally 
mapped out their distribution in the tumour microenvironment, 
which is important for understanding the immune response to can-
cer and for developing new immunotherapies. Overall, the imaging 
and tracking capabilities of NIR-II/SWIR luminescent/fluorescent 
nanoparticles, which allow for millimetres of penetration depth, high 
molecular specificity and non-invasive longitudinal monitoring, make 
them a promising class of vaccine delivery carriers for basic research 
involving the immune system at the cellular level and in vivo, and for 
designing better vaccines.

Methods
Synthesis of NIR PbS/CdS QD and surface modification with P3 
coating
The synthesis of NIR PbS/CdS QD and their surface modification with a 
P3 coating were performed according to a recent publication, resulting 
in an emission peak at about 1,880 nm in PBS buffer25. Detailed informa-
tion can be found in Supplementary Information.

Synthesis of hexagonal β-phase pErNP
Synthesis of NaErF4 Core Nanocrystals. Hexagonal phase (β) NaErF4 
nanocrystals were synthesized using the previously reported 
method with some modifications31. In a typical synthesis, erbium 
(III) acetate hydrate (0.258 g), oleic acid (4.8 ml) and 1-octadecene 
(12 ml) were mixed in a 50 ml flask and heated to 150 °C in an Ar flow 
for 30 min, then left to cool down to 50 °C. Afterwards, a methanol 
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solution (10 ml) containing ammonium fluoride (4 mmol) and sodium 
hydroxide (2.5 mmol) was added and stirred for 1 h. The reaction 
mixture was gradually heated to 300 °C at a rate of approximately 
10 °C min−1 under argon after removing the methanol by heating the 
solution to 100 °C. The solution was maintained at this temperature 
for 60 min and then raised to 305 °C for an additional 19 min. Finally, 
the solution was cooled to room temperature to obtain the core 
NaErF4 nanocrystals. The nanocrystals were collected by centrifu-
gation (4,400 r.p.m. for 30 min) after adding ethanol and were then  
dispersed in cyclohexane. The detailed information is provided in 
Supplementary Information.

The core–shell nanoparticles of NaErF4/NaYF4 were synthesized 
using the epitaxial growth method to coat hexagonal β-phase NaYF4 
nanocrystals onto the NaErF4 core nanocrystals. In brief, a mixture of 
sodium trifluoroacetate (0.136 g), yttrium trifluoroacetate (0.428 g), 
oleic acid (6.4 ml) and 1-octadecene (6.5 ml) was combined with the 
NaErF4 core nanocrystals synthesized in the previous step in 3 ml of 
cyclohexane. The solution was heated under vacuum to 120 °C for 
30 min to remove the cyclohexane, and then the temperature was 
increased to 300 °C and kept for 75 min. The temperature was fur-
ther increased to 305 °C and kept for 19 min, followed by allowing it 
to decrease to room temperature. The resulting nanoparticles were 
washed with ethanol and collected by centrifugation (4,400 r.p.m. 
for 30 min) three times, and then dispersed in 3 ml of cyclohexane. 
This procedure was repeated once to coat another shell, forming the 
final pErNPs.

Synthesis of cubic α-phase ErNPs
ErNPs were synthesized according to a previously described method 
with slight modifications30. Synthesis of α-NaYbF4:Ce, Er, Zn (core) 
nanoparticles. In a typical synthesis, 0.075 mmol Zn(CH3COO)2 and 
0.75 mmol RE(CH3COO)3 (RE: 96% Yb, 2% Ce, 2% Er) were mixed with 
oleic acid (15 mmol) and 1-Octadecene (ODE) (37.5 mmol) at room 
temperature. The solution was vigorously stirred and heated to 150 °C 
for 30 min under argon and then cooled to 50 °C. Next, NaOH (75 mg) 
and NH4F (111 mg) dissolved in methanol (8 ml) were added into the 
above solution and reacted for 1 h at 50 °C under argon. Further, the 
solution was heated to 100 °C and then the heating temperature was 
set to 295 °C for 1 h. Afterwards, the solution was heated to 300 °C for 
another 20 min before cooling down to room temperature. The final 
core nanocrystals were collected by centrifugation (4,400 r.p.m. for 
30 min), washed with ethanol and dispersed in 3 ml cyclohexane for 
further coating. Note that the synthesis of α-NaYbF4:Ce, Er (without Zn 
doping) followed the exact same procedures, except no Zn(CH3COO)2 
was used.

For synthesis of α-NaYbF4, Ce, Er, Zn/NaYF4 (core–shell) nanoparti-
cles were used. Briefly, 1 mmol CF3COONa, 1 mmol Y(CF3COO)3 and the 
as-prepared core nanoparticles were mixed with oleic acid (20 mmol) 
and ODE (20 mmol) in a two-necked flask at room temperature. The 
solution was degassed for 30 min under vigorous stirring and then 
heated to 120 °C under vacuum for 30 min to remove water and oxygen. 
The solution was gradually heated to 300 °C for 75 min and then 305 °C 
for another 19 min under argon. After cooling down to room tempera-
ture, the resultant nanoparticles were centrifuged at 4,400 r.p.m. for 
30 min, washed with ethanol, and dispersed in 3 ml cyclohexane (the 
mass concentration was ~80 mg ml−1). The above synthetic procedure 
was repeated once to form the final ErNPs.

Surface modification of ErNPs or pErNPs with P3 coating
Poly(maleic anhydride-alt-1-octadecene) (PMH) (80 mg, 30–50 kDa) 
dissolved in 5 ml chloroform was mixed with pErNPs/ErNPs (32 mg) 
dispersed in cyclohexane. After stirring the solution for 1 h, the organic 
solvent was evaporated overnight. Then, an aqueous solution of 
4-(dimethylamino)pyridine (DMAP) (80 mg in 6 ml water) was added, 
and the mixture was sonicated to obtain a well-dispersed solution of 

