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Abstract: Adoptive T cell therapy has emerged as a promising treatment for cancer. However, it is unknown whether 
adoptively transferred anti-tumor T cells can form immunological memory and provide continuous protection against 
cancer metastasis. Herein, we used TCR transgenic Pmel-1 CD8+ T cells as a model to investigate whether early 
transferred Pmel-1 CD8+ T cells can generate immunological memory to prevent later melanoma metastasis. Upon 
stimulation with the cognate melanoma-associated hgp100 antigen, in vitro cultured Pmel-1 CD8+ T cells developed 
into effector T (Teff) cells that exhibited potent cytotoxic activity against B16F10 melanoma cells. Next, B16F10 
melanoma cells were intravenously injected into C57BL/6 (B6) mice to establish experimental lung metastasis. In 
vitro generated Pmel-1 Teff cells were adoptively transferred into the mice on the same day of or three weeks prior 
to B16F10 cell inoculation. We found that adoptive Pmel-1 Teff cell therapy significantly inhibited the B16F10 lung 
metastasis and prolonged the animal survival. Importantly, Pmel-1 Teff cells transferred three weeks prior to tumor 
inoculation were as potent as the Pmel-1 Teff cells transferred on the same day in inhibiting melanoma metastasis. 
Hence, our results suggest that adoptive CD8+ Teff cell therapy generates immunological memory that continuously 
protect against melanoma metastasis. 
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Introduction

In recent years, T cell-based cancer immuno-
therapy has become a new pillar in cancer 
treatment. The major breakthroughs include 
the immune checkpoint blockade therapy and 
adoptive T-cell therapy (e.g. chimeric antigen 
receptor T (CAR-T) cells) [1-4]. The immune 
checkpoint blockades enhance the activity of 
endogenous anti-cancer T cells in patients, 
whereas in CAR-T therapy, patients’ own poly-
clonal T cells are engineered to express chime-
ric antigen receptors to achieve tumor-specific 
cytotoxicity. Nevertheless, current T cell-based 
cancer immunotherapy benefits only a fraction 
of cancer patients [5].

With the advances in early diagnosis and treat-
ment of cancer, about 90% of cancer deaths 
are caused by metastasis rather than the pri-
mary tumors [6]. Tumor metastasis refers to 

the spread of cancer from its original site to 
other parts of the body, and can occur years or 
even decades after primary tumor resection. 
The immune system often shows the double-
edge nature in controlling cancer metastasis. 
For instance, Natural killer (NK) cells are the 
major immune cell type that inhibits the meta-
static process by killing circulating tumor cells 
[7]. By contrast, tumor-associated macroph- 
ages, tumor-associated neutrophils, myeloid-
derived suppressor cells, and Foxp3+ regulatory 
T cells have been shown to facilitate cancer 
metastasis [8-10]. T cell-based cancer immuno-
therapy can be utilized to treat patients with 
metastatic cancers [11, 12], but its role in pre-
venting metastasis at later time points remains 
poorly investigated.

A key aspect of T cell immunity is the generation 
of immunological memory. Following exposure 
to antigen, antigen-specific naïve T cells are 
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clonally selected, expanded, and developed 
into effector T (Teff) cells. After antigen clear-
ance, the majority of Teff cells die and a small 
portion of them become memory T (Tmem) ce- 
lls, which provide long-term protection against 
re-encountered antigens [13]. Compared with 
short-lived Teff cells, Tmem cells exhibit “stem-
ness” features and have the potential to self-
renew and differentiate into Teff cells [14]. 
Adoptive transfer of different types of Tmem 
cells have been shown to inhibit the primary 
tumor progression in experimental models [15, 
16]. However, little is known whether adoptive T 
cell therapy can generate immunological mem-
ory and provide continuous protection against 
cancer metastasis. 

