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Recent advances in cancer immunotherapy have improved patient
survival. However, only a minority of patients with pulmonary
metastatic disease respond to treatment with checkpoint inhibitors.
As an alternate approach, we have tested the ability of systemically
administered 1V270, a toll-like receptor 7 (TLR7) agonist conjugated
to a phospholipid, to inhibit lung metastases in two variant murine
4T1 breast cancer models, as well as in B16melanoma, and Lewis lung
carcinoma models. In the 4T1 breast cancer models, 1V270 therapy
inhibited lung metastases if given up to a week after primary tumor
initiation. The treatment protocol was facilitated by the minimal toxic
effects exerted by the phospholipid TLR7 agonist compared with the
unconjugated agonist. 1V270 exhibited a wide therapeutic window
and minimal off-target receptor binding. The 1V270 therapy inhibited
colonization by tumor cells in the lungs in an NK cell dependent
manner. Additional experiments revealed that single administration
of 1V270 led to tumor-specific CD8+ cell-dependent adaptive immune
responses that suppressed late-stage metastatic tumor growth in the
lungs. T cell receptor (TCR) repertoire analyses showed that 1V270
therapy induced oligoclonal T cells in the lungs andmediastinal lymph
nodes. Different animals displayed commonly shared TCR clones fol-
lowing 1V270 therapy. Intranasal administration of 1V270 also sup-
pressed lung metastasis and induced tumor-specific adaptive immune
responses. These results indicate that systemic 1V270 therapy can in-
duce tumor-specific cytotoxic T cell responses to pulmonary meta-
static cancers and that TCR repertoire analyses can be used to
monitor, and to predict, the response to therapy.

lung metastasis | toll like receptor 7 agonist | T cell receptor repertoire
analysis | cancer immunotherapy

Recent advances in cancer treatment have improved the sur-
vival and quality of life for patients, especially those who are

in the early clinical stages (1). However, prolonged survival is still
unachievable in most patients with advanced cancer that have
distal metastases. In particular, metastases of primary tumors
contribute to 90% of patient deaths (2). The lungs are the second
most frequent site of metastases from extrathoracic malignancies
(3). Cancer in the lungs can create an immunosuppressive and
angiogenic microenvironment (4, 5). Recent studies suggest that
immunotherapy with checkpoint inhibitors can overcome the
immunosuppressive networks to prevent and, in some cases, to
eradicate lung metastases (6, 7). However, checkpoint inhibitors
achieve a progression-free survival in only 10–30% of patients
with metastases (8, 9). Hence, there are strong demands for
new immunotherapeutic approaches to improve survival rates of
metastatic cancer patients.
A synthetic TLR7 agonist, imiquimod, has already been ap-

proved for human use and shows favorable clinical efficacy in pa-
tients with dermatological tumors, including basal cell carcinoma
and actinic keratosis (10). However, the drug’s applications are
limited to topical use because of immunotoxicity induced by sys-
temic administration (11, 12). To improve the pharmacokinetics
and reduce severe immune adverse effects, our laboratory de-

veloped 1V270, a small molecule TLR7-specific ligand (1V136,
SM360320) conjugated to a phospholipid moiety (13, 14). We
demonstrated that intratumoral administration of 1V270 in-
duces tumor-specific adaptive immune responses and inhibits
primary tumor growth in murine syngeneic models of head and
neck cancer and melanoma (15, 16). The local 1V270 treat-
ment activates tumor-associated macrophages and converts an
immune-suppressive tumor microenvironment to a tumoricidal
environment without causing systemic cytokine induction (16).
Subsequently, 1V270 therapy induced tumor-specific adaptive
immune responses that suppressed tumor growth in uninjected
tumors. Reports by others have demonstrated that the use of
local or systemic TLR7 agonists, alone or as vaccine adjuvants,
can induce tumor-specific immune responses and reduce the
growth of colon, renal, and mammary carcinomas (17, 18).
In contrast to the therapeutic advantages of using TLR7 ag-

onists on the innate immune cells in the tumor microenviron-
ment, some recent reports indicate that TLR7 signaling pathway
may promote tumor growth in primary lung carcinoma (19, 20).
This phenomenon is attributable to increased recruitment of
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myeloid-derived suppressor cells (MDSCs) to the tumor following
TLR7 therapy (20, 21). Thus, TLR7 therapy may function as a
double-edged sword depending on the type of tumor, the levels of
receptor expression, and infiltration of suppressor cells in the tu-
mor microenvironment (22). In this study, we evaluated the effects
of 1V270 therapy on metastatic lung tumors. Since metastatic lung
tumors are not readily accessible to intratumoral drug delivery,
parenteral drug administration was analyzed. Therapeutic effects
of 1V270 were evaluated in three murine syngeneic tumor models:
4T1 breast cancer, B16 melanoma, and Lewis lung carcinoma
(LLC). The results showed that a single systemic dose of 1V270
reduced tumor lung colonization in all three models tested. Sys-
temic 1V270 therapy activated local innate immune cells, in-
cluding natural killer (NK) cells and antigen-presenting dendritic
cells (DCs). T cell receptor (TCR) repertoire analyses revealed
that 1V270 therapy induced tumor-specific oligoclonal cytotoxic
T cells, that were shared by different mice, and that suppressed the
growth of metastatic tumors. Antimetastatic effects of 1V270 were
also achieved by intranasal (i.n.) drug administration. These doc-
ument that both i.n. and i.p. administration of a phospholipid-
conjugated TLR7 agonist can safely induce tumor-specific
cytotoxic T cell responses in pulmonary metastatic cancer and
that peripheral T cell repertoire analysis may be used to monitor
the effects of therapy. These observations support the concept that
an immunomodulatory drug and TCR repertoire analysis can be
applied for monitoring prognosis of metastatic lung cancer.