pErNPs/ErNPs. The solution was then centrifuged at 14,000 r.p.m. 
for 2 h to remove the excess PMH and DMAP, and the sediment was 
resuspended in 3 ml 2-(N-morpholino)ethanesulfonic acid (MES) solu-
tion (10 mM, pH 11). Then, 8Arm–PEG–NH2 (12 mg) dissolved in 3 ml 
MES solution and EDC (8 mg) was added to the solution and shaken 
for 3 h. The excess –COOH groups derived from PMH were quenched 
using Tris base (40 mg) and EDC (20 mg) dissolved in MES solution. 
After 3 h of reaction, large aggregates were removed by centrifuga-
tion at 4,400 r.p.m. for 30 min, and excess PEG and reaction byprod-
ucts were removed by dialysis against water for 12 h (using a 300 kDa 
membrane; water was changed more than eight times). The solution 
was then concentrated by centrifugal filter (100 kDa) once, and finally 
dispersed in 3 ml MES solution. Poly(acrylic acid) (PAA) (4 mg) and 
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) 
(8 mg) dispersed in 3 ml MES solution were added to the above solu-
tion. After 1 h of reaction, potential large floccules were removed by 
centrifugation (4,400 r.p.m. for 30 min). The excess PAA was excluded 
by washing the supernatant using a centrifugal filter (100 kDa) and then 
dispersed in 3 ml MES solution. Finally, mPEG–NH2 (4 mg), 8Arm–PEG–
NH2 (0.8 mg) and EDC (8 mg) dissolved in 3 ml MES solution were added 
for the final shell coating (P3 coating) and reacted for 3 h, yielding the 
final product, either ErNP-P3 or pErNP-P3.

Synthesis of pErNP–OVA–CpG B and pErNP–OVA–CpG B-FITC 
nanovaccine complexes
pErNP-P3 (200 μl MES solution, containing ~2 mg pErNPs), OVA (100 μg 
in de-ionized water, 5 μg μl−1), EDC (1.5 mg) and 800 μl MES solution 
(10 mM, pH 11) were mixed together and shaken for 3 h. The solution 
was then centrifuged for 30 min with a speed of 4,400 r.p.m. to remove 
potential large floccules. The supernatant was washed by centrifugal 
filter (100 kDa) three times, and then dispersed in 100 μl 1× PBS solu-
tion to the former pEr–OVA solution. This pEr–OVA solution was mixed 
with CpG B (5 μg in de-ionized water, 1 μg μl−1) and incubated at room 
temperature for half an hour (for one injection).

The synthesis of pErNP–OVA–CpG B-FITC complex was the same 
as the above procedure, except CpG B-FITC was used instead of CpG B.

Conjugation of aCD8 diabody on ErNP-P3

The conjugation of aCD8 to ErNP was prepared according to a previ-
ously described method30. Basically, ErNPs-P3 in MES solution (200 μl, 
containing ~2 mg ErNPs), anti-CD8α diabody (60 μg), EDC (1.5 mg) 
and 800 μl MES solution (10 mM, pH 11) were mixed together and 
shaken for 3 h. The solution was centrifuged for 30 min with a speed of 
4,400 r.p.m. to remove potential large floccules. The supernatant was 
washed by centrifugal filter (100 kDa) three times, and then dispersed 
in 200 μl 1× PBS solution (for one injection).

Conjugation of QD-P3 to streptavidin (SA) and to biotinylated 
MHC-I H-2K(b) chicken ova 257–264 SIINFEKL, to form  
QD–OVA–tetramer
The QD-P3–streptavidin was synthesized according to a previously 
described method20. QD-P3 (in 1× PBS buffer, 50 µl, (optical density) 
OD = 1), 50 µl SA (dissolved in 1× PBS, 1 mg ml−1, 53 kDa), 0.75 mg EDC 
dissolved in 50 µl MES buffer (pH 8.5) were added to 450 µl MES buffer 
(pH 8.5) and the reaction solution was shaken at room temperature for 
3 h. After conjugation, the solution was centrifuged at 4,400 r.p.m. 
for 10 min, the precipitate was discarded and the supernatant was 
washed with 1× PBS buffer by 100 kDa centrifugal filter (12,000 r.p.m. 
for 30 min, four times). Finally, the QD-P3–streptavidin conjugates 
were dispersed in 100 µL 1x PBS buffer.

The QD-P3–SA conjugates and biotinylated MHC-I H-2K(b) chicken 
ova 257–264 SIINFEKL monomer (50 µl, 2 mg ml−1, 47,099 Da) were 
mixed and shaken at room temperature for 2 h and then washed three 
times with a 100 kDa filter to form QD–OVA–tetramer (each SA can 
bind to up to four biotinylated monomers).
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Characterization
NaErF4/NaYF4 (core–shell) nanoparticles were characterized by powder 
X-ray diffraction (Rigaku Miniflex 600 Benchtop) with Cu-Kα radiation. 
TEM images were taken with a FEI Tecnai G2 F20 X-TWIN Transmission 
Electron Microscope. DLS and zeta potential measurements were per-
formed on a Malvern Zetasizer Nano ZS90. Fluorescence spectra of CpG 
B-FITC were taken with a Fluorolog-3 system (Horiba Jobin Yvon) using a 
charge coupled device detector. The luminescent properties of pErNP, 
ErNP and QD were studied using a home-built NIR spectrograph with a 
spectrometer (Acton SP2300i) equipped with a liquid-nitrogen-cooled 
InGaAs linear array detector (Princeton OMA-V). For pErNP and ErNP, a 
975 nm diode laser was used as excitation, for QD, an 808 nm diode laser 
was used as excitation. Absorption spectra were acquired with a Cary 
5000 ultraviolet-visible-NIR spectrophotometer (Varian) with a scan 
speed of 600 nm min−1.

Cryo-EM movie stacks were collected using a Glacios transmis-
sion electron microscope (Thermo Fisher Scientific) equipped with a 
K2 direct electron detector (Gatan) using the Serical-EM automation 
software67. The sample was prepared by applying 3 μl of a 0.5 mg ml−1 
solution onto a glow-discharged (15 mA for 60 s) holey carbon grid 
(Quantifoil cupper R2/1 200 mesh) waiting for 10 s and blotting with 
filter papers for 6 s at force 5, 100% humidity and 16 °C. The grid was 
then flash-frozen in liquid ethane using an automated plunge-freezing 
device (Vitrobot, Thermo Fisher Scientific). The cryo-EM data were 
collected at a nominal magnification of 36,000× or 45,000× and a pixel 
size of ~1.2 or 0.93 Å with a defocus value of −3.0 or −5 μm. Each movie 
stack contained ~40 frames with a total electron does of ~50 e− Å−2. The 
data were processed using a combination of MotionCor2, RELION, 
EMAN2 and ImageJ68–71.