In the current study, we first showed that resec-
tion of primary B16F10 melanoma inhibited the 
growth of later re-challenged B16F10 melano-
ma in the same mouse, in support of anti-tumor 
immunological memory. Next, WT B6 mice were 
adoptively transferred with anti-melanoma 
Pmel-1 CD8+ Teff cells either on the same day 
of or 3 weeks before intravenous injection of 
B16F10 cells. Pmel-1 CD8+ Teff cells trans-
ferred 3 weeks prior to B16F10 cell inoculation 
were as potent as Pmel-1 CD8+ Teff cells trans-
ferred on the same day in inhibiting B16F10 
metastasis. Therefore, our results suggest that 
adoptive Teff cell therapy generates immuno-
logical memory that provides continuous pro-
tection against tumor metastasis.

Materials and methods

Mice

C57BL/6 (B6) and Pmel-1 TCR-transgenic mice 
(B6 background) were purchased from Jackson 
Laboratory (Bar Harbor, MA). CD8+ T cells in 
Pmel-1 mice express a transgenic TCR that rec-
ognizes the melanoma-associated antigen 
gp10025-33. All animal experiments in this study 
were approved by the Houston Methodist 
Animal Care Committee in accordance with 
institutional animal care and use guidelines.

Cell lines

The B16F10 melanoma cell line was purchased 
from ATCC (Manassas, VA). The B16F10-Fluc 
cell line was purchased from Imanis Life 
Sciences (Rochester, MN). B16F10-Fluc cells 
express the luciferase that can be detected by 

a non-invasive in vivo imaging system. B16F10 
and B16F10-Fluc cells were cultured in DMEM 
supplemented with 10% heat-inactivated FBS 
and 1% penicillin-streptomycin at 37°C and 5% 
CO2. 

In vitro activation of Pmel-1 T cells

Splenocytes from Pmel-1 mice were stimulated 
with hgp10025-33 peptide (2 µg/ml; GenScript) 
and murine IL-2 (10 ng/ml; PeproTech) for 24 
hours in complete RPMI-1640, which was sup-
plemented with 10% heat-inactivated FBS, 1% 
penicillin-streptomycin, and 0.1% 2-Mercapto- 
ethanol.

LDH cytotoxicity assay

B16F10 target cells (1 × 104/well) were co-cul-
tured with freshly isolated or in vitro stimulated 
Pmel-1 splenocytes at various effector (CD8+ 
Pmel-1 cells) to target cell ratios (5:1, 10:1, 
20:1, 40:1) in complete RPMI-1640 in a 96- 
well plate for 10 hours. The plate was assayed 
using the Pierce LDH Cytotoxicity Assay Kit 
(Thermo Fisher Scientific, 88954). Percent 
cytotoxicity of target cells was determined 
using the formula: % cytotoxicity = (Experimental 
value - Effector Cells Spontaneous Control - 
Target Cells Spontaneous Control)/(Target Cell 
Maximum Control - Target Cells Spontaneous 
Control) × 100. 

Flow cytometry analysis

Fluorochrome-conjugated antibodies specific 
for mouse CD45 (clone 30-F11), CD8 (53-6.7), 
CD44 (IM7), CD69 (H1.2F3), CD25 (PC61), CD- 
62L (MEL-14), PD1 (29F.1A12), Tim3 (B8.2C12), 
Lag3 (C9B7W), CXCR6 (SA051D1), KLRG1 
(MAFA), IFN-γ (XMG1.2), Perforin (eBioOMAK-
D), GzmB (GB11), and Ki67 (SolA15) were pur-
chased from BioLegend or Thermo Fisher 
Scientific. 

In brief, freshly isolated or cultured Pmel-1 sple-
nocytes (with or without co-culture with B16F10 
cells) were stained with the above antibodies 
and analyzed on an LSR II or Fortessa flow 
cytometer (BD Biosciences) by using a previ-
ously described method [17]. Dead cells we- 
re excluded from the analysis by using the 
Zombie Aqua Fixable Viability Kit (BioLegend). 
Intracellular expression of Ki67 was deter-
mined by using the Foxp3/Transcription Factor 
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Staining Buffer Set (Thermo Fisher Scientific). 
For intracellular staining of cytokines or cyto-
toxic molecules, cells were re-stimulated for 4 
hours with 50 ng/ml phorbol 12-myristate 
13-acetate (Sigma-Aldrich) and 500 ng/ml ion-
omycin (Sigma-Aldrich) in the presence of Go- 
lgiStop (BD Biosciences). Intracellular expres-
sion of cytokines and cytotoxic molecules were 
determined by the Cytofix/Cytoperm solution 
(BD Biosciences) as previously described [17]. 
The data were processed by using the FlowJo 
v10 software (Tree Star, Inc.).