Results
Systemic Administration of 1V270 Inhibits Spontaneous Lung Metastasis
in a CD8+-Dependent Manner in a Murine 4T1 Orthotopic Breast Cancer
Model. We have demonstrated that 1V270 induces tumor-specific
adaptive immune responses when administered intratumorally (15,
16). However, recent reports claim that TLR7 activation in the lung
can promote primary tumor growth (19, 20). The 4T1 mouse
breast cancer cell line has been shown to be poorly immunogenic
and highly metastatic, mimicking triple-negative breast tumor in
humans. Accordingly, this model is commonly used for evaluation
of new therapies for advanced-stage disease. Thus, we examined
whether systemic 1V270 therapy would also promote tumor-
specific adaptive T cell responses and if such responses could re-
strain pulmonary metastatic disease using the 4T1 breast cancer
model. For this purpose, we employed the murine 4T1 breast
cancer model that exhibits characteristics similar to the human
disease, in which orthotopically implanted tumor cells spontane-
ously metastasize to the lung (23).
4T1 cells (5 × 105) were inoculated into the fourth mammary

pads on day 0, and 1V270 (20, 80, or 200 μg per injection) was
injected i.p. twice a week for 3 wk, starting on day 7 (Fig. 1A). Both
the primary tumor volumes and the number of lung metastases
were evaluated on day 27. Systemic 1V270 therapy decreased the
number of lung metastases (Fig. 1B). However, the i.p. adminis-
tration did not retard tumor growth at the primary sites of im-
plantation, suggesting that rapid tumor growth could overcome
immune restraints (SI Appendix, Fig. S1A).
To study the possible involvement of cytotoxic T cell immune

responses in the antimetastatic effects of 1V270, CD8+ cells were
depleted with monoclonal antibodies (mAbs) before treatment
with the TLR agonist (Fig. 1C and SI Appendix, Fig. S1B). In
both the 1V270-treated and the vehicle-treated control mice, the
number of lung nodules increased significantly (P < 0.05) after
CD8+ cell depletion (Fig. 1C). As expected, CD8+ cell depletion
did not alter the brisk tumor growth at the primary sites in the
mammary glands (SI Appendix, Figs. S1C and S2).

I.p. Administration of 1V270 Induces Tumor-Specific CD8+ T Cells in an
i.v. Metastatic Model of 4T1 Breast Cancer. We used i.v. lung me-
tastasis models to evaluate in more detail the immune response to
circulating tumor cells induced by 1V270 therapy. Each animal

received 2 × 104 4T1 cells directly in the tail vein on day 0, and the
number of lung nodules were counted on day 21 (Fig. 2A). Similar
to the results after orthotopic tumor inoculation, 1V270 inhibited
lung metastasis in a dose-dependent manner, with the lowest ef-
fective dose being 20 μg (Fig. 2B). A subsequent study indicated
that a single administration of 1V270 was sufficient to inhibit lung
metastasis and that 1V270 had to be given 1 d before the tumor
inoculation, which is important for maximal drug effects in this
quickly developing lung metastasis model (Fig. 2C). 1V270 ther-
apy also significantly prolonged the survival (Fig. 2D).
To examine the role of CD8+ T cells after i.p. 1V270 treatment,

mediastinal lymph node (mLN) cells, splenocytes, and lung tissues
were analyzed in the i.v. metastasis model on day 21 (Fig. 2 E and
F). Activation of CD8+ T cells was assessed by intracellular
staining for granzyme B and IFN-γ (IFNγ). Significantly higher
percentages of granzyme B and IFNγ-positive CD8+ T cells were
detected in the 1V270-treated mice (P < 0.05, Fig. 2 E and F).
Histological analysis revealed a higher infiltration of CD45+CD3+

cells in the pulmonary tumor microenvironment of 1V270-treated
mice in comparison with those of vehicle-treated mice (Fig. 2G).
The tumor-specific effector function of the CD8+ cells was further
evaluated by ex vivo cytotoxic T cell assays (Fig. 2H). Briefly,
splenic CD8+ T cells from 1V270-treated or vehicle-treated mice
were cultured with antigen (4T1 tumor cell lysates) and IL-2, and
then were incubated with carboxyfluorescein succinimidyl ester
(CFSE)-labeled tumor cells. CD8+ T cells from 1V270-treated
mice showed significantly higher tumor-specific cytotoxicity at an
effector to target cell ratio of 16:1 (P < 0.05, Fig. 2H). These re-
sults demonstrated that a single administration of systemic
1V270 therapy can inhibit lung colonization by tumors in a CD8+
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Fig. 1. Systemic administration of 1V270 inhibits lung metastasis in the
4T1 murine syngeneic breast cancer model in a CD8+ T cell-dependent
manner. (A) Protocol of spontaneous metastasis model. 4T1 cells (5 × 105)
were inoculated in both fourth mammary pads of BALB/c mice (n = 13 per
group). 1V270 (20, 80, or 200 μg per injection) was i.p. administered on days
7, 10, 14, 17, 21, and 24. (B) The numbers of lung nodules were counted by
staining with India ink after harvesting lungs on day 27. (C) The mice (n = 6–
15 per group) were orthotopically implanted with 4T1 cells and i.p. treated
with 1V270 (20 μg per injection) as shown in A. CD8+ cells were depleted by
administration of anti-CD8 or isotype mAbs on days 5, 8, 11, 16, 19, and 23.
The numbers of lung nodules were counted on day 27. Each dot indicates an
individual mouse and horizontal and vertical bars indicate means ± SEM.
Data shown are pooled from two independent experiments. *P < 0.05, **P <
0.01 by Kruskal–Wallis test with Dunn’s post hoc test comparing treatment
groups against vehicle group. n.s., statistically not significant.
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cell-dependent manner and that the administration of 1V270
promotes adaptive CD8+ immune responses against tumor cells.