The lifetime measurement was performed on an InGaAs photo-
multiplier tube (PMT, H12397-75, Hamamatsu) through a multimode 
fibre. Photoluminescence (PL) decay curves were fit with a typical 
bi-exponential function (y = A1 × exp(−x/τ1) + A2 × exp(−x/τ2) + y0). Aver-
age lifetime (τ) was calculated from two lifetime components, τ1 and τ2, 
by using the following equation:

τ = (A1τ21 + A2τ22)/(A1τ1 + A2τ2)

where A1 and A2 represent the relative amplitude of τ1 and τ2, respec-
tively, and were obtained from the fitting of the bi-exponential function.

In vivo wide-field NIR-II fluorescence imaging in CW and 
lifetime modes
The NIR-II wide-field fluorescence images were acquired using a 2D 
water-cooled InGaAs camera (Ninox640, Raptor Photonics) operat-
ing at −21 °C, with a 1,500 nm long-pass filter (FELH1,500, Thorlabs) to 
generate imaging windows in the range of ~1,500–1,700 nm (within the 
InGaAs camera detection range, below ~1,700 nm). For three-plex imag-
ing, QD–OVA–tetramer was excited by an 860 nm laser with a power 
density of ~50 mW cm−2, using a 1,500 nm long-pass filter, exposure 
times 50 ms, CW model. The fluorescence of QD–OVA–tetramer was 
collected in the range of 1,500–1,700 nm.

To distinguish the luminescence of pErNPs and ErNPs (with 
long-lived ~1,550 nm luminescence of 2.7 ms and 7.1 ms, respectively) 
from the short-lived fluorescence of QDs in the same 1,500–1,700 nm 
NIR-IIb window, a time-resolved imaging technique was developed. 
The signals from pErNPs and ErNPs were collected using a pulsed laser 
for excitation and a delay time set by computer control to allow full 
fading of the short-lived fluorescence of QDs before recording. Laser 
excitation was changed for lifetime imaging to distinguish between 
pErNPs and ErNPs. Specifically, pErNPs were imaged by detecting 
emission in the range of 1,500–1,700 nm with a 20 ms exposure time, 
1 ms after turning off an 808 nm pulsed laser (illumination duration 
1 ms) at a power density of ~70 mW cm−2. The 808 nm laser excitation 
of pErNPs did not generate emission from ErNPs, which absorb in the 

range of ~910–1,000 nm. Similarly, for imaging ErNPs, emission in the 
range of 1,500–1,700 nm was detected with a 20 ms exposure time, 1 ms 
after turning off a 940 nm pulsed laser (illumination duration 1 ms) at 
a power density of ~50 mW cm−2. The 940 nm laser excitation of ErNPs 
did not generate emission from pErNPs.

The imaging scheme described above (QD imaging in CW mode 
with 860 nm excitation; pErNP imaging in lifetime mode with 808 nm 
excitation; ErNP imaging in lifetime mode with 940 nm excitation) 
enabled imaging of the three probes one at a time without signal crosso-
ver, allowing multiplexed molecular imaging after the probes were 
conjugated to different antibodies or antigens.

Data processing
The raw data of luminescent and absorbance spectra were processed 
in Origin 2021 (OriginLab). PL decay curves were fit with Origin 2021 
as well. The pErNP signal of wide-field NIR-II fluorescence imaging in 
tumour or iLN was chosen in the whole tumour or the whole iLN area, 
the background was measured from a randomly selected area with-
out vasculature or lymphatic vessel. The NIR-II LSM-SIM 3D images 
were constructed in ImageJ/Fiji (2021) by using the function of affine 
transform. The merged picture of muti-colour images was also per-
formed in ImageJ/Fiji. Statistical comparisons between two groups 
were determined by two-tailed Student’s t-test. Statistical analysis was 
performed using GraphPad Prism 8.0. For statistical analysis, P < 0.05 
was considered statistically significant: *P < 0.05, **P < 0.01, ***P < 0.001 
and ****P < 0.0001.

Mouse handling
All animal experiments conducted in this study were approved by 
Stanford Institutional Animal Care and Use Committee. All procedures 
adhered strictly to the guidelines set forth in the National Institutes of 
Health Guide for the Care and Use of Laboratory Animals. The mice were 
housed on a 12 h light/dark cycle at room temperature 20–25 °C and 
humidity 50–65% in Veterinary Service Center at Stanford University. 
The Stanford Veterinary Service Center facility supplied the bedding, 
nesting material, food and water for animals. For wide-field NIR-II fluo-
rescence imaging in tumour or iLN, the pErNP signal was selected from 
the entire tumour or iLN area, while the background was measured from 
a randomly selected area without vasculature or lymphatic vessels. 
NIR-II LSM-SIM 3D images were constructed in ImageJ/Fiji (2021) using 
the affine transform function, and the merged picture of multi-colour 
images was also performed in ImageJ/Fiji.

Cell culture
E.G7–OVA cells were obtained from the American Type Culture Col-
lection (ATCC) and cultured in RPMI 1640 medium, which was supple-
mented with 2 mM l-glutamine, 1.5 g l−1 sodium bicarbonate, 4.5 g l−1 
glucose, 10 mM HEPES and 1.0 mM sodium pyruvate. The medium was 
also supplemented with 0.05 mM 2-mercaptoethanol, 0.4 mg ml−1 G418 
(90%), and 10% foetal bovine serum (FBS), as recommended by ATCC. 
We performed flow cytometry analysis to determine the expression of 
CD3, CD4 and CD8 on the EG-7 OVA tumour cells. The EG-7 OVA tumour 
cells were negative for CD8 and positive for CD3 and CD4 expression, 
indicating that they are CD4+ T lymphoma cells (Supplementary Fig. 26).  
EL4 cells were also obtained from ATCC and cultured in RPMI 1640 
medium supplemented with 10% FBS.

Administration of various formulations of vaccine in 
tumour-bearing mice
C57BL/6 mice (6–7 weeks, 15–20 g) were randomly divided into five 
groups (n = 5–17 per group) and inoculated with E.G7–OVA or EL 4 cells 
(2 × 106 to 5 × 106) in the left hindlimb. Tumours were allowed to grow to 
50–300 mm3. Four days later, mice were immunized subcutaneously 
at the base of the tail with 100 μl 1× PBS solution of one of the follow-
ing formulations: OVA (100 μg per mouse), pEr-OVA (100 μg OVA and 
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2 mg pErNP per mouse), OVA + CpG B (100 μg OVA and 5 μg CpG B per 
mouse) and pEr-OVA-CpG B (100 μg OVA, 5 μg CpG B and 2 mg pErNP 
per mouse). Note that ~95.6% OVA was actually conjugated to pErNP (see 
‘Conjugation efficiencies of various biomolecules on nanoparticles’ in 
Supplementary Information). The control groups were treated with 
100 μl of 1× PBS. Mice were immunized at days 0, 7 and 14. Tumours 
were measured with a digital caliper, and tumour volumes were cal-
culated using the formula: L × W2/2, where L is the length and W is the 
width of the tumour.