B16F10 tumor resection and re-challenge 
model

Wild type (WT) B6 mice were subcutaneously 
injected with 5 × 105 B16F10 melanoma cells 
in the right flank, followed by tumor resection 
10 days later when tumors reached to about 8 
mm in diameter. Mice in control group received 
sham surgery (anesthesia and skin incision) in 
right flank on the same day. Three weeks after 
tumor resection, mice were subcutaneously 
injected with 5 × 105 B16F10 cells in the left 
flank. Tumor growth was monitored daily. Tumor 
volume was measured by a caliper and calcu-
lated using the formula: Volume = (length × 
width2)/2.

B16F10-Fluc metastasis model and adoptive T 
cell therapy

WT B6 mice were injected intravenously with 
2.5 × 105 B16F10-Fluc melanoma cells and 5 × 
106 in vitro activated Pmel-1 CD8+ T cells at dif-
ferent time points, as indicated in the figure leg-
ends. In brief, in Teff groups, B16F10-Fluc cells 
and Pmel-1 CD8+ Teff cells were injected on the 
same day. In Tmem groups, Pmel-1 CD8+ Teff 
cells were injected three weeks prior to B16F10-
Fluc cell inoculation. Control groups received 
B16F10-Fluc cell inoculation but without T cell 
transfer. 

In vivo bioluminescence imaging was used to 
weekly monitor lung metastasis after B16F10-
Fluc cell inoculation. In brief, mice were anes-
thetized with 3% isoflurane, followed by intra-
peritoneally injection of 150 mg/kg body weight 
D-luciferin (PerkinElmer). 10 minutes after sub-
strate injection, B16F10-Fluc metastasis in 
mice were determined by using the IVIS 
Spectrum in Vivo Imaging System (PerkinElmer). 
Data analysis were performed using the Living 
Image 4.7.4 (PerkinElmer).

Statistical analysis

Data were presented by mean ± SD and calcu-
lated using the Prism 8 (GraphPad). The P val-
ues of animal survival in the B16F10-Fluc 
metastasis models was determined by The 
Log-rank test. Other measurements were per-
formed using unpaired Student’s t-test. Di- 
fferences were considered significant when P < 
0.05.

Results

Resection of primary B16 melanoma estab-
lishes protective immunological memory 
against re-challenged B16 melanoma

To determine whether immunological memory 
can protect against tumor recurrence/rechal-
lenge, we assessed the growth of re-challenged 
B16F10 melanoma following the resection of 
primary B16F10 melanoma. In brief, 5 × 105 
B16F10 cells were subcutaneously injected in 
the right flank of B6 mice on day -31. On day 
-21, when tumors reached to about 8 mm in 
diameter, these primary tumors were surgically 
removed. On day 0, the memory group of mice 
with the resection of primary tumors were re-
challenged with 5 × 105 B16F10 cells in the left 
flank. The control group of B6 mice were also 
subcutaneously injected in the left flank with 5 
× 105 B16F10 cells on day 0, but without pri-
mary tumor inoculation and resection (Figure 
1A). We found that the tumor growth in the 
memory group was significantly slower than 
that in the control group (Figure 1B). As shown 
in Figure 1C, the tumor sizes in the memory 
group were still exceedingly small on day 16 
after re-challenge of B16 cells, whereas the 
mice in the control group need to be euthanized 
as tumors reached maximum allowable size 
(Figure 1C). Therefore, although B16F10 mela-
noma is a tumor type with relatively low immu-
nogenicity, resection of primary B16 melanoma 
establishes protective immunological memory 
against re-challenged B16 melanoma. 

