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ABSTRACT

Immunoreactive dynamics of tumor-infiltrating lymphocytes (TILs) within the tumor 
microenvironment in breast cancer are not well understood. This study aimed to investigate 
the spatiotemporal cellular dynamics of TILs in breast cancer models. Breast cancer cells 
were implanted into the dorsal skinfold chamber of BALB/c nude mice, and T lymphocytes 
were adoptively transferred. Longitudinal intravital imaging was performed, and the 
spatiotemporal dynamics of TILs were assessed. In the 4T1 model, TILs progressively 
exhibited increased motility, and their motility inside the tumor was significantly higher 
than that outside the tumor. In the MDA-MB-231 model, the motility of TILs progressively 
decreased after an initial increase. TIL motility in the MDA-MB-231 and MCF-7 models 
differed significantly, suggesting an association between programmed death-ligand 1 
expression levels and TIL motility, which warrants further investigation. Furthermore, 
intravital imaging of TILs can be a useful method for addressing dynamic interactions 
between TILs and breast cancer cells.

Keywords: Breast neoplasms; Cell movement; Intravital microscopy; Lymphocytes,  
tumor-infiltrating; Programmed cell death 1 receptor

The introduction of cancer immunotherapy has led to great advances in cancer treatment 
over the last few decades [1]. Among various therapeutics, adoptive cell therapy (ACT) has 
been suggested to show an effective immune response towards cancer cells and suppress 
tumor growth [2]. Throughout the ACT, adoptively transferred immune cells are supposed to 
facilitate tumor elimination by interacting with cancer cells in the tumor microenvironment 
[3]. However, due to technical limitations, most evaluations for effective treatment using 
ACT have focused on the extent and pattern of lymphocyte infiltration using ex vivo methods, 
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such as immunohistochemistry or flow cytometry [4,5]. Most studies depend on a simple 
counting of lymphocyte infiltration, which is presumed to reflect tumor-infiltrating 
lymphocyte (TIL) activation inside the tumor microenvironment. Previous studies on the 
motility of TILs [6] provide an improved basis for assessing their activation; however, they are 
limited to providing information on the motility of lymphocytes in explanted tumor tissues 
or lymph nodes with an incomplete physiological microenvironment. Therefore, the dynamic 
behavior of TILs in the tumor microenvironment in vivo is unclear [4,5]. Particularly, in 
breast cancer, where most of the recent trials with immune checkpoint inhibitors have shown 
discouraging results, the data concerning the dynamic behavior of TILs in breast cancer 
might provide a new perspective.

To investigate the dynamic behavior of TILs in a breast cancer model in vivo, this study 
utilized an intravital imaging system, comprising a customized video-rate laser scanning 
confocal microscope to analyze three breast cancer models developed using one mouse (4T1) 
and two human (MDA-MB-231 and MCF7) cancer cell lines [7,8]. Cancer cells were implanted 
into the dorsal skinfold chamber of BALB/c nude mice and adoptively transferred T cells 
that endogenously express the red fluorescence protein DsRed for stable and longitudinal 
imaging of the dynamic behavior of TILs. We found that the dynamic behavior of TILs was 
influenced by multiple factors, such as the temporal factors after adoptive T cell transfer, 
spatial domains in the tissue related to the proximity of T cells with tumors, and types of 
breast cancer cells.

The detailed methods are described in the Supplementary Data 1. BALB/c nude mice (CAnN.
Cg-Foxn1nu/CrljOri) were purchased from Orient Bio (Suwon, Korea). β-actin-DsRed 
transgenic mice were used for the adoptive transfer of T lymphocytes. 4T1-Luc2-GFP (referred 
to as 4T1-GFP) cancer cells were utilized to generate a mouse breast cancer model. MDA-MB-
231-GFP and MCF-7-TGL (TK-GFP-Luciferase, referred to as MCF-7-GFP) cancer cells were 
used to establish human breast cancer models [9]. All invasive surgeries were performed 
under general anesthesia, and all efforts were made to minimize animal suffering. The 
experiments with human cancer cell lines were approved by the Institutional Review Board 
of Seoul National University Bundang Hospital (SNUBH) (protocol No. X-2012/655-902). All 
animal experiments were conducted following the standard guidelines for the care and use of 
laboratory animals and were approved by the Institutional Animal Care and Use Committee 
of Korea Advanced Institute of Science and Technology (protocol No. 2013–30) and SNUBH 
(protocol No. BA-2012-309-107-01).