Tumor-Infiltrating T Cells in 1V270-Treated Mice Show High Clonalities
and IntraindividuaI and Interindividual Commonality by TCR Repertoire
Analysis. Increased clonality of CD8+ T cells has been associated
with both a positive clinical outcome and immune-related adverse
events after immune checkpoint therapy (24, 25). Other studies
have also indicated that clonal expansion of tumor-specific T cells
is a biomarker for suppression of tumor growth (26, 27). We have
reported that intratumoral treatment with 1V270 induces local
expansion of a systemic dispersion of oligoclonal tumor-specific
T cells by TCR repertoire analysis using next generation RNAseq
methodology (16). Thus, it was important to determine whether
systemic 1V270 therapy also induced oligoclonal expansion of
tumor-specific T cells.
To validate that 1V270 therapy induced tumor-specific adap-

tive immune responses, we monitored the growth of secondarily
challenged tumors following 1V270 treatment. The mice treated
with 1V270 using the i.v. metastasis protocol were orthotopically
rechallenged with 4T1 cells on day 21 (Fig. 3A). We compared
the growth of rechallenged tumors between 1V270-treated mice
that were not exposed to the tumor (no-tumor exposed), and
1V270-treated and tumor-exposed mice (Fig. 3A). Naïve mice
were also orthotopically injected with tumor cells as a positive
control. The tumor growth was significantly impaired in the mice
treated with 1V270 and exposed to the tumor cells compared
with the naïve mice or 1V270-treated no-tumor–exposed mice
(P < 0.01, Fig. 3B). As expected, there was no difference in the
tumor growth between naïve mice and 1V270-treated no-tumor

exposure mice (Fig. 3B). To examine whether tumor-specific
T cells were recruited into the microenvironment of the sec-
ondary challenged tumor, CD8+ cells in the tumor infiltrating
lymphocytes (TILs) were analyzed by flow cytometry (Fig. 3C).
Threefold higher numbers of CD8+ T cells were detected in the
TILs from the 1V270-treated and tumor-exposed mice, com-
pared with the 1V270-treated and no-tumor–exposed mice (P <
0.05, Fig. 3C). In this experiment, more than 80% of CD8+

T cells in TILs were positive for PD-1 (Fig. 3C), indicating that
they were exposed to antigen (tumor cells) and activated (28).
To examine clonal specificity of tumor-specific T cells, CD8+

cells were isolated from the spleens and the TILs of secondarily
challenged tumors after initial 1V270 therapy. The TCR reper-
toires were assessed by next generation RNA sequencing of both
TCRα and TCRβ genes as previously described (29). The clon-
ality indices of CD8+ T cells in TILs, as assessed by 1-Shannon
index, were negatively correlated with the volumes of the sec-
ondarily challenged tumors only in the mice treated with 1V270
and exposed to tumor cells (Pearson’s correlation coefficient, r2 =
0.97, P = 0.015, Fig. 3D and SI Appendix, Fig. S3A). When the
frequencies of commonly shared TCR clones between TILs and
splenocytes were evaluated using a binary similarity measure
(Baroni-Urbani and Buser overlap index, BUB index) (30), the
1V270-treated and tumor-exposed mice showed significantly
higher BUB indices than the control no-tumor–exposed mice
(P < 0.05, Fig. 3E). The clonotypes in individual tumor-exposed
mice showed a higher similarity in the 1V270-treated group in
comparison with the no-tumor–exposed group (Fig. 3 F and G).
Indeed, 31 TCRα and 11 TCRβ clonotypes were shared by three or
more individuals in the tumor-exposed group, but only five TCRα
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Fig. 2. Systemic administration of 1V270 induces tumor-specific CD8+ T cells. (A) Protocol of I.V. metastasis model. (B) BALB/c mice (n = 8–15 per group) were
i.v. injected with 4T1 cells (2 × 104) on day 0. 1V270 (2, 20, or 200 μg per injection) was i.p. administered on days −1, 7, 10, and 14. The numbers of lung nodules
were counted on day 21. (C) 1V270 (200 μg per injection) was i.p. administered on days −1 or 0 followed by days 7, 10, and 14 where indicated. The numbers
of lung nodules were counted on day 21. Each dot indicates an individual mouse and horizontal and vertical bars indicate means ± SEM. *P < 0.05, **P < 0.01
Kruskal–Wallis test with Dunn’s post hoc test comparing treatment groups against vehicle group. (D) Mice were euthanized when they became moribund, lost
more than 15% body weight, or the primary tumor developed necrosis. The survival data were analyzed by log-rank test (P < 0.0001). Data shown are pooled
from three independent experiments showing similar results. (E–H) BALB/c mice (n = 10 per group) were treated with 1V270 (200 μg per injection) on
day −1 and 4T1 cells were inoculated on day 0. (E and F ) Three weeks later, mLNs cells were stained for CD3 and CD8. Intracellular granzyme B (E ) and IFNγ
(F ) were analyzed by flow cytometry. Data are representative of two independent experiments showing similar results. *P < 0.05, by the Mann–Whitney
U test comparing the 1V270 treatment groups against the vehicle-treated group. (G) Histological analysis of lungs on day 21. Representative images of
H&E staining, and immunohistochemical staining for CD3 and CD45. (Scale bar: 100 μm.) (Original magnification: 200×.) (H) Tumor-specific cytotoxicity
was examined using 4T1 cells as target cells and BALB/3T3 cells as irrelevant target cells. The splenocytes incubated with 4T1 cell lysate and IL-2 were
cocultured with 4T1 and BALB/3T3 cells at 16:1 and 2:1 effector to target cell ratios (E:T), respectively, for 16 h. The percent specific killing was calculated.
Data were analyzed by two-way ANOVA using a Bonferroni post hoc test comparing treatment groups against vehicle group. *P < 0.05. Data are rep-
resentative of three independent experiments showing similar results.
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clonotypes were shared in the no-tumor–exposed group (SI Ap-
pendix, Fig. S3B). The frequency of shared clones was significantly
higher in tumor-exposed mice than in no-tumor–exposed mice (SI
Appendix, Fig. S3C). These experiments showed that 1V270 therapy
increased clonality of CD8+ T cells and the frequency of intra-
individual and interindividual shared clones, which correlated with
the growth inhibition of secondarily challenged tumors.

