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Lymphocyte-based immunotherapy has emerged as a break-
through in cancer therapy for both hematologic and solid malig-
nancies. In a subpopulation of cancer patients, this powerful
therapeutic modality converts malignancy to clinically manageable
disease. However, the T cell- and chimeric antigen receptor T (CAR-T)
cell-mediated antimetastatic activity, especially their impacts on mi-
croscopic metastatic lesions, has not yet been investigated. Here we
report a living zebrafish model that allows us to visualize the met-
astatic cancer cell killing effect by tumor- infiltrating lymphocytes
(TILs) and CAR-T cells in vivo at the single-cell level. In a freshly
isolated primary human melanoma, specific TILs effectively elimi-
nated metastatic cancer cells in the living body. This potent
metastasis-eradicating effect was validated using a human lym-
phoma model with CAR-T cells. Furthermore, cancer-associated fi-
broblasts protected metastatic cancer cells from T cell-mediated
killing. Our data provide an in vivo platform to validate antimeta-
static effects by human T cell-mediated immunotherapy. This unique
technology may serve as a precision medicine platform for assessing
anticancer effects of cellular immunotherapy in vivo before admin-
istration to human cancer patients.
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Cancer immunotherapy is emerging as a curative therapy for a
subpopulation of cancer patients (1–10). This therapeutic

modality is based on boosting either the patient’s own immune
system to eliminate cancer cells or genetically propagating
cancer-recognizing T cells in vitro and administering them back
to cancer patients (4, 7, 8). Under physiological conditions, the
immune system is able to recognize genetically altered cancerous
cells and eliminate them from our bodies. Thus, a functional
immune surveillance system may explain why most people do not
have a clinically manifested malignant disease (11).
A clinically detectable cancer mass represents the failure of

immune surveillance to eliminate malignant cells. Several possible
mechanisms may contribute to immune escape, including (i) genetic
alterations of cancer cells to acquire immune tolerance; (ii) meta-
bolic reprogramming of malignant cells; (iii) changes in the tumor
microenvironment (TME); (iv) alterations of stromal cellular
components; (v) production of immunosuppressive molecules to
inactivate the immune surveillance functions; (vi) prevention of
immune cell infiltration in tumors; and (vii) general dysfunctional
immune response in cancer hosts. Accumulating preclinical and
clinical evidence supports these mechanisms, which suggest that the
development of novel therapeutics to target these pathways can
improve the efficacy of cancer immunotherapies. For example, tu-
mor cells frequently express high levels of immunosuppressive sur-
face molecules, such as PD-L1, to paralyze the tumor-attacking

ability of T lymphocytes (12, 13). Blocking these immunosuppres-
sive molecules by immune checkpoint inhibitors, such as pem-
brolizumab, is now routinely used in patients (14). Similarly,
blocking immunosuppressive receptors, such as PD-1 and CTLA-4,
in T cells by nivolumab and ipilimumab also produces marked an-
ticancer activity in cancer patients (15, 16). In addition, lymphocyte-
based therapeutics, known as adoptive cell therapy, including
tumor-infiltrating lymphocytes (TILs), natural killer cells, and chi-
meric antigen receptor T (CAR-T) cells, represent breakthroughs in
cancer therapy over the last decade (7, 17, 18). Despite the clinical
promise of immunotherapy, in most cancer types, only a minority of
cancer patients benefit from these therapeutics.
Metastatic disease is the primary cause of mortality in most

cancer patients (19). At the time of diagnosis, patients often
experience metastatic disease via lymphatic or hematogenous
routes. Metastasis can occur at the very early stage of cancer
development when a primary tumor mass is still tiny. The met-
astatic cascade includes intravasation of cancer cells into the
circulation, extravasation in a distal tissue or organ, formation of
the initial metastatic niche, and regrowth of a metastatic nodule
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into a clinically detectable mass (20–22). Clinically detectable
metastases represent the final stage of these complex processes
(23). Currently, no imaging techniques are available to detect
microscopic metastatic nodules in living human patients.
Our laboratory and others have developed a zebrafish me-

tastasis model that allows us to study the metastatic process of
human cancers at the single-cell level (22, 24–29). In particular,
this unique model offers an opportunity to visualize the initial
process of cancer metastasis when primary tumors are tiny,
usually consisting of several hundreds of cells. Using a multiple
color-coding system, we are able to reconstitute the TME in the
immune-privileged and transparent zebrafish body (25, 26).
In this paper, we report our recent findings using the zebrafish