The dorsal skinfold chamber was surgically implanted with cancer cells in BALB/c nude mice 
as described previously [10]. Mouse or human cancer cells (1.0 × 106 cells) were implanted 
into the dorsal skinfold chamber in mice. Intrinsic DsRed-expressing T lymphocytes were 
isolated from the spleen of β-actin-DsRed mice and administered to BALB/c nude mice [11]. 
Isolated T lymphocytes were co-implanted with cancer cells in the 4T1 mouse model and 
intravenously injected into the MDA-MB-231 and MCF-7 mouse models.

A custom-built laser-scanning intravital confocal microscopy system [12-14] and 
a commercial intravital confocal microscopy system (IVIM-C; IVIM Technology, 
Daejeon, Korea) were utilized to visualize the cellular dynamics of TILs in the tumor 
microenvironment. For motility analysis, time-lapse imaging was performed for each cell for 
10 min. Analysis of the track displacement length, track mean velocity, and confinement ratio 
for TILs and plotting of the track displacement were performed using IMARIS 8.2 (Bitplane, 
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Zurich, Switzerland) [14,15]. The arrest coefficient is defined as the fraction of the track time 
that a cell has an instantaneous velocity of less than 2 µm/min [15,16].

To investigate the dynamic behavior of TILs in the tumor microenvironment of mouse breast 
cancer over time and location, the 4T1-GFP model was used [9]. With the intravenous transfer 
of adoptive T cells, only a few T lymphocytes were observed to infiltrate the tumor area, 
consistent with a previous study [17]. Therefore, for a large number of cell motility analyses, 
instead of intravenous injection, a mixture of 4T1 mouse cancer (1.0 × 106 cells) and T (1.0 × 107 
cells) cells were co-implanted into the dorsal skinfold chamber in mice (Figure 1A). From the 
day of implantation to day 11 post-implantation, the motility of T lymphocytes progressively 
increased, as determined by the increasing track displacement length, track mean velocity, and 
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Figure 1. Longitudinal observation of TIL motility in 4T1 murine breast cancer model. (A) Representative wide field view of TILs. Scale bar: 500 µm. (B) Representative 
time-lapse imaging of TILs. The color-coded track depicts the motion of tracked TILs over a period of 10 minutes (Supplementary Video 1). Scale bar: 50 µm. (C) 
Overlay of the tracks of the TILs recorded by time-lapse imaging. Each TIL track is plotted from the central point and represents XY displacement. Scale bar: 10 µm. 
(D) Longitudinal trends of track displacement length, track mean velocity, confinement ratio, and arrest coefficient of TILs in 4T1 murine breast cancer model. Data 
are presented as mean ± standard error of the mean. 
D = day; TIL = tumor-infiltrating lymphocyte.



confinement ratio (Figure 1B-D, Supplementary Video 1). In contrast, the arrest coefficient, 
which is the proportion of time when a cell is not migrating, gradually decreased, suggesting 
an increased dynamic behavior of T cells (Figure 1D). In addition, cells with increased motility 
tended to present a highly polarized morphology with lamellipodia at the leading edge of the 
cell, which is consistent with a previous study [6] (Supplementary Video 1). To determine 
whether programmed death-ligand 1 (PD-L1) expression levels were altered during tumor 
formation, PD-L1 expression in 4T1 cells in the tumor was assessed using immunofluorescence 
staining (Supplementary Figure 1A) and flow cytometry (Supplementary Figure 1B). In both 
experiments, 4T1 cells showed high levels of PD-L1 expression on day 1, whereas PD-L1 
expression levels decreased on day 8.

Thereafter, we hypothesized that the dynamic behavior of TILs in contact with the tumor cells 
might be different from that of T cells outside the tumor. On day 8, after the adoptive transfer 
of T cells, when the dynamic behavior of TILs was increasing, the motility of TILs inside and 
outside the 4T1 tumor was compared to identify the difference in the dynamic behavior of TILs 
based on their spatial relationship with the tumor (Figure 2A). The motility of TIL inside the 
4T1 tumor was significantly higher than that outside the 4T1 tumor, as assessed by the increase 
in the track displacement length, track mean velocity, and confinement ratio (Figure 2B-C, 
Supplementary Video 2). Consistently, the arrest coefficient was higher outside the tumor than 
inside the tumor (Figure 2C).