DCs in the Lungs and Draining Lymph Nodes Are Activated, and CD8+ T
Cells Are Recruited to the Draining Lymph Nodes Following 1V270
Therapy. Previously, we demonstrated that 1V270 activates anti-
gen presenting cells (APCs) and promotes cross-presentation of
antigen to CD8+ T cells (31). Since the 1V270 therapy induced a
tumor-specific CD8+ T cell response in the 4T1 model, we evalu-
ated whether the therapy activated APCs in the lungs and/or in the
draining lymph nodes. BALB/c mice were i.p. administered with
1V270 on day −1 and 4T1 cells were injected on the next day (day
0). The DC populations were examined in the draining mLNs and
lungs on day 7 after the tumor injection. In the 1V270-treated mice,
a population of CD11c+ DCs was increased in both mLNs and the
lungs (P < 0.01, Fig. 4A and SI Appendix, Fig. S4 A and B). Fur-
thermore, the frequencies of CD11c+ cells expressing costimulatory
molecules (CD80 or CD86) were also significantly increased at both

sites (P < 0.01, Fig. 4B and SI Appendix, Fig. S4C). The activation of
DCs was accompanied by the recruitment of CD8+ T cells with
memory and naïve phenotypes (Fig. 4C): central memory CD8+

T cells (CD8+CD44+CD62L+), effector memory CD8+ T cells
(CD8+CD44+CD62L−), and naïve CD8+ T cells (CD8+CD44−

CD62L+) (P < 0.05 and P < 0.01, Fig. 4C). These findings dem-
onstrate that 1V270 activated local APCs and promoted their
maturation, leading to expanded CD8+ T cell subsets.

1V270 Treatment Activates Innate Immunity and Inhibits Lung
Colonization by Tumor Cells in an NK-Cell Dependent Manner. In
the i.v. metastasis model, the administration of 1V270 one day
before i.v. injection of tumor cells was required to restrain lung
colonization. Since adaptive immune responses require several
days to develop, this observation indicated that one or more innate
immune cell types in the lung mediated the early therapeutic effect.
To enable the monitoring of the detailed kinetics of the coloniza-
tion process of 4T1, cells expressing both green fluorescent protein
(GFP) and luciferase (4T1-GLF) were prepared using lentivirus
vectors (32). Subsequently, tumor implantation and growth were
monitored using an IVIS Spectrum in vivo imaging system. In both
vehicle- and 1V270-treated mice, tumor cells accumulated in the
lungs quickly after the injection (at 0 h, Fig. 4D and SI Appendix,
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representative of two independent experiments showing similar results. Results were analyzed by the Mann–Whitney U test comparing the 1V270 treatment
groups against the vehicle treated group. **P < 0.01. (D–G) TCR repertoire of CD8+ T cells from TILs and splenocytes were examined. (D) The clonality index
(1 − normalized Shannon index) of CD8+ T cells infiltrating to the left side of the secondarily challenged tumor was plotted against tumor volume in the
tumor-exposed mice. Correlation between the clonality index and the tumor volume was evaluated by Pearson’s method (R2 = 0.97, P < 0.05). (E) BUB overlap
index of CD8+ T cells TCRα (green) or TCRβ (blue) between TILs and splenocytes in each individual. Higher BUB index shows higher similarity of TCR repertoire
between TILs and splenocytes. Each point shows the BUB index of individual mouse. (F) Heat map of BUB overlap index of TCRα or TCRβ in the same group.
The color scale bar on the Left shows that white is zero and red is 1. (G) BUB overlap index of TCRα (green) or TCRβ (blue) between individual mice was
plotted. Statistical analysis was performed by the Mann–Whitney U test for comparing two groups. *P < 0.05. Each point represents the BUB overlap index of
TCRα or TCRβ between pairs of individual mice in the same groups.
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Fig. S5). Thereafter, the signals progressed in two phases: They
declined almost to baseline within the first 24 h (the early phase)
and then increased after day 7 (the late phase). The 1V270 treat-
ment significantly suppressed the tumor signals both in the early
(P < 0.01 on 3 h and 6 h) and late phases (P < 0.05 on days 7, 10,
and 14).
To identify the types and functions of innate immune cells

recruited into the lung following 1V270 administration, the mice
were injected with 1V270 on day −1, 4T1 cells were i.v. admin-
istered on day 0, and the lung cells were isolated on day 7 after
the tumor injection. A single-cell suspension of lung cells was
stained for NK cells and MDSCs and analyzed by flow cytometry
(SI Appendix, Fig. S6 and Table S1). Significantly increased
populations of NK cells and monocytic-MDSC were recruited to
the lungs following 1V270 treatment, in comparison with the
vehicle treatment (P < 0.01, Fig. 4E and SI Appendix, Fig. S6C).
However, similar populations of granulocytic (PMN)-MDSCs
accumulated in the lungs in the 1V270-treated mice compared
with those of the vehicle-treated animals (SI Appendix, Fig. S6C).

NK cells can be activated directly by TLR7 agonists, and in-
directly by type I IFN that is secreted from accessory DCs (33, 34).
To examine the role of NK cells in the early therapeutic efficacy of
1V270, this cell type was depleted by treatment with anti-asialo
GM1 polyclonal antibody (35). Over 90% of NK cells were de-
pleted by antibody injection on days −4, −1, 3, and 10 (SI Ap-
pendix, Fig. S7 A and B). IVIS analysis showed that lung
colonization by tumor cells in 1V270-treated NK cell-depleted
mice during the early phase developed similar to that in vehicle-
treated mice (Fig. 4F and SI Appendix, Fig. S7C). In the later
phase, the kinetic analysis using IVIS showed that 1V270
therapy significantly suppressed lung tumor signals (Fig. 4F).
These data indicated that mice were refractory to 1V270 therapy
in the early phase following NK-cell depletion, while 1V270
therapy was able to significantly suppress lung tumor coloni-
zation at later time points.