Activated anti-tumor Pmel-1 CD8+ T cells ex-
hibit an effector T-cell phenotype and mediate 
potent cytotoxicity against B16 melanoma cells

To explore the potential of immunological  
memory in treating cancers, we employed the 
adoptive T-cell therapy approach. TCR trans-
genic Pmel-1 CD8+ T cells from Pmel-1 mice 
recognize the melanoma-associated antigen 
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Figure 1. Resection of primary B16 melanoma establishes immunological memory against re-challenged B16 mela-
noma. 5 × 105 B16F10 cells were subcutaneously injected in the right flank of B6 mice on day -31. The primary tu-
mors were surgically removed on day -21. On day 0, the memory group of mice with the resection of primary tumors 
were re-challenged with 5 × 105 B16F10 cells in the left flank. Mice in the control group were also subcutaneously 
injected in the left flank with 5 × 105 B16F10 cells on day 0, but without primary tumor inoculation and resection. 
The growth of re-challenged tumors was monitored daily. A. Schematic of the experimental design. B. Tumor vol-
umes of the re-challenged B16 melanoma. C. Representative images of mice with tumor outgrowth on day 16 post 
B16 cell re-challenge. Data are presentative of two independent experiments (mean ± SD, n=5). ***P < 0.001; 
unpaired student’s t-test.
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gp10025-33, and are commonly used to study 
the efficacy and mechanisms of adoptive T-cell 
therapy. Herein, we first characterize the in vitro 
activation and cytotoxic function of Pmel-1 
cells. Splenocytes from Pmel-1 mice were stim-
ulated in vitro with hgp10025-33 peptide for 24 
hours, followed by flow cytometry and cytotoxic 
assay analyses (Figure 2A). Almost all CD8+ T 
cells were sufficiently activated as indicated by 
the high expression of early activation marker 
CD69 and CD25 (Figure 2B). Freshly isolated 

CD8+ T cells expressed significantly lower level 
of CD69 than did activated CD8+ T cells (Figure 
2C). 

To investigate the cytotoxic activity of Pmel-1 
CD8+ T cells against B16 melanoma, we used 
the LDH cytotoxic assay which measures the 
amount of LDH released from target cells. The 
freshly isolated or the above activated Pmel-1 
CD8+ T cells were co-cultured with B16F10 tar-
get cells at different ratio for 10 hours, followed 

Figure 2. In vitro activated Pmel-1 CD8+ T 
cells mediate potent cytotoxic activity against 
B16F10 cells. Pmel-1 splenocytes were stim-
ulated with hgp10025-33 peptide for 24 hours, 
followed by flow cytometry and cytotoxic assay 
analyses. Freshly isolated Pmel-1 splenocytes 
were used as control cells. A. Schematic of 
the experimental design. B. Gating strategies 
for analyzing CD8+ T cells. C. % CD69 expres-
sion of CD8+ T cells. D. The freshly isolated or 
in vitro stimulated Pmel-1 splenocytes were 
co-cultured with B16F10 target cells at differ-
ent effector (CD8+ cells) to target cell ratio for 
10 hours, followed by LDH cytotoxicity analy-
sis. The graph shows % cytotoxicity of target 
cells. Data are presentative of two indepen-
dent experiments (mean ± SD, n=3). ***P < 
0.001; unpaired student’s t-test. 
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by calculating the % cytotoxicity of target cells. 
Activated Pmel-1 CD8+ T cells exhibited potent 
cytotoxic activity even at low effector/target 
ratios, whereas the freshly isolated Pmel-1 
CD8+ T cells displayed significantly lower cyto-
toxic activity (Figure 2D). 

To investigate why activated Pmel-1 CD8+ T cell 
mediate potent cytotoxic activity, the freshly 
isolated or the activated Pmel-1 CD8+ T cells 
were co-cultured with B16F10 target cells at an 
effector-to-target ration of 40:1 for 10 hours, 
followed by flow cytometry analysis. The acti-
vated CD8+ T cells highly expressed the activa-
tion marker CD44 and displayed a shift toward 
CD44+CD62L-, whereas the majority of CD8+ T 
cells in the freshly-isolated group were CD44-

CD62L+ (Figure 3A and 3B). Compared with  
the freshly-isolated group, CD8+ T cells from 
activated group expressed significantly higher 
levels of effector T (Teff) cell markers CXCR6 
and KLRG1, proliferation marker Ki67, inflam-
matory cytokine IFN-γ, and cytotoxicity mole-
cules perforin and granzyme B (Figure 3C-F). 
Activated CD8+ T cells transiently express inhib-
itory receptors. Indeed, CD8+ T cells from the 
activated group but not freshly-isolated group 
expressed the inhibitor receptors PD-1, Tim-3, 
and Lag-3 (Figures 3C and 3D, S1). Taken 
together, activated anti-tumor Pmel-1 CD8+ T 
cells exhibit a Teff cell phenotype and mediate 
potent cytotoxicity against B16 melanoma 
cells.