metastasis model to study the cancer-killing effect of TILs and
CAR-T cells. Both TILs and CAR-T cells recognize metastatic
cancer cells and execute the killing effect. The highlights of the
present work are as follows: (i) a visualized system to discrimi-
nate intact cancer cells from damaged cancer cells in vivo, which
allows us to directly visualize T cell-mediated killing effects; (ii) a
quantitative system in vivo to determine the T cell-mediated
cancer killing effects in vivo; (iii) an imaging system to study
specific T cell recognition of metastatic cancer cells, including
circulating cancer cells and resident metastatic cancer cells, and
eliminate these malignant cells; (iv) the role of cancer-associated
fibroblasts in protecting cancer cells from T cell-mediated killing;
and (v) information about the clinical relevance of our findings.
On the basis of our findings, we propose that the zebrafish

provides an attractive in vivo model to evaluate the anticancer
effect of immune cells before their application in human pa-
tients. In particular, this model can predict the antimetastatic
effects in cases when metastatic cells are not clinically detectable.

Results
Monitoring Human T Cell-Mediated Tumor Cell-Killing Effect In Vitro.
To directly visualize the T cell-mediated tumor cell-killing effect,
we developed a visualization system in which tumor cells were
intracellularly labeled with a fluorescent dye (Fig. 1A). Nonfluo-
rescent calcein AM is a lipophilic compound that can be efficiently
taken up by tumor cells (30). In living cells, nonfluorescent calcein
AM is converted into green fluorescent calcein by intracellular
esterase-mediated ester hydrolysis. Green fluorescent calcein is a
hydrophilic compound that is retained intracellularly. Mechanical
damage, cellular lysis, and cell death can release the fluorescent
calcein to the extracellular compartment (Fig. 1A).
To test whether calcein-labeled fluorescent cancer cells can be

recognized by cytotoxic T cells, we isolated TILs from human
melanoma patients (31). Human primary melanoma cells (hPMCs)
from the same patient were labeled with green fluorescent calcein
and cocultured with autologous TILs. Alter a 4-h coincubation, the
majority of fluorescent-positive melanoma cells were lysed by TILs
(Fig. 1B). Quantification analysis showed that >80% of calcein-
positive melanoma cells were lysed by TILs. In contrast, human
peripheral blood mononuclear cells (PBMCs) isolated from healthy
individuals completely lacked cancer cell-killing effects (Fig. 1B). To
further validate this visualization system, we used a CAR-T cell–
human Raji B cell lymphoma paired system in which CAR-T cells
recognized the Raji cell surface CD19 (32). Similarly, CAR-T
exhibited a marked killing effect on Raji B cell lymphoma cells
(Fig. 1C). Conversely, non–CD19-recognizing control CAR-T cells
(EGFRt-T) completely lacked a cancer-killing effect. These findings
show that calcein labeling does not affect the cancer cell-killing
capacity of TILs and CAR-T cells.
To further advance our visualization system, we labeled TILs

and CAR-Ts with red fluorescent DiI dye and analyzed the T cell-
mediated oncolysis via a coculturing system. As expected, Dil-TILs
at a ratio of 1:1 effectively killed human melanoma cells after a 4-h
incubation (Fig. 1 D and F). The total number of TILs remained
unchanged after this killing (Fig. 1G). In contrast, coincubation of

melanoma cells with nonspecific PBMCs did not produce any
killing effect on melanoma cells (Fig. 1 D and F). Similar to the
TIL-hPMC system, coincubation of Dil–CAR-T cells with calcein-
Raji cells also produced a very potent oncolytic effect, and most
cancer cells were eliminated by CAR-T cells after a 4-h incubation
(Fig. 1 E and F). FACS analysis further validated the tumor cell-
killing effect (Fig. 1H).

Visualization of TIL-Mediated Melanoma Killing In Vivo. Having de-
veloped a visualization system for the red DiI-T cell-mediated
killing of green fluorescent calcein-labeled cancer cells, we next
investigated the visualization of T cell-mediated killing in vivo.
We used a zebrafish cancer model in which human cancer cells
were implanted in transparent zebrafish. Our previous work
showed that this model has several unique advantages, including
(i) visualization of human cancer cells in the fish body at the
single cell level; (ii) allowing for a quantitative study of primary
tumor growth; (iii) reconstitution of the TME by labeling various
cellular components with different colors; (iv) allowing for study
of tumor neovascularization; and (v) investigation of cancer
metastasis at the early stage of primary tumor formation.
In this zebrafish cancer model, the green fluorescent calcein-