To investigate the motility of TILs in the tumor microenvironment of human breast cancer 
cells, the MDA-MB-231-GFP model was used [7,8]. For ACT, T lymphocytes (1.0 × 107 cells) 
were intravenously injected into the tail vein of a cancer cell-implanted mouse [18]. The 
implementation of the dorsal skinfold chamber and implantation of MDA-MB-231-GFP cells 
(1.0 × 106 cells) was performed a week before the intravital imaging session (Figure 3A). 
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Figure 2. TIL motility at day 8 post implantation in 4T1 murine breast cancer model. (A) Representative time-lapse imaging TILs in the 4T1 murine breast cancer 
model. The color-coded track describes the motion of tracked TILs over a period of 10 minutes (Supplementary Video 2). Scale bar: 50 µm. (B) Overlay of the 
tracks of TILs recorded by time-lapse imaging. Each TIL track is plotted from the central point and represents XY displacement. Scale bar: 10 µm. (C) Track 
displacement length, track mean velocity, confinement ratio, and arrest coefficient of TILs inside and outside the 4T1 tumors. Bars represent means. 
TIL = tumor-infiltrating lymphocyte. 
*p < 0.05.



From days 1 to 3 post-adoptive T cell transfer (day 8 to day 10-post cancer cell implantation), 
the motility of T lymphocytes initially increased but decreased after an increase in the arrest 
coefficient, suggesting a decreased dynamic behavior of T lymphocytes over time. (Figure 3A-C, 
Supplementary Video 3).

To compare with the MDA-MB-231-GFP model, the MCF-7-GFP human breast cancer mouse 
model was implemented. The different levels of PD-L1 expression in both cancer cells were 
confirmed by immunofluorescence staining (Supplementary Figure 2A and B) and flow 
cytometry (Supplementary Figure 2C and D) [7,8]. On day 8 post-adoptive T cell transfer, 
which corresponded to day 15 after cancer cell implantation, TILs in MCF-7 moved with a longer 
displacement length and at higher velocity than in the MDA-MB-231-GFP model (Figure 4A-C,  
Supplementary Video 4). The migration trajectories were less restrained, and the arrest 
coefficients were lower in MCF-7-GFP cells than in MDA-MB-231-GFP cells (Figure 4D).

To analyze the changes in the motility of TILs in distinct tumor microenvironments, three 
different breast cancer models consisting of one mouse (4T1) and two human (MDA-MB-231 
and MCF-7) cancer cell lines were utilized. The 4T1 model, which represents a syngeneic 
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Figure 3. Longitudinal observation of TIL dynamics in MDA-MB-231 human breast cancer model. (A) Representative time-lapse imaging of TILs in the MDA-MB-231 
human breast cancer model. The color-coded tracks represent the motion of tracked TILs over a period of 10 minutes (Supplementary Video 3). Scale bar: 50 
µm. (B) Overlay of the tracks of TILs recorded by time-lapse imaging. Each TIL track is plotted from the central point and represents XY displacement. Scale bar: 
10 µm. (C) Longitudinal trends of track displacement length, track mean velocity, confinement ratio, and arrest coefficient of TILs in the MDA-MB-231 human 
breast cancer model. Data are presented as mean ± standard error of the mean. 
D = day; TIL = tumor-infiltrating lymphocyte.