Intranasal Administration of 1V270 Is also Effective in Preventing
Metastasis and in Inducing Antitumor Immunity. Although the i.p.
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Fig. 4. Innate immune cells, NK cells, and DCs are activated following 1V270 therapy and contribute to antimetastatic effects. (A–C ) Systemic admin-
istration of 1V270 activates DCs and increases CD8+ cell recruitment in the lung draining lymph node. (A) BALB/c mice (n = 5 per group) were treated with
1V270 on day −1 and then tumor cells were i.v. administered on day 0. Seven days later, mLN cells were stained for DCs (DC; CD45+CD11c+MHC classII+).
(B) DCs were further stained for CD80 and CD86. (C ) The mLN cells were also stained for central memory CD8+ T cells (CD3+CD8+CD44+CD62L+), effector
memory CD8+ T cells (CD3+CD8+CD44+CD62L−), and naïve CD8+ T cells (CD3+CD8+CD44−CD62L+). Each dot indicates an individual mouse and horizontal
bars indicate means ± SEM. Data are representative of three independent experiments showing similar results. *P < 0.05, **P < 0.01 by Mann–Whitney
U test comparing the individual groups. (D–F ) In vivo imaging analyses using GLF-expressing 4T1 cells (4T1-GLF). (D) BALB/c mice (n = 14–15 per group)
were i.p. administered with 200 μg of 1V270 or vehicle. On the next day, 2 × 104 4T1-GLF cells were i.v. injected through the tail vein. Tumor signals were
quantified by IVIS. Data (mean ± SEM) were pooled from three independent experiments showing similar results. *P < 0.05, **P < 0.01 by two-way
ANOVA using a Bonferroni post hoc test comparing treatment groups against the vehicle group. (E and F ) NK cells recruited by 1V270 therapy prevent
colonization of 4T1 cells. (E ) BALB/c mice (n = 6–7 per group) were treated with 1V270 (200 μg per injection) on day −1 and then tumor cells were i.v.
administered on day 0. On day 7, lung cells were stained for NK markers (CD45+CD3−NKp46+CD49+) and analyzed by flow cytometry. Mann–Whitney
U test was used to compare treatment groups against the vehicle group. **P < 0.01. (F ) Lung tumor signal in early and late phases following NK cell
depletion. 1V270-treated BALB/c mice (n = 10 per group) received 4T1 cells i.v. on day 0. NK cells were depleted by administration of anti–asialo-GM1 antibody
(aGM, 50 μg per injection) on day −4, and −1. Tumor signals were analyzed as described above. Data (mean ± SEM) were pooled from two independent ex-
periments showing similar results. *P < 0.05 by two-way ANOVA using Bonferroni post hoc test was used to compare treatment groups against the vehicle in the
first 24 h. n.s., not significant.
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administration of 1V270 could prevent the lung metastasis, it did
not alter the primary tumor growth in the mammary glands. To
understand this finding, we studied whether there is any pref-
erential immune cell activation in the regional lymph nodes of
the lungs following i.p. 1V270 treatment. DC activation in me-
diastinal, cervical, and inguinal lymph nodes was examined fol-
lowing i.p. 1V270 administration (SI Appendix, Fig. S8A). The
number of DCs at mediastinal lymph nodes peaked on day 7 and
declined to the baseline by day 21 (SI Appendix, Fig. S8A). An
increased population of DCs was observed only in the medias-
tinal lymph nodes (SI Appendix, Fig. S8B). The activation of DCs
was monitored by CD80 and CD86 expression using flow cyto-
metric assay (SI Appendix, Fig. S8 C and D). A higher population
of activated CD80+, or CD86+-positive cells in the gated CD11c+

population, was observed only in the mediastinal, but not other
lymph nodes (SI Appendix, Fig. S8 C and D). Furthermore, the
increased number of activated DCs was associated with higher
numbers of activated PD-1+ CD8+ T cells (SI Appendix, Fig. S8 E
and F). These data suggest that i.p. administration of 1V270 ac-
tivate the lung draining lymph nodes and essentially act as a de-
livery system to the pulmonary tissues. These results further let us
hypothesize that direct intrapulmonary administration of 1V270
could prevent lung metastasis.
We previously demonstrated that i.n. administration of 1V270

activates nasal and lung APCs, without causing systemic cytokine
release (14). Therefore, we examined whether i.n. 1V270 treat-
ment could impair tumor growth in the i.v. metastasis model
(Fig. 5A). 1V270 (20 or 200 μg per 50-μL dose) was i.n. delivered
on days −3, −1, 3, 7, and 10 relative to the 4T1 tumor cell

injection (day 0) (Fig. 5A). Intranasally administrated 1V270
inhibited the number of lung nodules in a dose-dependent manner
(Fig. 5B).
We next examined whether i.n. administration of 1V270 could

induce tumor-specific adaptive immune responses similar to the
effects of systemic administration. Mice were treated with i.n.
1V270 (200 or 500 μg per 50 μL) and then received 4T1 cells by
the i.v. route. The surviving mice on day 21 were orthotopically
rechallenged with tumor cells. The rechallenged tumor growth
was significantly inhibited in the mice that were i.n. treated with
1V270 (Fig. 5C). The tumors grew similarly in naïve mice when
the mice received 1V270 treatment intranasally without tumor
cell injection (Fig. 5C). A higher number of CD8+ T cells and
PD-1+CD8+ T cells were detected in TILs from i.n. 1V270-treated
mice exposed to the tumor cells, in comparison with 1V270 treated
without tumor exposure or naïve mice (Fig. 5D). These findings
indicate that i.n. delivery of 1V270 effectively inhibited lung me-
tastasis by inducing tumor-specific adaptive immune responses,
similar to systemic 1V270 therapy.