Tumour challenge
C57BL/6 mice (6–7 weeks, 15–20 g) were subcutaneously immunized 
with either 100 μl of 1× PBS (control group, n = 3) or 100 μl of 1× PBS 
containing pEr–OVA–CpG B (100 μg OVA, 5 μg CpG B and 2 mg pErNP 
per mouse, n = 3) at the base of the tail on days 0, 7 and 14. Seven days 
after the last immunization, mice were injected subcutaneously with 
1 × 107 E.G7–OVA cells into the left hindlimb.

In vivo NIR-II LSM-SIM imaging
To map the antigen-specific CD8+ CTLs in tumours, we performed 3D 
NIR-II LSM-SIM imaging by using our home-built LSM-SIM18 (Fig. 5). 
This microscopy was equipped with a water-cooled InGaAs camera 
(Ninox640, Raptor) for orthogonally fluorescence detection in 400 nm 
to 1,700 nm wavelength range and multiple switchable lasers (808 nm, 
940 nm, 975 nm and 1319 nm). Three days after pErNP–OVA–CpG B or 
PBS immunization, ErNP–aCD8 and QD–tetramer (QD–OVA–tetramer 
or QD–RBD–tetramer) were intravenously injected into the C57BL/6 
mouse through the tail vein. Two days later, NIR-II LSM-SIM was per-
formed to profile the 3D spatial distribution of ErNP–aCD8, pErNP–
OVA–CpG B and QD–tetramer in the E.G7 tumour. As shown in Fig. 5a, 
the illumination and the detection objective were arranged 45° to the 
E.G7 tumour.

Fluorescence images were recorded at each optical section using 
Labview software to synchronize the Galvo mirror, motorized stage and 
camera through a data acquisition card (NI USB-6210). The scanning 
step was 4 μm along the x direction, and one step movement required 
100 ms confined by the stage (M-VP-25XL, Newport). Excitation and 
emission collection were performed using a 5× objective (numerical 
aperture 0.12, Leica N Plan) and a 10× objective (numerical aperture 
0.25, Olympus ULWD MIRPlan), respectively. The period of structured 
illumination was 2.6–3.6 times the full width at half maximum of the 
Gaussian excitation beam, consisting of five harmonics in the frequency 
domain for our five-phase reconstruction. The period was adjusted by 
the input voltage value for the Galvo mirror.

Cell sorting of lymph node immune cells
Twenty-four hours after vaccination with pErNP–OVA–CpG B, the iLNs 
were collected, mechanically dissociated in media and filtered to obtain 
a single-cell suspension, followed by ammonium–chloride–potassium 
lysis to remove red blood cells. After centrifugation and resuspension in 
PBS/1% FBS, the cells were incubated with a mixture of anti-mouse CD3–
AF488 (pan T cells), anti-mouse CD19–PE (B cells), anti-mouse CD11c–
PE/Cy7 (DCs), anti-mouse F4/80–BV421 (macrophages), anti-mouse 
CD16/32 for Fc receptor blockade and live/dead dye. After a single wash 
and resuspension in PBS/1% FBS/2 mM ethylenediaminetetraacetic 
acid, the cells were filtered to remove cell aggregates and sorted into 
viable lineage marker+ populations, using a BD FACS Aria II sorter. See 
Supplementary Information for detailed methods and Supplementary 
Fig. 8 for sorting strategy.

Flow cytometry analysis of antigen-specific CD8+ CTLs
Five days after immunization with pEr–OVA–CpG B nanovaccine (n = 3) 
or PBS buffer (n = 2), tumours were dissected, digested by DNAase and 
collagenase/hyaluronidase and filtered to obtain single-cell suspen-
sions. The leukocyte fraction was purified using a mouse CD45-positive 

selection kit, treated with ammonium–chloride–potassium lysis to 
remove red blood cells, resuspended at 1 × 107 cells ml−1 in media and 
recovered by incubation at 37 °C for 30 min with or without 50 nM PKI 
dasatinib to optimize tetramer staining38. To determine the frequency 
of OVA-specific CD8+ T cells, triplicate samples of leukocytes from each 
tumour were stained with an OVA peptide tetramer (SIINFEKL–H-2Kb–
PE) (ref. 63), or an irrelevant tetramer control, SARS-CoV-2 spike RBD 
peptide tetramer (VNFNFNGL–H-2Kb–PE) or without tetramer, each 
followed by surface staining with anti-CD3–FITC and anti-CD8a–APC. 
Flow cytometry data were acquired using a BD LSRFortessa flow cytom-
eter and analysed with FlowJo software v.10.8.1. See Supplementary 
Information for detailed methods and Supplementary Figs. 22 and 24 
for gating strategy.

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 supporting the results in this study are available within 
the paper and its Supplementary Information. The raw and analysed 
datasets generated during the study are too large to be publicly shared, 
yet they are available for research purposes from the corresponding 
author on reasonable request. Source data are provided with this paper 
for Fig. 3a–e and Extended Data Fig. 2c.

References
1.	 Roy, S., Sethi, T. K., Taylor, D., Kim, Y. J. & Johnson, D. B. 

Breakthrough concepts in immune-oncology: cancer vaccines at 
the bedside. J. Leukoc. Biol. 108, 1455–1489 (2020).

2.	 Sfakianos, J. P. et al. Bacillus Calmette–Guerin (BCG): its fight 
against pathogens and cancer. Urologic Oncol. 39, 121–129 (2021).

3.	 Akira, S., Uematsu, S. & Takeuchi, O. Pathogen recognition and 
innate immunity. Cell 124, 783–801 (2006).

4.	 Kantoff, P. W. et al. Sipuleucel-T immunotherapy for 
castration-resistant prostate cancer. N. Engl. J. Med. 363,  
411–422 (2010).

5.	 Peng, X., Wang, J., Zhou, F., Liu, Q. & Zhang, Z. Nanoparticle-based 
approaches to target the lymphatic system for antitumor 
treatment. Cell. Mol. Life Sci. 78, 5139–5161 (2021).