labeled cancer cells were implanted into the perivitelline space
around the yolk sac, followed by injection of DiI-T cells into the
same position (Fig. 2A). Implantation of hPMCs into the perivitel-
line space allowed the formation of a fluorescence-positive primary
tumor mass (Fig. 2B). At 24-h postimplantation, fluorescence-
positive hPMCs remained in the perivitelline space (Fig. 2B).
Coimplantation of green hPMCs with Dil-red PBMCs did not affect
the hPMC population (Fig. 2 C and E), indicating that no tumor cell
killing occurred. In contrast, coimplantation of Dil-red TILs with
hPMCs for 24 h resulted in near-complete elimination of hPMCs in
the zebrafish body (Fig. 2D and E). Despite the potent tumor killing
effect, the total population of Dil-red TILs remained unchanged
after tumor killing (Fig. 2F). These data show that Dil-red TILs
effectively eradicate human melanoma cells in the living zebrafish
body. The TIL-mediated tumor killing could be visualized at the
single- cell level.

CAR-T-Mediated Lymphoma Oncolysis in Zebrafish. To validate the
TIL-mediated anticancer effect, we performed similar experiments
using the CAR-T–Raji lymphoma system. Similar to human mela-
noma, implantation of Raji cells into the perivitelline space resulted
in the formation of a cluster of tumor cells without obvious meta-
static spread (SI Appendix, Fig. S1A). Coimplantation of Raji lym-
phoma cells and control CAR-T cells (EGFRt-T) lacking CD19
recognition did not affect tumor cell survival (SI Appendix, Fig. S1 B
and D). Likewise, control CAR-T cells remained unaltered after
coincubation with Raji lymphoma cells (SI Appendix, Fig. S1E). In
contrast, coimplantation of CD19 recognizing CAR-T cells with
Raji lymphoma cells for 24 h resulted in elimination of most cancer
cells without significant loss of CAR-T cells (SI Appendix, Fig. S1 C
and D). These findings provide further evidence to support the
effective cancer killing effect by specific cytotoxic T cells in our
zebrafish-tumor model.

Elimination of Metastatic Melanoma Cells by TILs. Metastasis is the
most common cause of cancer-related death. Clinically visible
metastases represent the ultimate stage of cancer metastasis
consisting of a large population of cancer cells. Our recent work
showed that metastasis can occur at the very early stage of cancer
development when a primary tumor at the microscopic size
contains only several hundred cancer cells (24). Such micro-
scopic cancer metastases cannot be detected by the most ad-
vanced imaging analysis in human patients and in mammalian
cancer models. Our zebrafish model provides a unique oppor-
tunity to study and visualize microscopic metastasis at the single-
cell level when metastatic nodules are tiny.
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Fig. 1. Development of the color-coded system to monitor T cell-mediated cancer cell killing. (A) Calcein-based cancer cell labeling to discriminate living cells
from dead cells. Hydrophobic nonfluorescent calcein AM is taken up by cancer cells and subsequently converted into green fluorescent hydrophilic calcein by
intracellular esterase in living cells. Green fluorescent calcein is retained in the cytoplasm due to its hydrophilic properties. When tumor-specific T cells attack
calcein-labeled cancer cells, the intracellular calcein is released to the extracellular space, and cancer cells become fluorescence-negative dead cells. (B and C)
Micrographs of calcein-labeled hPMCs (green), hPMCs plus human PBMCs, hPMCs plus TILs, Raji lymphoma cells, Raji cells plus EGFRt–CAR-T cells, and Raji cells
plus CD19–CAR-T cells. Cells were cultured for 4 h. Arrows indicate TIL- and CAR-T cell-lysed cancer cells. Calcein-positive hPMCs are quantified (n = 4 to 5
random fields [20×] per group). (Scale bar: 25 μm.) (D and E) Micrographs of calcein-labeled hPMCs (green), hPMCs plus DiI-labeled human PBMCs (red), green
hPMCs plus DiI-labeled TILs (red), calcein-labeled Raji lymphoma cells (green), calcein-labeled Raji cells (green) plus DiI-labeled EGFRt–CAR-T cells (red), and
calcein-labeled Raji cells (green) plus DiI-labeled CD19–CAR-T cells(red). Cells were cultured for 0 h and 4 h. (Scale bar: 25 μm.) (F) Quantification of calcein-
positive hPMCs and Raji cells (n = 3 to 5 random fields [20×] per group). (G) Quantification of DiI-positive TILs, PBMCs, EGFRt–CAR-T, and CD19–CAR-T cells (n =
3 to 5 random fields [20×] per group). (H) FACS analysis of calcein-positive Raji cells after coculturing with CD19–CAR-T cells and EGFRt–CAR-T cells for 4 h.
Living cells (M1 gate) represent the calcein-positive population. The red line indicates cell numbers after a 4-h coculture, and the black area indicates cell
numbers after a 0-h coculture. Calcein-positive Raji cells are quantified. Data are mean ± SEM; n = 3 samples per group. **P < 0.01; ***P < 0.001; NS, not
significant, Student’s t test.
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To study the metastatic killing effect by T cells, tumor cells were
implanted into the common cardinal vein (CCV, or the duct of
Cuvier) to establish an experimental metastasis model (Fig. 3A).
Following tumor cell implantation, cancer-attacking lymphocytes
are implanted into the same site. As shown in Fig. 3B, injection of
human melanoma cells into the CCV resulted in rapid spread of
cancer cells in the zebrafish body (Fig. 3B). In particular, calcein-
fluorescent single melanoma cells could be clearly visualized in the
trunk and tail parts of the zebrafish body. Coimplantation of
hPMCs and control PBMCs did not affect the metastatic mela-
noma cell population (Fig. 3 C and E). Both calcein-labeled green
hPMCs and DiI-labeled PBMCs were evident in the zebrafish
body (Fig. 3C). Intriguingly, CCV coimplantation of hPMCs and