Adoptive transfer of Pmel-1 CD8+ Teff cells in-
hibits B16F10 metastasis

Metastasis is the leading cause of death in 
cancer. Therefore, we next determined the anti-
metastasis efficacy of in vitro generated Pmel-
1 CD8+ Teff cells. WT B6 mice were intrave-
nously injected with 0.25 × 106 B16F10-Fluc 
cells, and adoptively transferred with (Teff 
group) or without (control group) 5 × 106 in vitro 
generated Pmel-1 CD8+ Teff cells on the same 
day. Animal survival was monitored daily. Tumor 

metastasis was assessed on day 24 in eutha-
nized mice or monitored weekly by using the 
IVIS Spectrum in vivo imaging system (Figure 
4A). Mice in the Teff group survived significant- 
ly longer than control mice (Figure 4B). At 24 
days post B16F10-Fluc cell injection, there 
were numerous metastatic nodules on the lung 
surfaces of control mice, whereas metastatic 
nodules were not detected in the Teff group 
(Figure 4C). Consistently, the IVIS Spectrum 
images showed that mice in the control group 
but not in the Teff group developed obvious 
lung metastasis on day 21. One mouse in the 
Teff group did not develop obvious metastasis 
even on day 49 (Figure 4D). Therefore, adoptive 
transfer of Pmel-1 CD8+ Teff cells inhibits 
B16F10 metastasis.

Adoptive transfer of Pmel-1 CD8+ Teff cells 
generates immunological memory against 
B16F10 metastasis 

We next used two models to determine wheth- 
er adoptive Pmel-1 Teff cell transfer genera- 
tes immunological memory against B16F10 
metastasis. In the first model, WT B6 mice  
were adoptively transferred with 5 × 106 in vitro 
generated Pmel-1 CD8+ Teff cells, and intrave-
nously injected with 0.25 × 106 B16F10-Fluc 
cells either on the same day (Teff group) or  
21 days later (Tmem group). Control WT B6 
mice did not receive T-cell transfer, and were 
injected with B16F10-Fluc cells on the same 
day as either the Teff group (Control-A group) or 
the Tmem group (Control-B group). Post 
B16F10-Fluc cell injection, animal survival was 
monitored daily and tumor metastasis was 
assessed weekly by using the IVIS Spectrum 
imaging system (Figure 5A). Almost all mice  
in both control groups died within 30 days aft- 
er injection of B16F10-Fluc cells. Mice in Teff 
and Tmem groups had comparable survival 
curves and survived significantly longer than 
mice in control groups (Figure 5B). Obvious 
lung metastasis was detected in control gro- 
ups but not in Teff and Tmem groups on day 21 