6.	 Jeanbart, L. et al. Enhancing efficacy of anticancer vaccines 
by targeted delivery to tumor-draining lymph nodes. Cancer 
Immunol. Res. 2, 436–447 (2014).

7.	 Yang, Y. et al. Dendritic mesoporous silica nanoparticle adjuvants 
modified with binuclear aluminum complex: coordination 
chemistry dictates adjuvanticity. Angew. Chem. Int. Ed. 59, 
19610–19617 (2020).

8.	 Shimizu, T. et al. A novel platform for cancer vaccines: 
antigen-selective delivery to splenic marginal zone B cells via 
repeated injections of PEGylated liposomes. J. Immunol. 201, 
2969–2976 (2018).

9.	 Meng, J. et al. Two-pronged intracellular co-delivery of antigen 
and adjuvant for synergistic cancer immunotherapy. Adv. Mater. 
34, e2202168 (2022).

10.	 Wang, Z. B. & Xu, J. Better adjuvants for better vaccines: progress 
in adjuvant delivery systems, modifications, and adjuvant–antigen 
codelivery. Vaccines 8, 128 (2020).

11.	 Hou, Y. et al. Co-delivery of antigen and dual adjuvants by 
aluminum hydroxide nanoparticles for enhanced immune 
responses. J. Control. Release 326, 120–130 (2020).

12.	 Krieg, A. M. Therapeutic potential of toll-like receptor 9 activation. 
Nat. Rev. Drug Discov. 5, 471–484 (2006).

13.	 de Titta, A. et al. Nanoparticle conjugation of CpG enhances 
adjuvancy for cellular immunity and memory recall at low dose. 
Proc. Natl Acad. Sci. USA 110, 19902–19907 (2013).

http://www.nature.com/natbiomedeng


Nature Biomedical Engineering | Volume 8 | June 2024 | 726–739 738

Article https://doi.org/10.1038/s41551-023-01083-5

14.	 Nguyen, T. L., Cha, B. G., Choi, Y., Im, J. & Kim, J. Injectable 
dual-scale mesoporous silica cancer vaccine enabling efficient 
delivery of antigen/adjuvant-loaded nanoparticles to dendritic 
cells recruited in local macroporous scaffold. Biomaterials 239, 
119859 (2020).

15.	 Zhang, L. et al. A novel therapeutic vaccine based on graphene 
oxide nanocomposite for tumor immunotherapy. Chin. Chem. 
Lett. 33, 4089–4095 (2022).

16.	 Li, C. et al. Allogenic dendritic cell and tumor cell fused vaccine 
for targeted imaging and enhanced immunotherapeutic efficacy 
of gastric cancer. Biomaterials 54, 177–187 (2015).

17.	 Smith, T. T. et al. In situ programming of leukaemia-specific T cells 
using synthetic DNA nanocarriers. Nat. Nanotechnol. 12, 813–822 
(2017).

18.	 Wang, F. et al. Light-sheet microscopy in the near-infrared II 
window. Nat. Methods 16, 545–552 (2019).

19.	 Welsher, K. et al. A route to brightly fluorescent carbon nanotubes 
for near-infrared imaging in mice. Nat. Nanotechnol. 4, 773–780 
(2009).

20.	 Zhang, M. et al. Bright quantum dots emitting at ∼1,600 nm in the 
NIR-IIb window for deep tissue fluorescence imaging. Proc. Natl 
Acad. Sci. USA 115, 6590–6595 (2018).

21.	 Wan, H. et al. A bright organic NIR-II nanofluorophore for 
three-dimensional imaging into biological tissues. Nat. Commun. 
9, 1–9 (2018).

22.	 Diao, S. et al. Fluorescence imaging in Vivo at wavelengths 
beyond 1,500 nm. Angew. Chem. Int. Ed. 127, 14971–14975 (2015).

23.	 Wan, H., Du, H., Wang, F. & Dai, H. Molecular imaging in the 
second near-infrared window. Adv. Funct. Mater. 29, 1900566 
(2019).

24.	 Ma, Z. et al. Cross-link-functionalized nanoparticles for rapid 
excretion in nanotheranostic applications. Angew. Chem. Int. Ed. 
59, 20552–20560 (2020).

25.	 Wang, F. et al. In vivo non-invasive confocal fluorescence imaging 
beyond 1,700 nm using superconducting nanowire single-photon 
detectors. Nat. Nanotechnol. 17, 653–660 (2022).

26.	 Wang, F. et al. High-precision tumor resection down to few-cell 
level guided by NIR-IIb molecular fluorescence imaging. Proc. 
Natl Acad. Sci. USA 119, e2123111119 (2022).

27.	 Wang, F. et al. In vivo NIR-II structured-illumination light-sheet 
microscopy. Proc. Natl Acad. Sci. USA 118, e2023888118 (2021).

28.	 Zhong, Y. & Dai, H. A mini-review on rare-earth down-conversion 
nanoparticles for NIR-II imaging of biological systems. Nano Res. 
13, 1281–1294 (2020).

29.	 Hong, G. et al. Through-skull fluorescence imaging of the brain in 
a new near-infrared window. Nat. Photonics 8, 723–730 (2014).

30.	 Zhong, Y. et al. In vivo molecular imaging for immunotherapy 
using ultra-bright near-infrared-IIb rare-earth nanoparticles. Nat. 
Biotechnol. 37, 1322–1331 (2019).

31.	 Johnson, N. J. J. et al. Direct evidence for coupled surface 
and concentration quenching dynamics in lanthanide-doped 
nanocrystals. J. Am. Chem. Soc. 139, 3275–3282 (2017).

32.	 Bachmann, M. F. & Jennings, G. T. Vaccine delivery: a matter 
of size, geometry, kinetics and molecular patterns. Nat. Rev. 
Immunol. 10, 787–796 (2010).

33.	 Reddy, S. T. et al. Exploiting lymphatic transport and complement 
activation in nanoparticle vaccines. Nat. Biotechnol. 25, 1159–1164 
(2007).

34.	 Philip, M. & Schietinger, A. CD8+ T cell differentiation and 
dysfunction in cancer. Nat. Rev. Immunol. 22, 209–223 (2022).

35.	 Nagaraj, S. et al. Altered recognition of antigen is a mechanism of 
CD8+ T cell tolerance in cancer. Nat. Med. 13, 828–835 (2007).

36.	 Tavaré, R. et al. An effective immuno-PET imaging method to 
monitor CD8-dependent responses to immunotherapy. Cancer 
Res. 76, 73–82 (2016).