murine breast cancer model, demonstrated a progressive increase in TIL motility and 
decreased PD-L1 expression after cancer cell implantation. However, as only a single type 
of mouse cancer cell was implemented in our study, several confounding issues such as co-
implantation of T cells with cancer cells and tumor formation process remain. Therefore, 
it cannot be concluded that the increase in TIL dynamics was mainly correlated with the 
decrease in PD-L1 expression. In addition, although our study with immunofluorescence 
and flow cytometry indicated that PD-L1 expression was reduced in 4T1 cells 8 days after 
implantation, controversy over PD-L1 expression in 4T1 cancer cells remains in previous 
studies (high [19] versus low [9]). Although a spatial correlation of the motility and proximity 
of TILs to the tumor was evaluated, it cannot be concluded that the motility of TILs is 
primarily affected by PD-L1 expression, as nearby cancer cells acting as antigens themselves 
may influence the TILs. Subsequently, human breast cancer cells consisting of two different 
levels of PD-L1 expression were used to analyze TIL motility in cancer cells with distinct 
PD-L1 expression; these included the MDA-MB-231 (high PD-L1 expression) and MCF-7 
(low PD-L1 expression) cell lines [7,8]. In the xenogeneic human breast cancer model, the 
motility of TILs in MDA-MB-231 tumors initially increased but soon decreased, which led to 
arrest-like behavior. In contrast to the TILs in MDA-MB-231 tumors with high levels of PD-L1 
expression, TILs in the MCF-7 tumors with low levels of PD-L1 expression showed increased 
motility. This phenomenon was similarly identified in the TILs in the 4T1 murine breast 
cancer model 8 days after implantation when the levels of PD-L1 expression were low.
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Previous studies have demonstrated the migratory behavior of TILs in the tumor 
microenvironment, which is debatable [6,16,17]. A study using a murine lung cancer (TC-1) 
model showed that T lymphocytes migrate randomly within the tumor and become highly 
motile during tumor regression [6]. Another study using a murine thymoma (EL4 and EG7) 
model suggested that cytotoxic T lymphocytes in the tumor microenvironment should arrest 
their migration near antigen-expressing tumors, which is critical for tumor elimination [16]. 
A study using a murine melanoma (B16) model indicated four different stages of adoptive 
cytotoxic T lymphocyte migration with varying motilities [17]. Another study using a murine 
breast cancer (4T1) model showed that monotherapy with an anti-CTLA-4 antibody (9H10) 
increased the motility of T cells and induced arrest in combination with ionizing radiotherapy 
[20]. In this study, the motility of T cells was reduced in the high-PD-L1 expression model, 
suggesting that inhibitory mechanisms might induce T cell arrest. This response may be 
proposed as T cell exhaustion. However, this study could not identify the clinical effects, such 
as tumor regression due to technical issues regarding the small number of TILs. Thus, this 
study attempted to apply human breast cancer cells that showed diverse PD-L1 expression 
compared with the above studies using a syngeneic murine cancer model.

This study has limitations. T cells were isolated from mice; the T cells might have a reserved 
immune response to xenogeneic human breast cancer cells, regardless of PD-L1 expression 
levels. Moreover, different molecular subtypes, including the expression of estrogen 
receptors between MDA-MB-231 and MCF-7, may be attributed to the dynamics of T cells. 
Further studies comparing the same molecular subtype of cancer cells with different PD-L1 
levels, or cancer cells treated with a PD-L1 inhibitor, may better elucidate the relevant issue. 
However, as the dynamic behavior of T cells was significantly different between the two 
human breast cancer models with distinct PD-L1 expression, the existence of PD-L1 as an 
attributing factor might be one of the hypotheses.

In the syngeneic mouse cancer model (4T1), ACT was applied by co-implantation of T cells with 
cancer cells, whereas ACT was performed by intravenous injection in human cancer cells (MDA-
MB-231 and MCF-7) models. In a preliminary experiment, only a few lymphocytes were observed 
near cancer cells, limiting the statistical analysis of the dynamics of TILs. Therefore, as a proof-of-
concept in intravital imaging studies, we attempted to identify many TIL dynamics in syngeneic 
mouse cancer cell models that can readily ensure statistical significance. After validating the 
proof-of-concept in a syngeneic mouse cancer model, we implemented the ACT method in a 
human cancer cell model to investigate TILs that maximally mimic clinical situations.

In this study, injected T cells differentiated up to the CD8+ subtype were not isolated due 
to a low TIL count during intravital imaging. We attempted to inject 1.0 × 107 untouched 
pan T cells rather than CD8+ T cells as an alternative. Although it was not elucidated in this 
study, the infiltration of CD8+ T cells in breast cancer is an independent favorable prognostic 
indicator that emphasizes the importance of the composition of CD8+ T cells in TILs that 
exhibit cytotoxic effects [21]. Further intravital imaging studies using CD8+ T cells must be 
considered to confirm that the dynamics of the subtype of TILs in this study were CD8+.

Our results suggest that not only the number of TILs in ex vivo histology but also their dynamics 
in vivo should be considered to identify the role of TILs in breast cancer. This might also explain 
the ineffectiveness of immunotherapy in breast cancer reported by previous studies, despite 
TILs being a prognostic marker in breast cancer [5,22]. Comprehensive studies concerning 
the functional role of TILs in the tumor microenvironment including cancer cell apoptosis and 
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further tumor regression may be needed to describe the role of the dynamic behavior of TILs 
in breast cancer models. In addition, this study could be further developed as an experimental 
system for monitoring the efficacy of adoptive T cell transfer in breast cancer originating from 
human patients, such as patient-derived xenograft models [23].