TILs eradicated the majority of metastatic cancer cells (Fig. 3 D,
E, and G). The number of the invested DiI-labeled TILs in the
head and tail regions was slightly increased (Fig. 3F and SI Ap-
pendix, Fig. S2A). These findings show that TILs effectively
eliminate circulating cancer cells in the zebrafish body.

Eradication of Metastatic Cancer Cells by CAR-T Cells. We next
studied the impact of CAR-T cells on the killing of metastatic
cancer cells in the living zebrafish body. CCV injection of human
lymphoma cells also resulted in widespread distribution of can-
cer cells in the zebrafish body (Fig. 4A). Coimplantation of
control CAR-T cells (EGFRt-T) had no effect on metastatic
cancer cells (Fig. 4 B and D). In contrast, CD19-recognizing

Fig. 2. Elimination of hPMCs by TILs in zebrafish. (A) Schematic diagram of the experimental design. Calcein-labeled cancer cells (green) were implanted into
the perivitelline space of each zebrafish, and DiI-labeled T cells (red) were subsequently implanted into the same space in each zebrafish. The survival of
cancer cells and T cells was monitored. (B–D) Micrographs of zebrafish bearing hPMCs alone (green), hPMCs (green) plus PBMCs (red), and hPMCs (green) plus
TILs (red). At 24 h postimplantation, survival rates of cancer cells and T cells were analyzed. Arrows indicate primary tumor sites. Dashed lines circle and
amplify the indicated regions. (Scale bars: 100 μm; in amplified fields, 50 μm.) (E and F) Quantification of calcein-positive (green) and DiI-positive (red) areas in
the zebrafish (hPMCs alone, n = 15 samples per group; hPMCs plus PBMCs, n = 24 samples per group; hPMCs plus TILs, n = 24 samples per group). Data are
mean ± SEM. ***P < 0.001; NS, not significant, paired-sample t test.
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Fig. 3. Eradication of metastatic cancer cells by T cells in zebrafish. (A) Metastatic model in zebrafish. Calcein-labeled cancer cells (green) were injected into
the CCV of each zebrafish to induce widespread cancer metastasis in the zebrafish body. Metastatic foci (green) in distal regions, including the trunk-tail part
of each zebrafish, were readily visualized by fluorescence microscopy examination. After metastatic validation, DiI-labeled T cells (red) were subsequently
injected into the CCV of recruited zebrafish. Survival rates of cancer cells and T cells in the head, trunk, and tail regions of zebrafish were examined under a
fluorescent microscope. (B) Metastatic spread of calcein-labeled hPMCs (green) in zebrafish after 0-h and 24-h CCV implantation of cancer cells. The arrow
indicates visible metastatic cancer cells. Dashed lines encircle metastatic cancer cells in the trunk-tail region of the zebrafish body. Arrowheads indicate
metastatic cancer cells. (Scale bars: 100 μm; in amplified fields, 50 μm.) (C and D) Metastatic cancer cells in hPMCs (green) plus PBMCs (red) and hPMCs (green)
plus TILs (red) at 0 h and 24 h after CCV implantation. The arrow indicates visible metastatic cancer cells. Dashed lines encircle metastatic cancer cells in the
trunk-tail region of the zebrafish body. Arrowheads indicate metastatic cancer cells. (Scale bars: 100 μm; in amplified fields, 50 μm.) (E) Quantification of
calcein (green)-positive areas of melanoma cells in the head, trunk, and tail regions of zebrafish (hPMCs alone, n = 13 samples per group; hPMCs plus PBMCs,
n = 15 samples per group; hPMCs plus TILs, n = 29 samples per group). (F) Quantification of DiI (red)-positive areas of PBMCs and TILs in the head, trunk, and
tail regions of zebrafish (hPMCs plus PBMCs, n = 15 samples per group; hPMCs plus TILs, n = 29 samples per group). (G) Quantification of calcein (green)-
positive melanoma cells in the trunk and tail regions of zebrafish (hPMCs alone, n = 13 samples per group; hPMCs plus PBMCs, n = 15 samples per group;
hPMCs plus TILs, n = 29 samples per group). Data are mean ± SEM. *P < 0.05; ***P < 0.001; NS, not significant, paired-sample t test.