Antimetastatic Effects of 1V270 Were Observed in Murine Syngeneic
Melanoma and Lung Carcinoma Models. To evaluate whether the
1V270 therapy can be effective in other cancer types, we
employed two additional murine syngeneic metastasis models:
B16 melanoma and LLC. Luciferase and GFP-expressing cells
(B16-GLF and LLC-GLF) were prepared using a lentivirus
vector for in vivo imaging analysis. Mice received systemic 1V270
treatment on day −1, and then B16-GLF and LLC-GLF cells
were i.v. administered on day 0. In both metastasis models,
1V270 inhibited lung metastasis by day 14 (Fig. 6 A and E) and
prolonged mouse survival (Fig. 6 B and F).

Safety Assessment of 1V270 Therapy. Safety is a critical problem in
cancer immunotherapy. We performed two studies to determine
the maximum tolerated dose (MTD) of 1V270 in two strains of
mice, C57BL/6 and CD-1. The MTD was 71 mg/kg in C57BL/
6 and between 75 and 85 mg/kg in CD-1 mice. The effective dose
of this compound that prevents the lung metastasis was about
0.8 mg/kg (20 nmol/25 g of mouse) in the orthotopic metastasis
model. Thus, the MTD was 88 times higher than the effective
dose, indicating that this compound has a wide therapeutic
window. We have reported previously that small molecule TLR7
ligands induce an anorexic response in mice, mainly attributable
to mast cell degranulation (36). Reduced body weight the day
after administration of 1V270 was observed in wild-type mice
after i.p. or i.v. injection of 1V270 at the MTD (SI Appendix, Fig.
S9A). Such body weight loss was not observed in mice receiving
20 or 200 nmol/kg (0.8 or 8 mg/kg) 1V270 (SI Appendix, Fig.
S9B). Furthermore, repeated dosing did not cause significant
body weight loss in the 4T1 i.v. metastasis model (SI Appendix,
Fig. S9C). Of note, TLR7-deficient mice were refractory to body
weight loss following 1V270 injection, indicating that the body
weight loss is an on-target adverse effect (SI Appendix, Fig. S9D).
TLR7 agonists are known to induce reversible lymphopenia

(37). This phenomenon is type I IFN-dependent as type I IFN
receptor-deficient mice were refractory to this effect (37). To test
whether the effective doses of 1V270 may cause these adverse
effects, we assessed an additional experiment to test complete
blood counts (CBC) and other serum chemistries after 1V270
administration. When the mice received 0.8 or 8 mg/kg (20 and
200 nmol/25 g) 1V270 via i.p. route, only a mild increase of
neutrophils and decrease of lymphocytes were observed (SI
Appendix, Table S2). Similarly, an effective dose 1V270 did not
increase the chemistry parameters for liver, pancreas, and kidney
function (SI Appendix, Table S2). We also screened for off-target
binding of 1V270 to GPCRs, ion channels, transporters, and
kinase and nonkinase enzymes (Eurofins Pharma). 1V270 only
showed nonspecific weak binding to only one receptor (androgen
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Fig. 5. Intranasally administered 1V270 inhibits pulmonary colonization in
experimental metastasis models. Protocol for testing the therapeutic efficacy
of i.n. treatment with 1V270 in i.v. metastasis model. (A) BALB/c mice (n = 6–
8 per group) were i.n. administered with 1V270 (20 or 200 μg) or vehicle on
days −3, −1, 3, 7, and 10. 4T1 cells were i.v. injected on day 0. (B) The
numbers of lung nodules were counted on day 21. *P < 0.05 calculated by
Kruskal–Wallis test with Dunn’s post hoc test. (C) Intranasal 1V270 therapy
attenuated the growth of secondarily challenged tumors. BALB/c mice (n =
5) were i.n. treated with 200 μg of 1V270 on days −3, −1, 3, 7, and 10. 4T1
cells were injected on day 0. On day 21, the surviving mice were ortho-
topically inoculated with 4T1 cells and tumor growth was monitored. The
mice treated with 1V270 without i.v. tumor cell injection served as controls.
(D) TILs were isolated from the secondarily challenged tumor, and the
numbers of CD8+ T cells and PD-1–expressing CD8+ T cells were analyzed by
flow cytometric assay. Data were analyzed by the Mann–Whitney U test
comparing two groups. *P < 0.05. Data are representative of two inde-
pendent experiments showing similar results.
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receptor, SI Appendix, Table S3). Because of its wide therapeutic
window and a minimal off target binding profile, 1V270 is safe
for clinical use.

Discussion
In patients with an advanced stage of cancer, the development of
metastasis is almost inevitable since the metastatic niches are
seeded with tumor cells long before clinical presentation (38).
The ability of immune-checkpoint inhibitors to reactivate tumor-
specific cytotoxic T cells provided evidence that immunotherapy
can overcome these limitations, at least in some patients. Thus,
there is an unmet medical need for additional agents that can
increase the frequency of cytotoxic T cells at metastatic sites. We
demonstrated that a small molecule TLR7 agonist-phospholipid
conjugate, 1V270, could activate innate immune cells in the lungs
and prevent lung metastasis in the 4T1 mouse breast cancer
model, which resembles immunogenic triple-negative breast tu-
mors in humans.
Because each immunotherapy type exploits a distinct biologi-

cal mechanism, biomarkers that predict efficacy and adverse
effects are required (39). We demonstrated that systemic 1V270
treatment induced cytotoxic tumor-specific CD8+ T cells, as
assessed by both in vitro tumor-specific cytotoxicity assays and
tumor rechallenge experiments. TCR repertoire analyses of
TILs in the secondarily challenged tumors indicated that
1V270 therapy strongly increased T cell clonality. The levels of
clonality negatively correlated with the tumor volumes of sec-
ondarily challenged tumors. Of interest, the clonal similarity
between tumor infiltrating and splenic T cells was increased
in 1V270-treated and tumor-exposed animals. A recent paper
demonstrated that antitumor immune cells proliferate in the
secondary lymphoid organs, including draining LNs and spleen,

and can be detected in the peripheral blood during tumor re-
jection (40). These findings suggested that immune monitoring
should be possible by analyzing the TCR repertoire of periph-
eral T cells.
Theoretically, the TCR repertoire might be diverse among