This study achieved in vivo visualization of adoptively transferred TILs in mouse and human 
breast cancer-implanted murine models. We analyzed the dynamic behavior of TILs in mouse 
and human breast cancer models, including the length, velocity, straightness, and arrest-like 
behavior, stably and quantitatively using a longitudinal intravital imaging system. Further studies 
with an identical molecular subtype of cancer cells with siRNA or PD-L1 inhibitors are warranted 
to prove the hypothesis of correlation between PD-L1 expression and dynamic behavior of TILs. 
Direct observation of the dynamic behavior of TILs can be highly advantageous for elucidating 
the mechanisms of the various pathways in breast cancer and evaluating the efficacy of 
therapeutic candidates targeting programmed cell death protein 1/PD-L1.
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SUPPLEMENTARY MATERIALS

Supplementary Data 1
Supplementary Methods

Click here to view

Supplementary Figure 1
PD-L1 expression level in the 4T1 mouse breast cancer models. (A) Representative 
immunofluorescence imaging of PD-L1 expression in 4T1 cancer cells at day 1 and 8 post 
implantation. Scale bar: 100 µm. (B) Flow cytometric analysis of surface expression of PD-L1 
on 4T1 cancer cells at day 1 and 8 post implantation.

Click here to view

Supplementary Figure 2
PD-L1 expression level in the MDA-MB-231 and MCF-7 human breast cancer models. (A) 
Representative immunofluorescence imaging of PD-L1 expression in MDA-MB-231 and MCF-
7 cancer cells at day 15 post implantation. Scale bar: 100 µm. (B) Comparison of PD-L1+ area 
in MDA-MB-231 and MCF-7 cancer cells. (C) Flow cytometric analysis of surface expression of 
PD-L1 on MDA-MB-231 and MCF-7 cancer cells at day 15 post implantation. (D) Comparison 
of gMFI of PD-L1 level in MDA-MB-231 and MCF-7 breast cancer cells.

Click here to view
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Supplementary Video 1
Longitudinal time-lapse imaging of tumor-infiltrating lymphocyte motility in a 4T1 murine 
breast cancer model. T lymphocytes (red) acquired from Actin-DsRed mice were co-implanted 
with 4T1 murine breast cancer cells (green) in the dorsal skinfold chamber of BALB/c nude 
mice. Ten minutes of intravital imaging at 1-min intervals was acquired to identify the dynamic 
interaction between T lymphocytes (red) and 4T1 cancer cells (green). The scale bar is depicted 
in the video, and the color bar represents the acquired time of the track of T lymphocytes (1–10 
minutes). This video corresponds to the data shown in Figure 1B and C.

Click here to view

Supplementary Video 2
Tumor-infiltrating lymphocyte motility based on tumor location in the 4T1 murine breast 
cancer model. T lymphocytes (red) acquired from Actin-DsRed mice were co-implanted 
with 4T1 murine breast cancer cells (green) in the dorsal skinfold chamber of BALB/c nude 
mice. Ten minutes of intravital imaging at 1-minute intervals was acquired to identify the 
dynamic interaction between T lymphocytes (red) and 4T1 cancer cells (green). The scale 
bar is depicted in the video, and the color bar represents the acquired time of the track of T 
lymphocytes (1–10 minute). This video corresponds to the data shown in Figure 2A and B.

Click here to view

Supplementary Video 3
Longitudinal time-lapse imaging of tumor-infiltrating lymphocyte motility in MDA-MB-231 
human breast cancer model. T lymphocytes (red) acquired from Actin-DsRed mice were 
adoptively transferred via tail vein injection into BALB/c nude mice previously implanted 
with MDA-MB-231-GFP breast cancer cells (green). Ten minutes of intravital imaging at 1-min 
intervals was acquired to identify the dynamic interaction between T lymphocytes (red) 
and MDA-MB-231 cancer cells (green). The scale bar is depicted in the video, and the color 
bar represents the acquired time of the track of T lymphocytes (1–10 minutes). This video 
corresponds to the data shown in Figure 3A and B.

Click here to view

Supplementary Video 4
Tumor-infiltrating lymphocyte motility in MDA-MB-231 and MCF-7 human breast cancer 
models. T lymphocytes (red) acquired from Actin-DsRed mice were adoptively transferred 
via tail vein injection into BALB/c nude mice previously implanted with MDA-MB-231-GFP or 
MCF-7 breast cancer cells (green). Ten minutes of intravital imaging at 1-min intervals was 
acquired to identify the dynamic interaction between T lymphocytes (red) and cancer cells 
(green). The scale bar is depicted in the video, and the color bar represents the acquired time 
of the track of T lymphocytes (1–10 minutes). This video corresponds to the data shown in 
Figure 4B and C.

Click here to view
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