22914 | www.pnas.org/cgi/doi/10.1073/pnas.2009092117 He et al.
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CAR-T cells eradicated the majority of metastatic cancer cells
(Fig. 4 C, D, and F). After a 24-h incubation, the number of the
invested DiI-labeled CAR-T cells did not change significantly
(Fig. 4E and SI Appendix, Fig. S2B). These data demonstrate that
CD19 CAR-T cells specifically recognize lymphoma cells in the
fish body and perform specific killing.
It should be emphasized that despite potent eradication of

cancer cells, the zebrafish remained completely healthy and in-
distinguishable from control zebrafish. Zebrafish viability and
behavior were completely unaffected in the CAR-T lymphoma-
implanted zebrafish embryos, verifying the specific cancer cell-
killing effect with no effect on other cells.

Protection of Metastatic Cancer Cells from T Cell-Mediated Killing by
CAFs. In the TME, malignant cells communicate with other
stromal cells to collectively influence tumor growth, metastasis, and
drug responses. In particular, stromal fibroblasts, also known as
named cancer-associated fibroblasts (CAFs), play an important role in
modulating tumor growth and metastasis (33). Our recent work shows
that CAFs and cancer cells can form clusters in the zebrafish (25);
however, whether CAFs can significantly affect the T cell-mediated
killing effect on cancer cells is unknown. To explore this, human CAFs
were isolated from colorectal cancer tissues, mixed with hPMCs, and
subsequently implanted into the perivitelline space (Fig. 5 A and B).
In contrast to eradication of hPMCs by TILs (Fig. 5 C and E),

CAFs nearly completely protected hPMCs from the TIL-executed
killing (Fig. 5 D and E). In CAF and hPMC-coimplanted zebra-
fish, the number of DiI-labeled TILs remained unchanged after a
24-h incubation with TILs (Fig. 5F). Similar protective effects of
CAFs were also seen with the CAR-T–Raji paired system (SI
Appendix, Fig. S3). These data indicate that CAFs protect mela-
noma cells from T cell-mediated killing.
CCV injection of CFAs and hPMCs resulted in widespread dis-

tribution of metastatic cancer cells in the bloodstream (Fig. 6). In-
terestingly, most metastatic hPMCs were physically coupled with
CAFs to form metastatic hPMC-CAF cell clusters (Fig. 6 B–F).
These findings support our previously published findings that cancer
cells and CAFs co-metastasize in the bloodstream (25). Notably,
CAFs significantly neutralized the TIL-mediated killing effects on
cancer cells at 24 h postimplantation, leading to markedly protective
effects that were indistinguishable from the initial invested cell
numbers (Fig. 6). Again, CAF-mediated protective effects were also
seen using the CAR-T–Raji system (SI Appendix, Fig. S4). These
findings provide convincing evidence that CAFs protect cancer cells
from T cell-executed killing.