37.	 Tavaré, R. et al. Immuno-PET of murine T cell reconstitution 
postadoptive stem cell transplantation using anti-CD4 and 
anti-CD8 cys-diabodies. J. Nucl. Med. 56, 1258–1264 (2015).

38.	 Dolton, G. et al. More tricks with tetramers: a practical guide to 
staining T cells with peptide-MHC multimers. Immunology 146, 
11–22 (2015).

39.	 Drug delivery. Nat. Biotechnol. 39, 1344 (2021).
40.	 May, M. Why drug delivery is the key to new medicines. Nat. Med. 

28, 1100–1102 (2022).
41.	 Guerrini, G., Magrì, D., Gioria, S., Medaglini, D. & Calzolai, L. 

Characterization of nanoparticles-based vaccines for COVID-19. 
Nat. Nanotechnol. 17, 570–576 (2022).

42.	 Zhu, G. et al. Albumin/vaccine nanocomplexes that assemble 
in vivo for combination cancer immunotherapy. Nat. Commun. 8, 
1–15 (2017).

43.	 Fan, Y.-N. et al. Cationic lipid-assisted nanoparticles for delivery of 
mRNA cancer vaccine. Biomater. Sci. 6, 3009–3018 (2018).

44.	 Du, P., An, R., Liang, Y., Lei, P. & Zhang, H. Emerging NIR-II 
luminescent bioprobes based on lanthanide-doped nanoparticles:  
from design towards diverse bioapplications. Coord. Chem. Rev. 
471, 214745 (2022).

45.	 Antaris, A. L. et al. A small-molecule dye for NIR-II imaging.  
Nat. Mater. 15, 235–242 (2016).

46.	 Fan, Y. et al. Lifetime-engineered NIR-II nanoparticles  
unlock multiplexed in vivo imaging. Nat. Nanotechnol. 13, 
941–946 (2018).

47.	 Waldman, A. D., Fritz, J. M. & Lenardo, M. J. A guide to cancer 
immunotherapy: from T cell basic science to clinical practice. 
Nat. Rev. Immunol. 20, 651–668 (2020).

48.	 Wang, W. et al. The development of chiral nanoparticles to target 
NK cells and CD8 + T cells for cancer immunotherapy. Adv. Mater. 
34, 2109354 (2022).

49.	 Nembrini, C. et al. Nanoparticle conjugation of antigen enhances 
cytotoxic T-cell responses in pulmonary vaccination. Proc. Natl 
Acad. Sci. USA 108, E989–E997 (2011).

50.	 Batista, F. D. & Harwood, N. E. The who, how and where of antigen 
presentation to B cells. Nat. Rev. Immunol. 9, 15–27 (2009).

51.	 Schudel, A., Francis, D. M. & Thomas, S. N. Material design for 
lymph node drug delivery. Nat. Rev. Mater. 4, 415–428 (2019).

52.	 Sahin, U. & Türeci, Ö. Personalized vaccines for cancer 
immunotherapy. Science 359, 1355–1360 (2018).

53.	 De Vries, J. & Figdor, C. Cancer vaccine triggers antiviral-type 
defences. Nature 534, 329–331 (2016).

54.	 Almeida, J. P. M., Lin, A. Y., Figueroa, E. R., Foster, A. E. & Drezek, R. A.  
In vivo gold nanoparticle delivery of peptide vaccine induces 
anti-tumor immune response in prophylactic and therapeutic 
tumor models. Small 11, 1453–1459 (2015).

55.	 Kenry et al. In situ visualization of dynamic cellular effects 
of phospholipid nanoparticles via high‐speed scanning ion 
conductance microscopy. Small 18, 2203285 (2022).

56.	 Yang, K. J. et al. Optimized phospholipid-based nanoparticles 
for inner ear drug delivery and therapy. Biomaterials 171, 133–143 
(2018).

57.	 He, S. et al. High affinity to skeleton rare earth doped 
nanoparticles for near-infrared II imaging. Nano Lett. 19,  
2985–2992 (2019).

58.	 Gursel, I., Gursel, M., Ishii, K. J. & Klinman, D. M. Sterically 
stabilized cationic liposomes improve the uptake and 
immunostimulatory activity of CpG oligonucleotides. J. Immunol. 
167, 3324–3328 (2001).

59.	 Davis, H. et al. CpG DNA is a potent enhancer of specific immunity 
in mice immunized with recombinant hepatitis B surface antigen. 
J. Immunol. 160, 870–876 (1998).

60.	 Klinman, D. M. Immunotherapeutic uses of CpG oligodeoxy
nucleotides. Nat. Rev. Immunol. 4, 249–258 (2004).

http://www.nature.com/natbiomedeng


Nature Biomedical Engineering | Volume 8 | June 2024 | 726–739 739

Article https://doi.org/10.1038/s41551-023-01083-5

61.	 Pulendran, B. & Davis, M. M. The science and medicine of human 
immunology. Science 369, eaay4014 (2020).

62.	 Altman, J. D. et al. Phenotypic analysis of antigen-specific  
T lymphocytes. Science 274, 94–96 (1996).

63.	 Karan, D., Krieg, A. M. & Lubaroff, D. M. Paradoxical enhancement 
of CD8 T cell-dependent anti-tumor protection despite reduced 
CD8 T cell responses with addition of a TLR9 agonist to a tumor 
vaccine. Int. J. Cancer 121, 1520–1528 (2007).

64.	 Miller, B. C. et al. Subsets of exhausted CD8+ T cells differentially 
mediate tumor control and respond to checkpoint blockade. Nat. 
Immunol. 20, 326–336 (2019).

65.	 Blank, C. U. et al. Defining ‘T cell exhaustion’. Nat. Rev. Immunol. 
19, 665–674 (2019).

66.	 Wherry, E. J. & Kurachi, M. Molecular and cellular insights into 
T cell exhaustion. Nat. Rev. Immunol. 15, 486–499 (2015).

67.	 Mastronarde, D. N. Automated electron microscope tomography 
using robust prediction of specimen movements. J. Struct. Biol. 
152, 36–51 (2005).

68.	 Schindelin, J. et al. Fiji: an open-source platform for biological- 
image analysis. Nat. Methods 9, 676–682 (2012).

69.	 Scheres, S. H. W. RELION: implementation of a Bayesian approach 
to cryo-EM structure determination. J. Struct. Biol. 180, 519–530 
(2012).