Figure 3. Pmel-1 CD8+ displays an effector T cell phenotype during killing of B16F10 cells. The freshly isolated or 
the activated Pmel-1 splenocytes were co-cultured with B16F10 target cells at a CD8+ effector to target ration of 
40:1 for 10 hours, followed by flow cytometry analysis. A. Representative plots of CD44 and CD62L expressions on 
CD8+ T cells. B. Quantitation of % CD44+ cells among Pmel-1 CD8+ cells. C. Histograms show CXCR6, KLRG1, PD-1 
and Ki67 expressions on Pmel-1 CD8+ T cells. D. Bar graphs display mean fluorescence intensity (MFI) of CXCR6, 
KLRG1, PD-1 and Ki67 of Pmel-1 CD8+ T cells; E. Representative contour plots show % IFN-γ+ and % perforin+GzmB+ 
cells among Pmel-1 CD8+ T cells; F. Quantitation of % IFN-γ+ and % perforin+GzmB+ cells among CD8+ T cells. Data 
are presented by mean ± SD (n=5). ***P < 0.001; unpaired student’s t-test.
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Figure 4. Adoptive transfer of Pmel-1 CD8+ Teff cells inhibits melanoma metastasis. WT B6 mice were intravenously 
injected with 0.25 × 106 B16F10-Fluc cells, and adoptively transferred with (Teff group) or without (control group) 
5 × 106 in vitro generated Pmel-1 CD8+ Teff cells on the same day. Melanoma metastasis and animal survival was 
monitored. A. Schematic of the experimental design. B. Animal survival after B16F10-Fluc cell injection. C. Images 
show metastasis nodules on lungs on day 24 post B16F10-Fluc cell inoculation. D. Luminescence images of mice 
on days 14, 21, 35 and 49 post B16F10-Fluc cell inoculation. Data are presentative of two independent experi-
ments (mean ± SD, n=5). **P < 0.01; log-rank test.
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post B16F10-Fluc cell injection. Even on day 
35, some mice in Teff and Tmem groups did  
not develop obvious lung metastasis (Figure 
5C). 

To avoid variance in B16F10 cell conditions, we 
developed a second model in which all groups 
of WT B6 mice were intravenously injected with 
0.25 × 106 B16F10-Fluc cells on day 0. The Teff 

Figure 5. Early adoptive Pmel-1 CD8+ Teff cell transfer inhibits later melanoma metastasis (model 1). WT B6 mice 
were adoptively transferred with 5 × 106 in vitro generated Pmel-1 CD8+ Teff cells, and intravenously injected with 
0.25 × 106 B16F10-Fluc cells either on the same day (Teff group) or 21 days later (Tmem group). Control WT B6 
mice did not receive T-cell transfer, and were injected with B16F10-Fluc cells on the same day as either the Teff 
group (Control-A group) or the Tmem group (Control-B group). Post B16F10-Fluc cell injection, animal survival and 
tumor metastasis were assessed. A. Schematic of the experimental design. B. Animal survival post B16F10-Fluc cell 
injection. C. Luminescence images of mice on days 14, 21, 35 and 49 post B16F10-Fluc cell inoculation. Data are 
presentative of two independent experiments (mean ± SD, n=5). **P < 0.01; log-rank test.
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group or Tmem group of mice were adoptively 
transferred with 5 × 106 Pmel-1 CD8+ Teff cells 
either on day 0 or day -21, receptively. The con-
trol group did not receive T-cell transfer and 
were only injected with B16F10-Fluc cells 
(Figure 6A). Compared to the survival in control 
group, the survival in both Teff and Tmem 
groups was significantly prolonged. However, 
there was no significant difference in survival 
between Teff and Tmem groups (Figure 6B). 
Severe lung metastasis was observed by in vivo 
imaging in the control group but not in Teff and 

Tmem groups on day 21 post B16F10-Fluc cell 
injection. Indeed, in both Teff and Tmem groups, 
lung metastasis was dramatically delayed 
(Figure 6C). Taken together, adoptive transfer 
of Pmel-1 CD8+ Teff cells generates effective 
immunological memory that provides continu-
ous protection against B16F10 metastasis. 

Discussion 

Adoptive T cell therapy offers a novel treatment 
option for cancer patients, which leads to a 

Figure 6. Early adoptive Pmel-1 CD8+ Teff cell transfer inhibits later melanoma metastasis (model 2). WT B6 mice 
were intravenously injected with 0.25 × 106 B16F10-Fluc cells on day 0. The Teff group or Tmem group of mice 
were adoptively transferred with 5 × 106 Pmel-1 CD8+ Teff cells either on day 0 or day -21, receptively. The control 
group did not receive T-cell transfer and were only injected with B16F10-Fluc cells. A. Schematic of the experimental 
design. B. Animal survival post B16F10-Fluc cell injection. C. Luminescence images of mice on days 21, 28, 35 and 
49 post B16F10-Fluc cell inoculation. Data are presentative of two independent experiments (mean ± SD, n=5). 
**P < 0.01; log-rank test.
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new era for tumor immunology research. In this 
study, we adoptively transferred Pmel-1 CD8+ 
Teff cells into mice either three weeks prior  
to or on the same day of melanoma cell ino- 
culation. At both experimental time points, 
adoptive Pmel-1 Teff cell therapy significantly 
inhibited melanoma metastasis and prolonged 
animal survival. These results highlight the 
potential of using adoptive T cell therapy to pro-
vide continuous protection against cancer 
metastasis.