Discussion
Removal of metastatic cells in cancer patients is probably the
most important approach in cancer therapy. Elimination of clinically
undetectable microscopic metastases that consist of only a few hun-
dred, thousand, or even greater numbers of cells could provide a
curative therapy. Surgery and radiation therapy offer local therapeutic
approaches for treating clinically visible primary and metastatic tumor
masses. Although the systemic delivery of chemotherapeutics has
some impact on metastatic cancer cells, these drugs target only the
proliferative population of cancer cells. Metastatic recurrence often
happens months to years after removal of the primary tumor mass
(34–36). After resettling in distal organs, metastatic cancer cells
usually remain dormant without further proliferation (37), posing a
difficult problem for cancer therapy because most anticancer drugs
have no impact on these dormant cancer cells. Owing to the intrinsic
property of genomic instability inherited from their primary tumors,
dormant metastatic cancer cells may undergo relentless genetic mu-
tations, triggering additional signaling activation of regrowth. Indeed,
genetic alterations of metastatic cancer cells often differ from their
primary cancer cells (38).
How do we identify these dormant metastatic cancer cells and

eradicate them? Targeted therapeutics may play certain roles in

eliminating metastatic cancer cells; however, owing to the heteroge-
neity of cancer cell populations, targeted therapeutics may eradicate
only a subpopulation of cancer cells and leave other malignant cells
untouched. Immunotherapy heralds an exciting era for curative
treatment of cancers. Enhancing cancer cell recognition via antibody-
induced activation of endogenous cytotoxic T cells and administration
of exogenously educated and engineered T cells has proven re-
markably beneficial for cancer patients (1, 6, 7, 14–16, 38). However,
for most cancer types, immunotherapy is beneficial for only a mi-
nority of patients. This limited therapeutic outcome makes it essential
to discriminate responders from nonresponders. To achieve this goal,
appropriate, reliable in vivo preclinical models are needed to reca-
pitulate the patient situation. Unlike cancer models in rodents, our
zebrafish cancer model provides a unique opportunity to study T cell-
mediated cancer killing. Specific features include (i) transparent vi-
sualization of interaction between T cells and cancer cells in the living
body; (ii) implantation of human primary cancer cells and T cells in
immune-privileged zebrafish embryos; (iii) color-coding of human
T cells and cancer cells; (iv) distinction of living cancer cells from
oncolytically dead cells at the single cell level; (v) tracing of single
metastatic cancer cells in the living body; (vi) visualization of T cell-
mediated eradication of metastatic cancer cells; (vii) need for a
minimal number of cells; and (viii) elucidation of the impact of tumor
stromal cells on T cell-mediated cancer cell killing.
In this study, we have further advanced the zebrafish cancer

model by visualizing the oncolytic process of lymphocytes. The
colorful calcein is a hydrophilic molecule and remains intracel-
lularly. On specific T cell attacks, green calcein in cancer cells is
released to the extracellular space. In zebrafish, this system
dictates the specific T cell-mediated cancer killing, which is re-
liable and reminiscent of the clinical scenario.
One of the most important aspects of our work is the visuali-

zation of metastatic cancer killing by T cells. Cancer-killing spe-
cific T cells are able to identify distal metastatic cancer cells and
eliminate them. Since the implanted cancer cells in the zebrafish
body are quiescent, our data indicate that TILs and CAR-T cells
recognize potentially dormant cancer cells to execute the killing
effect. These findings are extremely exciting and clinically signif-
icant. If they can be successfully translated into the clinical setting,
TILs and CAR-T cells will be able to eliminate microscopically
dormant cancer cells to achieve a cure. An extension of this
clinical implication would be administration of TILs and CAR-T
cells to cancer patients after removal and destruction of primary
tumors. This sequential therapeutic regimen would allow extinc-
tion of residual cancer cells surrounding the primary site and in
distal organs. Moreover, our study also supports the ability of TILs
and CAR-T cells to effectively eliminate circulating cancer cells in
the bloodstream. Therefore, some combination of conventional
therapy and T cell-based immunotherapy might offer a curative
approach for treating cancers. Although we use melanoma and
lymphoma as examples, our findings can be reasonably extended
to other types of cancers as well.
Another potential clinical implication of our zebrafish model is the

ability to assess the efficiency of cancer cell killing by specific T cells.
Since most cancer patients do not benefit from immunotherapy, a
reliable and simple preclinical model is needed to assess the cancer-
killing effect, and the zebrafish model would be an ideal model for
this purpose. The model is simple, and the results can be reliably
reported after an experiment of 24 h. Furthermore, as shown in the
present study only several hundred cells are sufficient for implanta-
tion into each zebrafish. Thus, clinical samples from biopsies would
be sufficient to perform functional experiments in the zebrafish body.
Although the concept has not been experimentally approved,

we expect that our zebrafish model will provide a unique plat-
form on which to test the anticancer effects of immunotherapy in
combination with other targeted therapeutics. In particular,
blocking cancer inflammation and fibrosis may further enhance
the therapeutic efficacy of immunotherapy. Taken together, our
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experimental data demonstrate that a zebrafish cancer model has
tremendous clinical implications for determining the therapeutic ef-
ficacy of immunotherapy in treating primary and metastatic cancers.