individual tumor-bearing mice, although they share the same
genetic background (41). In a chronic virus infection, patients
develop common clones that interact with highly immunodo-
minant antigens (42, 43). In our study, an eightfold higher
number of shared clones in TILs was identified in the 1V270-
treated and tumor-exposed group, compared with the no-tumor–
exposed group. As increased frequency of shared clones sug-
gested that the systemic 1V270 treatment may skew the TCR
repertoire toward tumor-specific clones, that may recognize the
same tumor antigens.
When administrated locally, synthetic TLR7 and TLR9 ago-

nists are potent immune adjuvants, that can induce Th1 and
cytotoxic T cell responses over a period of a week (16, 44). When
given systemically, however, some TLR agonists can cause a
cytokine release syndrome that could potentially enhance met-
astatic growth by stimulating either angiogenesis or the devel-
opment of M2 macrophages (45, 46). Therefore, effective
systemic TLR7 therapy must clearly demonstrate that CD8 re-
sponses are induced without toxicity to the host or adverse
changes in the tumor microenvironment. Our data demonstrated
that some monocyte lineage, myeloid derived suppressor cells
(MDSCs) were recruited to the lung after 1V270 administration.
Immature MDSCs have the ability to suppress antitumor T cell
responses (47). Thus, we were concerned that systemic 1V270
treatment may promote tumor growth. However, other innate
immune cells, including NK cells and DCs, were also recruited to
the lung after 1V270 administration, as reported previously in
other models using TLR ligands (48). The recruitment and ac-
tivation of the NK cells impeded tumor lung colonization, in-
dicating that the NK cells could overcome the suppressive
function of MDSC recruited by 1V270 administration. Another
concern in immunotherapy using TLR7 ligands is that stimula-
tion of a tumor TLR7 pathway could promote growth and che-
moresistance in some primary tumors expressing this receptor
(19, 20). In our study, 4T1, B16, and LLC cells did not express
TLR7 by quantitative RT-PCR (SI Appendix, Fig. S10). We,
therefore, conclude that systemic and i.n. TLR7 treatment is an
effective therapy for TLR7 negative tumors.
We reported that 1V270 inhibited the growth of small s.c.

tumors when locally (intratumorally) injected (15, 16). In the
4T1 metastatic model, orthotopically implanted primary tumors
in the mammary gland were unaffected by i.p. 1V270 treatment.
To address this discrepancy, we evaluated DC activation in lung
draining (mediastinal), cervical, and inguinal lymph nodes fol-
lowing i.p. 1V270 administration. Using CD80, and CD86 ex-
pression as activation markers, we identified that DCs only in the
lung draining mediastinal lymph nodes were activated by i.p.
1V270, but DCs in other sites were not activated by the drug. The
1V270 TLR7 agonist spontaneously forms small (100–120 nm) li-
posomes that are efficiently taken up by phagocytic cells, which are
then activated. We believe that the activated monocytes and DCs
quickly reach the pulmonary tissues and mediastinal lymph nodes
and are retained there. Hence, there is no systemic cytokine syn-
drome. Similarly, the therapeutic effects on the s.c. tumor depend
on the development of an adaptive immune response in the
draining lymph nodes, which takes up to 14 d, and is insufficient
before that time to halt the tumor growth. Thus, 1V270 systemic
(or intrapulmonary) administration of 1V270 may be particularly
useful for immunotherapy of lung tumors, including both primary
and metastatic lesions.
The experiments in which NK cells were depleted by admin-

istration of antiasialo GM1 suggested that the ability of the
TLR7 phospholipid agonist to prevent early lung metastasis
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Fig. 6. Systemic 1V270 therapy effectively inhibits lung colonization in
melanoma and LLC models. Therapeutic effects of 1V270 were evaluated in
i.v. metastatic models of B16 melanoma (A and B) and LLC (C and D). B6-
albino mice (n = 8–10) (A and C) and C57BL6 wild-type mice (n = 15–20) (B
and D) were i.p. administered with 200 μg of 1V270 or vehicle. Next day,
5 ×105 B16-GLF cells (A) or 1 ×106 LLC-GLF cells (C) were i.v. administered. (A
and C) The tumor signals were quantified by IVIS at day 14. The data are
displayed as a radiance on a color bar with a range of 1 × 105 to 1 × 107 (A) or
1 × 104 to 1 × 106 (C). (B and D) The mice were monitored daily and were
euthanized upon reaching the criteria according to UCSD Institutional Ani-
mal Care and Use Committee guidelines. The survival data were analyzed by
log-rank test. Data were analyzed by Living Image software and were
pooled from two independent experiments showing similar results. Each dot
indicates an individual mouse and horizontal bars represent means. Statis-
tical differences were analyzed by the Mann–Whitney U test comparing
1V270 treatment groups against the vehicle. **P < 0.05.
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depended on this cell type. The in vivo imaging studies in NK
cell-depleted mice confirmed the critical role of NK cells in
constraining early tumor colonization, thus allowing for the de-
velopment of a specific CD8 T cell response in the later phases
of metastasis.
Intratracheal administration of a low molecular weight