70.	 Tang, G. et al. EMAN2: an extensible image processing suite for 
electron microscopy. J. Struct. Biol. 157, 38–46 (2007).

71.	 Zheng, S. Q. et al. MotionCor2: anisotropic correction of 
beam-induced motion for improved cryo-electron microscopy. 
Nat. Methods 14, 331–332 (2017).

Acknowledgements
We thank the NIH Tetramer Core Facility (contract number 
75N93020D00005) for providing biotinylated OVA and RBD 
monomers and dye labelled tetramers. Additionally, we thank  
A. Brunger for the TEM funding support and the Stanford Cryo- 
Electron Microscopy Facility support team for helping with data 
collection. This work was supported by a National Institutes of Health 
Pioneer Award NIH DP1-NS-105737.

Author contributions
H.D., F.R. and F.W. designed the experiments. F.R., F.W., A.B., Y.Z., 
Y.L., C.X., R.H., Y.J., H.L., Z.M., J.L., G.Z. and K.K.W. performed the 
experiments. F.S. and A.W. synthesized and provided the CD8 
diabodies, R.W. helped with the tetramers and monomers,  

C.W. performed the cryo-EM measurements, and Y.L., X.Z., K.C.G. 
and E.M. performed flow-cytometry experiments. F.R., F.W. and H.D. 
analysed the data and wrote the manuscript. All authors contributed 
to the general discussion and commented on the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Extended data is available for this paper at  
https://doi.org/10.1038/s41551-023-01083-5.

Supplementary information The online version contains supplementary 
material available at https://doi.org/10.1038/s41551-023-01083-5.

Correspondence and requests for materials should be addressed  
to Hongjie Dai.

Peer review information Nature Biomedical Engineering thanks the 
anonymous reviewers for their contribution to the peer review of  
this work.

Reprints and permissions information is available at  
www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons license, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons license and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this license, visit http://creativecommons. 
org/licenses/by/4.0/.

© The Author(s) 2023

http://www.nature.com/natbiomedeng
https://doi.org/10.1038/s41551-023-01083-5
https://doi.org/10.1038/s41551-023-01083-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Nature Biomedical Engineering

Article https://doi.org/10.1038/s41551-023-01083-5

Extended Data Fig. 1 | In vivo NIR-II molecular imaging of MHC-I OVA peptide 
and CD8 distribution in mice after immunization by nanovaccine vs. PBS 
control. (a) and (b) Wide-field NIR-IIb molecular images of mice bearing E.G7 
tumors immunized with pErNP-OVA-CpG B and PBS, respectively, recorded 48 h 
after intravenous injection of ErNP-aCD8 and QD-OVA-Tetramer. (a) is the same 
mouse as Supplementary Fig. 14, Mouse 1. Here we show the images taken on the 
left and belly side to allow for comparisons. Imaging conditions for ErNP-aCD8 
channel: 940 nm excitation with a power density of ~50 mW cm−2, 1500–1700 nm 
detection, exposure times 20 ms, lifetime mode. QD: 860 nm excitation with a 
power density of ~50 mW cm−2, 1500–1700 nm detection, exposure times 50 ms, 
CW mode. Note the strong signals in the tumor and weak liver/spleen signals in 
(a), and the opposite in (b). (c) Spleen-to-background signal ratios plotted to 

reveal the biodistribution of OVA-Tetramer (green, P = 0.0001) and ErNP-aCD8 
(red, P < 0.0001) in mice bearing E.G-7 tumors immunized with pErNP-OVA-CpG 
B or PBS control. The data shows that with effective immunization, the spleen 
uptake of our probes was much lower than in PBS control mice, due to effective 
targeted tumor uptake of our probes seen in (a). (d) Liver-to-background signal 
ratios plotted to reveal the biodistribution of OVA-Tetramer (green, P = 0.0001) 
and ErNP-aCD8 (red, P = 0.0006) in mice bearing E.G-7 tumors immunized with 
pErNP-OVA-CpG B or PBS (n = 3 in each group). The data shows that with effective 
immunization, the liver uptake of our probes was much lower than in PBS control 
mice, due to effective targeted tumor uptake of our probes seen in (a). All data  
are from three independent experiments and are presented as means ± s.d.  
Two-sided Student’s t-tests were used for the comparisons.
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Extended Data Fig. 2 | Treatment of mice bearing OVA-negative EL-4 tumors 
with the pEr-OVA-CpG B nanovaccine. (a) Immunization schedule, EL-4 tumor 
bearing C57BL/6 mice were immunized by subcutaneous injection at the mouse 
tail-base with the pErNP-OVA-CpG B nanovaccine on day 0, 7 and 14. Also shown 
are NIR-IIb luminescence images (975 nm excitation with a power density of 
~50 mW cm−2, 1500–1700 nm detection, exposure times 20 ms, CW mode) 

showing the vaccine trafficking pathways after subcutaneous injection at the 
tail-base of a mouse. Images were recorded at different time points as indicated 
post injection. (b) Photographs of C57BL/6 mice treated with pErNP-OVA-CpG B 
vaccines at different time points. (c) Tumor volume measured at different time 
points post s.c. injection of pErNP-OVA-CPG B (n = 5). The EL-4 tumors showed no 
response to the pErNP-OVA-CpG B nanovaccine and grew unabated.
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Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection  LabView2014 was used to synchronously control the laser power, photon counting, galvo mirror and motorized stage.

Data analysis ImageJ/Fiji (2021) was used to process the imaging data obtained by our NIR imaging system. 
Origin 2021 (OriginLab) was used to draw the curves and analyze the standard deviation. 
Jade 6.5.26 was used to process and analyze the original XRD data. 
FlowJo software v.10.8.1 was used to process and analyse the original flow-cytometry data. 
Statistical analysis was performed using GraphPad Prism 8.0.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

The main data supporting the results in this study are available within the paper and its Supplementary Information. Source data for Figs. 3a–e and for Extended 
Data Fig. 2c are provided with this paper. The raw and analysed datasets generated during the study are too large to be publicly shared, yet they are available for 
research purposes from the corresponding author on reasonable request.

Human research participants
Policy information about studies involving human research participants and Sex and Gender in Research. 

Reporting on sex and gender The study did not involve human research participants.

Population characteristics —

Recruitment —

Ethics oversight —

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

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size As other studies in this research area, at least 5 mice per group were used for assessing the therapeutic efficacy of the nanovaccine, and 3 
mice per group were determined to be sufficient for the reproducibility of molecular imaging, and 6 mice per group for the reproducibility of 
flow cytometry.