Materials and Methods
Cell Source and Culture. Raji cells, CD8+-CD19 CAR-T cells, and EGFRt-T-cells
were grown in 10% FBS-RPMI 1640 medium (Life Technologies). Human

Fig. 4. Eradication of metastatic Raji cells by CAR-T cells in zebrafish. (A) Metastatic spread of calcein-labeled Raji cells (green) in zebrafish at 0 h and 24 h after CCV
implantation of cancer cells. The arrow indicates visible metastatic cancer cells. Dashed lines encircle metastatic cancer cells in the trunk-tail region of the zebrafish body.
Arrowheads indicate metastatic cancer cells. (Scale bars: 100 μm; in amplified fields, 50 μm.) (B and C) Metastatic cancer cells of Raji cells (green) plus EGFRt–CAR-T cells
(red) and Raji cells (green) plus CD19–CAR-T cells (red) at 0 h and 24 h after CCV implantation. The arrow indicates visible metastatic cancer cells. Dashed lines encircle
metastatic cancer cells in the trunk-tail region of the zebrafish body. Arrowheads indicate metastatic cancer cells. (Scale bars: 100 μm; in amplified fields, 50 μm. (D)
Quantification of calcein (green) positive area of Raji cells in the head, trunk, and tail regions of zebrafish. (Raji cells alone, n = 15 samples per group; Raji cells plus
EGFRt–CAR-T cells, n= 15 samples per group; Raji cells plus CD19–CAR-T cells, n= 15 samples per group). (E) Quantification of DiI (red)-positive areas of EGFRt–CAR-T cells
and CD19–CAR-T cells (Raji cells plus EGFRt–CAR-T cells, n= 15 samples per group; Raji cells plus CD19–CAR-T cells, n= 15 samples per group). (F) Quantification of calcein
(green)-positive Raji cells in the trunk and tail regions of zebrafish (Raji cells alone, n = 15 samples per group; Raji cells plus EGFRt–CAR-T cells, n = 15 samples per group;
Raji cells plus CD19–CAR-T cells, n = 15 samples per group). Data are mean ± SEM. *P < 0.05; **P < 0.01,***P < 0.001; NS, not significant, paired-samples t test.
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primary melanoma cells and CAFs were grown in 20% FBS-Iscove’s modified
Dulbecco’s medium. More detailed information is provided in SI Appendix,
Materials and Methods.

Isolation of Human Primary Melanoma Cells and TILs. Primary melanoma cells
were isolated from a tumor tissue sample obtained from a patient diagnosed
with stage IV melanoma (acronym MAT02 p11). The protocol for patient partici-
pationwas approved by the local Ethics Committee (2013/516–31/1 and 2016/2123)
and the Karolinska Institute’s Institutional Review Board. All patients signed a
written informed consent in accordance with the Declaration of Helsinki.

Tumor tissues were resected by mechanical separation, and tumor
cells were cultured in RPMI-1640 supplemented with FCS (20%), penicillin

(100 U/mL; Life Technologies), and streptomycin (100 μg/mL; Life Technologies).
Tumor cells were frequently monitored for growth and medium was changed/
cultures expanded when needed. TILs were expanded as described previ-
ously (39). In brief, TILs were expanded by stimulating tumor fragments
with IL-2 alone and then performing a rapid expansion protocol via stim-
ulation with IL-2 and anti-CD3 antibodies in the presence of irradiated
PBMCs as feeder cells in RPMI-1640 supplemented with 1% to 10% human
AB serum.

Zebrafish Tumor Model. All zebrafish work was performed in accordance with
regulations of the Karolinska Institutet’s Zebrafish Core Facility. The viability
of T cell tumor-implanted zebrafish was determined by assessing heartbeat,