TLR7 agonist (SM276001) was reported to suppress metastatic
lung tumors (18). We demonstrated that a low molecular weight
TLR7 agonist (SM360320) (1V136) induced high levels of sys-
temic proinflammatory cytokines following parenteral and i.p.
administration to mice and that conjugation of a TLR7 ligand to
a phospholipid moiety could markedly reduce in vivo cytokine
release (SI Appendix, Fig. S11) (13). Intranasally administered
1V270 induced local (lung) immune cell activation without in-
ducing systemic cytokine release (14). These results prompted us
to assess whether the drug might have an immunotherapeutic
effect in pulmonary metastatic disease. Our data demonstrated
that i.n. administration of 1V270 suppressed lung metastasis
similar to parenteral inoculation (Fig. 5), suggesting that i.n. de-
livery might be clinically attractive for this drug.
In summary, we have demonstrated that single systemic admin-

istration of a phospholipid-conjugated TLR7 agonist inhibited lung
metastasis in three different murine syngeneic models of human
malignancy: 4T1 breast cancer, B16 melanoma, and LLC models.
1V270 is clinically acceptable because of a wide therapeutic window
and a minimal off-target binding profile. The drug quickly activated
NK cells in the lung and later induced a cytotoxic T cell response.
These two different mechanisms, NK cell-mediated and tumor-
specific adaptive T cell responses, were responsible for the early and
late phases of tumor growth inhibition. The antitumor effects were
achieved without significant systemic release of inflammatory cy-
tokines following administration. Furthermore, 1V270 therapy
induced oligoclonal CD8+ T cell responses as determined by TCR
repertoire analyses of both spleen and mediastinal lymh nodes.
The emergence of shared T cell clones correlated with the de-
velopment of adative immunity against tumor cells. These results
suggest that TCR repertoire analyses may be used to guide clinical
trials of TLR and other immunotherapies in patients with
metastatic cancer.

Materials and Methods
Animals and Reagents.Wild-type female BALB/c mice, C57BL/6, and B6-albino
mice were purchased from Jackson Laboratory. TLR7-deficient mice (C57BL/
6 background) were kindly gifted by Shizuo Akira, Osaka University, Osaka,
Japan and bled by University of California, San Diego (UCSD) Animal Care
Program. The studies involving animals were carried out in strict accordance
with the recommendations in the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health (49). A small molecule
TLR7 ligand (1V136, SM360320) and phospholipid-conjugated TLR7 agonist,
1V270, were synthesized in our laboratory as described previously and was
formulated in 20% hydroxypropyl-β-cyclodextrin (13). Endotoxin levels of
these drugs and other reagents were determined by Endosafe (Charles River
Laboratory) and were less than 15 EU/mg.

Lung Metastasis Models. The 4T1 (mouse breast cancer cell line), B16 mela-
noma cell line, and LLC cell line and BALB/3T3 fibroblast (Clone A31, CLL163)
were obtained from American Type Culture Collection. The cells were tested

for murine pathogens and were confirmed negative before inoculation in
mice. GLF-expressing 4T1, B16, and LLC cells were prepared as described
previously (32). Two metastatic 4T1 models, spontaneous and i.v. metastasis
models, were used in this study. The detailed protocols are described in the
SI Appendix, Supplementary Text.

In Vivo Imaging Study of Lung Tumor Growth. GFP and luciferase (GLF)-
expressing tumor cells (2 × 104 of 4T1-GLF, 5 × 105 of B16-GLF, and 1 ×
106 of LLC-GLF) were i.v. injected into BALB/c mice for 4T1 models, B6-albino,
or wild-type C57BL/6 for B16 melanoma or LLC models). To generate bio-
luminescence signals, D-luciferin (3 mg/100 μL per mouse) was injected i.p.
12–15 min before the image acquisition. Image data were acquired by 15 s
exposure using the IVIS Spectrum and analyzed using the Living Image
software, version 4.5.2 (PerkinElmer). We confirmed that the tumor signals
in the lungs at day 10 correlated with the number of lung metastasis de-
termined on day 21, as well as the overall survival (SI Appendix, Fig. S12).

Flow Cytometric Analysis. The cells were labeled by incubating with mixtures
of antibodies at 4 °C for 30 min (SI Appendix, Table S1) to identify various
cell types.

NK Cells and CD8+ Cell Depletion in Vivo. Anti-asialo GM1 rabbit polyclonal
antibody (Wako) or rabbit IgG polyclonal antibody (Millipore) was used for
NK cell depletion. Mouse anti-CD8 (clone 2.43), and isotype control Ab (clone
LFA-2) were used for CD8+ cell depletion.We confirmed over 90% depletion of
NK cells and CD8+ cells using flow cytometry (SI Appendix, Figs. S1 and S6).

Ex Vivo Tumor-Specific Cytotoxicity Study. Tumor-specific cytotoxicity was
examined using 4T1 cells as target cells and BALB/3T3 cells as irrelevant cells.
BALB/c mice were treated with 1V270 (200 μg per injection) on day −1, and
4T1 cells were inoculated on day 0. Three weeks later, splenocytes were
incubated with 4T1 cell lysate and 10 units/mL IL-2 for 3 d. 4T1 and
BALB/3T3 cells were labeled with 2.5 μM and 0.25 μM CFSE, respectively, for
12 min at 37 °C and were mixed at 1:1 ratio. Splenocytes cultured for 3 d
were then cocultured with 4T1 and BALB/3T3 cells at 16:1–2:1 effector to
target cell ratio (E:T) for 16 h. The frequencies of 4T1 (CFSE high) and BALB/
3T3 (CFSE low) cells were determined by flow cytometry, and the percent
specific killing was calculated. Specific killing (%) = [1 − “Sample ratio”/
“Negative control ratio”] × 100; “Sample ratio” = [4T1 (target)/BALB/3T3
(irrelevant)] value of each sample cocultured with splenocytes; “Negative
control ratio” = [4T1 (target)/BALB/3T3 (irrelevant)] value cultured without
CD8+ T cells.

TCR Repertoire Analysis. CD8+ T cells were isolated from single-cell suspen-
sions of tumors, or spleens using mouse CD8+ T cell isolation kit (Miltenyi
Biotec). Total RNA was extracted from CD8+ T cells with RNeasy Mini Kit
(Qiagen) according to the manufacturer’s instructions. Next-generation se-
quencing was performed with an unbiased TCR repertoire analysis tech-
nology (Repertoire Genesis Inc.) as described previously (16).

The detailed information for animal models, an ethics statement, histo-
logic analysis, cytokine analysis, flow cytometric analysis, NK cell and CD8+ cell
depletion in vivo, safety assessment, and statistical analyses are described in
the SI Appendix, Supplementary Text.
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