Cancer metastasis accounts for the majority of 
cancer-associated deaths [18]. Many efforts 
have been made to define how different 
immune cell types inhibit or facilitate cancer 
metastasis [10, 19]. For instance, NK cells are 
the major immune cell type that inhibit cancer 
metastasis through directly killing circulating 
cancer cells [20]. CD8+ T cells also inhibit can-
cer metastasis, evident by the fact that deple-
tion of CD8+ T cells results in an increase in 
metastasis [21]. Moreover, tumor associated 
macrophages and neutrophils, myeloid-derived 
suppressor cells, and Foxp3+ regulatory T cells 
have been shown to facilitate cancer metasta-
sis possibly through inhibiting the function of 
NK and CD8+ T cells [10]. Nevertheless, it was 
previously unknown whether anti-tumor CD8+ 
cells can be used therapeutically to prevent 
metastasis. A novel finding of the current study 
was that adoptive CD8+ T cell therapy potently 
inhibited melanoma metastasis. 

Pmel-1 CD8+ T cells are commonly used to 
investigate the new strategies and mecha-
nisms for adoptive T cell therapy [22, 23]. To 
effectively inhibit the growth of subcutaneous 
B16 melanoma, multiple approaches need to 
be combined to maximally increase the activity 
of adoptively transferred Pmel-1 cells. Such 
approaches include in vitro activation of Pmel-1 
cells prior to cell transfer, using lymphopenic or 
irradiated hosts, and administration of the 
hosts with vaccination and IL-2 [24, 25]. Di- 
fferent from subcutaneous melanoma, here we 
found that adoptive transfer of Pmel-1 Teff ce- 
lls alone into WT mice was sufficient to inhibit 
the metastasis of intravenously injected mela-
noma cells. Hence, it is possible that circulating 
cancer cells are more susceptible to adoptive 
CD8+ Teff cell therapy than that of local solid 
tumors. Indeed, current adoptive CAR-T cell 
therapies also more effectively eliminate hema-
tological cancer cells than they do against solid 

tumors [4, 26]. More investigations are urgently 
required to define why adoptive T cell therapies 
exhibit different efficacies against hematologi-
cal versus solid tumors.

An important finding of the current study was 
that adoptive Pmel-1 Teff cell transfer three 
weeks prior to melanoma cell inoculation still 
significantly inhibited melanoma metastasis. 
This finding represents a proof of concept that 
adoptive T cell therapy generates immunologi-
cal memory to continuously protect against 
cancer metastasis. Of note, use of cell engi-
neering techniques (e.g., c-Jun overexpression) 
effectively increases the function of adoptively 
transferred anti-tumor T cells [27]. Similar tech-
niques can be applied in future to extend the 
function of therapeutic T cells in preventing 
cancer metastasis.

In summary, the current study found that adop-
tive Teff cell therapy provided continuous pro-
tection against melanoma metastasis. Cancer 
metastasis leads to most cancer-associated 
deaths. In light of the rapid developments of 
adoptive T cell therapy for cancer (e.g., continu-
ous inventions of CAR-T and engineered TCR 
therapies), it is important to recognize and 
emphasize the potential of adoptive T cell ther-
apy for preventing cancer metastasis. 
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Figure S1. Expression of inhibitory receptors on Pmel-1 CD8+ cells during killing of B16F10 cells, related to Figure 
3. The freshly isolated or the activated Pmel-1 splenocytes were co-cultured with B16F10 target cells at a CD8+ ef-
fector to target ration of 40:1 for 10 hours, followed by flow cytometry analysis. A. Histograms show Tim-3 and Lag-3 
expressions on Pmel-1 CD8+ T cells. B. MFI levels of Tim-3 and Lag-3expressed by Pmel-1 CD8+ T cells. Data are 
presented by mean ± SD (n=5). ***P < 0.001; unpaired student’s t-test.