Data exclusions No data were excluded from the analyses.

Replication All experiments were carried out at least 3 times, with similar results.

Randomization Mice were randomly selected from the cages, and divided into groups.

Blinding The investigators were blinded to group allocation during data collection and/or analysis.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 
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n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used Anti-mouse-CD3-FITC (BioLegend; Cat No. 100204; Clone 17A2; Lot No. B361053; Dilution 5ug/mL) 

Anti-mouse-CD8a-BV421 (BioLegend; Cat No. 100737; Clone 53-6.7; Lot No. B358296; Dilution 0.5ug/mL) 
Anti-CD8 cys-diabody provided by Anna M. Wu and Felix Salazar.

Validation Anti-mouse-CD3-FITC. Manufacturer’s website link: https://www.biolegend.com/en-us/products/fitc-anti-mouse-cd3-antibody-45 
There are publications using anti-CD8 cys-diabody: Journal of Nuclear Medicine 56.8 (2015): 1258-1264; Scientific reports 11.1 
(2021): 1-12; Angewandte Chemie 132.46 (2020): 20733-20741. 
 
anti-mouse-CD8a-BV421. Manufacturer’s website link: https://www.biolegend.com/en-us/products/brilliant-violet-421-anti-mouse-
cd8a-antibody-7138

Eukaryotic cell lines
Policy information about cell lines and Sex and Gender in Research

Cell line source(s) The cell lines E.G-7 OVA and EL4 were purchased from ATCC.

Authentication The cell lines were not authenticated.

Mycoplasma contamination The cell lines tested negative for mycoplasma contamination

Commonly misidentified lines
(See ICLAC register)

No commonly misidentified cell lines were used.

Animals and other research organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in 
Research

Laboratory animals Female C57BL/6 mice 6–7 weeks of age and 15–20 g of weight were purchased from Charles River.

Wild animals The study did not involve wild animals.

Reporting on sex The choice of sex was arbitrary.

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

Ethics oversight All procedures performed on the mice were approved by Stanford University's Institutional Animal Care and Use Committee.  
All experiments were performed according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals. The  
laboratory animal care program at Stanford is accredited by the Association for the Assessment and Accreditation of Laboratory 
Animal Care.

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.
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Sample preparation 1. Flow-cytometry analysis of antigen-specific CD8+ cells in tumour 
Tumour tissue was harvested in cold PBS and digested by cutting into ~2 mm3  pieces and treated with DNAase I (StemCell 
Inc., 07900) and collagenase/hyaluronidase (StemCell Inc., 07912) at 37C for 25 mins with shaking. The dissociated tumour 
was passed through a 70-μm filter to obtain a single-cell suspension. Leukocyte-enriched fraction is then prepared using 
Mouse TIL CD45 positive selection kit (StemCell Inc., 100-0350). Cells were resuspended in RPMI media with 10% heat-
inactivated FBS and 1% L-glutamine and recovered at 37 °C for 30 min with or without 50nM dasatinib (PKI). Cells were then 
labeled with PE-conjugated H-2Kb-SIINFEKL tetramer at 37 °C for 30mins. After tetramer labeling, cells were stained with 
anti-mouse-CD3-FITC, anti-mouse-CD8a-BV421 and Live/Dead NIR dye for flow-cytometry analysis. 
 
2. Cell sorting of lymph-node immune cells 
The inguinal lymph nodes (iLNs) were harvested and mechanically dissociated using a syringe rubber head in complete RPMI 
media supplemented with 10% HI FBS, 2  mM glutamine, and 1% penicillin/streptomycin containing 25 mM HEPES. The tissue 
suspension was passed through a 70-μm cell strainer to obtain a single-cell suspension. The cells were washed once by being 
centrifuged at 300 × g for 5 minutes at 4°C, and resuspended in cold PBS with 1% FBS for subsequent staining. For surface 
staining for FACS, the cells were incubated with an antibody/dye mix containing anti-mouse CD3-AF488 (pan T cells), anti-
mouse CD19-PE (B cells), anti-mouse CD11c-PE/Cy7 (dendritic cells), anti-mouse F4/80-BV421 (macrophages), Live/Dead 
Fixable Near IR dye, and TruStain FcX PLUS (anti-mouse CD16/32 for Fc receptor blockade) (BioLegend) for 15 minutes at 4°C 
in dark. After incubation, cells were washed with cold PBS containing 1% FBS, then resuspended in cold PBS containing 1% 
FBS and 2 mM EDTA for sorting. Cells were filtered with 70-μm strainers right before sorting to remove clumps and cell 
aggregates. 
 
3. Flow-cytometry analysis of the EG-7 cell line 
To perform flow-cytometry analysis, th eEG-7 cell suspension was centrifuged at 400 × g for 5 minutes at 4°C. The 
supernatant was then discarded, and the cell pellet was resuspended in staining buffer (PBS with 0.5% BSA) at a 
concentration of 1×10^6 cells/ml. The cell suspension was divided into aliquots for different staining panels or controls. 
Fluorochrome-conjugated antibodies specific for CD3 (PE-conjugated, 1:50 dilution; BioLegend), CD4 (APC-conjugated, 1:50 
dilution; BioLegend), and anti-mouse CD8a (FITC-conjugated, 1:50 dilution; Invitrogen) antigens were added to the cell 
suspension. The cells were incubated with the antibodies for 30 minutes at 4°C, protected from light. After incubation, the 
cells were washed with staining buffer and centrifuged at 400 × g for 5 minutes at 4°C. Flow-cytometry data were acquired 
using a Beckman CytoFLEX flow cytometer and analyzed using FlowJo software (version 10.8.1).

Instrument BD LSRFortessa flow cytometer; BD FACS Aria II sorter; Beckman CytoFLEX flow cytometer.

Software FlowJo software v.10.8.1.

Cell population abundance Cell sorting of lymph-node immune cells was performed at 4C using a BD FACS Aria II sorter. 

Gating strategy Based on the pattern of FSC-A/SSC-A, cells in the lymphocyte gate were identified. Singlets were then identified by the 
pattern of FSC-A/FSC-H and SSC-A/SSC-H. As followed, viable T cells were determined as the Live/Dead NIR negative and CD3 
positive populations. Cells in the viable T-cell gate were analysed for CD8a expression and tetramer binding. Positive gate 
boundaries were determined by the distinction from the fluorescence Minus One (FMO) controls of each channel.

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