Fig. 5. CAFs protect primary tumors from T cell-mediated killing. (A) Isolated human primary CAF cells labeled with DiD (blue) were isolated from human colorectal
cancers. CAFs (blue) and calcein-labeled hPMCs (green) at the ratio of 2:1 were mixed and subsequently coimplanted into the perivitelline space of each zebrafish. The
same number of DiI-labeled TILs (1:1 hPMCs and TILs) (red) were implanted into the same location. TIL-executed cancer cell killing was analyzed at 24 h after TIL
implantation. (B) CAFs (blue) and hPMCs (green) at 0 h and 24 h after coimplantation. The arrows indicate the primary tumor sites. Dashed lines encircle primary
tumors in the perivitelline space. (Scale bars: 100 μm; in amplified fields, 50 μm. (C and D) Representative micrographs of hPMCs (green) plus TILs (red), hPMCs (green)/
CAF (blue)/TILs (red) at 0 h and 24 h after coimplantation. Dashed lines encircle primary tumors in the perivitelline space. (Scale bars: 100 μm; in amplified fields, 50 μm.)
(E and F) Quantification of calcein (green)- and DiI (red)-positive areas in the zebrafish (hPMCs plus CAF, n = 6 samples per group; hPMCs plus TILs, n = 7 samples per
group; hPMCs/CAF/PBMCs, n = 10 samples per group). Data are mean ± SEM. ***P < 0.001; NS = not significant, paired-samples t test.
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Fig. 6. CAFs protect metastatic cancer cells from T cell-mediated killing. (A) Isolated human primary CAF cells labeled with DiD (blue) were isolated from
human colorectal cancers. CAFs (blue) and calcein-labeled hPMCs (green) at a ratio of 2:1 were mixed and subsequently coimplanted into the CCV of each
zebrafish to induce widespread cancer metastasis in the zebrafish body. Metastatic foci (green) in distal regions including the truck-tail part of each zebrafish
were readily visualized by fluorescence microscopy examination. After metastatic validation, the same number of DiI-labeled TILs (1:1 hPMCs and TILs) (red)
were subsequently injected into the CCV of recruited zebrafish. Survival rates of cancer cells and T cells in the head, trunk, and tail regions of zebrafish were
examined under a fluorescent microscope. (B) Metastatic spread of CAFs (blue) and hPMCs (green) at 0 h and 24 h after CCV coimplantation. The arrow
indicates visible metastatic cancer cells. Dashed lines encircle metastatic cancer cells in the trunk-tail region of the zebrafish body. Arrowheads indicate
metastatic cancer cells. (Scale bars: 100 μm; in amplified fields, 50 μm.) (C and D) Representative micrographs of hPMCs (green) plus TILs (red), hPMCs (green)/
CAF (blue)/TILs (red) at 0 h and 24 h after CCV coimplantation. The arrow indicates visible metastatic cancer cells. Dashed lines encircle metastatic cancer cells
in the trunk-tail region of the zebrafish body. Arrowheads indicate metastatic cancer cells. (Scale bars: 100 μm; in amplified fields, 50 μm.) (E) Quantification
of calcein (green)-positive areas of melanoma cells in the head, trunk, and tail regions of zebrafish (hPMCs plus CAF, n = 6 samples per group; hPMCs plus TILs,
n = 13 samples per group; hPMCs/CAF/TILs, n = 9 samples per group). (F) Quantification of DiI (red)-positive areas of TILs in the zebrafish (hPMCs plus TILs, n =
13 samples per group; hPMCs/CAF/TILs, n = 9 samples per group). (G) Quantification of calcein (green)-positive melanoma cells in the trunk and tail regions of
zebrafish (hPMCs plus CAF, n = 6 samples per group; hPMCs plus TILs, n = 13 samples per group; hPMCs/CAF/TILs, n = 9 samples per group). (H) Quantification
of DiD (blue)-positive CAF numbers in the trunk and tail regions of zebrafish (hPMCs plus CAF, n = 6 samples per group; hPMCs/CAF/TILs, n = 9 samples per
group). Data are mean ± SEM. **P < 0.01; ***P < 0.001; NS, not significant, paired-samples t test.
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blood circulation, and physical movement. More details are provided in SI
Appendix, Materials and Methods.

Flow Cytometry Based Calcein Retention Assay. Calcein-labeled Raji cells were
transferred to each tube for flow cytometry, and data were analyzed using
BD CellQuest Pro. See SI Appendix, Materials and Methods for details.

Fluorescence Analysis. Harvested CAR-T cells, TILs, and tumor cells were an-
alyzed under a fluorescent microscope (Nikon Eclipse C1), randomized im-
ages were captured, and data were analyzed using ImageJ software. More
details are provided in SI Appendix, Materials and Methods

Statistical Analysis. Statistical analysis was performed using the standard
Student t test or paired-sample t test. Data are presented as mean of de-
terminants (SEM), and the following P values were considered significant:
*P < 0.05; **P < 0.01; ***P < 0.001.

Data Availability.All study data are included in themain text and SI Appendix.
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