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ABSTRACT
◥

Neoadjuvant immunotherapy, given before surgical resection,
is a promising approach to develop systemic antitumor immu-
nity for the treatment of high-risk resectable disease. Here, using
syngeneic and orthotopic mouse models of triple-negative breast
cancer, we have tested the hypothesis that generation of tumor-
specific T-cell responses by induction and activation of tumor-
residing Batf3-dependent conventional type 1 dendritic cells
(cDC1) before resection improves control of distant metastatic
disease and survival. Mice bearing highly metastatic orthotopic
tumors were treated with a combinatorial in situ immunomo-
dulation (ISIM) regimen comprised of intratumoral adminis-
tration of Flt3L, local radiotherapy, and in situ TLR3/CD40
stimulations, followed by surgical resection. Neoadjuvant ISIM
(neo-ISIM) generated tumor-specific CD8þ T cells that infil-
trated into distant nonirradiated metastatic sites, which delayed
the progression of lung metastases and improved survival after
the resection of primary tumors. The efficacy of neo-ISIM was
dependent on de novo adaptive T-cell immunity elicited by
Batf3-dependent dendritic cells and was enhanced by increasing
dose and fractionation of radiotherapy, and early surgical resec-
tion after the completion of neo-ISIM. Importantly, neo-ISIM
synergized with programmed cell death protein-1 ligand-1
(PD-L1) blockade to improve control of distant metastases and
prolong survival, while removal of tumor-draining lymph nodes
abrogated the antimetastatic efficacy of neo-ISIM. Our findings
illustrate the therapeutic potential of neoadjuvant multimodal
intralesional therapy for the treatment of resectable tumors with
high risk of relapse.

Significance:Neoadjuvant induction and activation of cDC1s in
primary tumors enhances systemic antitumor immunity, sup-
presses metastatic progression, improves survival, and synergizes
with anti–PD-L1 therapy.

Neoadjuvant induction and activation of conventional type 1 dendritic cells in the primary tumor increases CD8+ T-cell immunity
against both primary and metastatic tumors in breast cancer mouse models.
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Introduction
Neoadjuvant therapy is an established standard-of-care therapy for

solid tumors with high risk of relapse such as breast cancer (1). This
approach offers advantages over adjuvant therapy for several reasons:
(i) it can confirm therapeutic efficacy and direct the choice of adjuvant
therapy; (ii) it can reduce tumor size and facilitate surgical resection;
(iii) it provides valuable information regarding pathologic response
data as surrogate outcomemarkers for relapse-free and overall survival
(OS); and (iv) it can eradicate occult distant micrometastatic disease
without delay. In addition to these benefits, neoadjuvant immuno-
therapy may allow patients to develop tumor-specific systemic immu-
nity and/or immunological memory while the tumors remain “in situ”
during treatment, a condition that is more difficult to acquire with
systemic treatment after surgical resection (2–4). Indeed, evidence
from preclinical studies revealed that neoadjuvant immunotherapy is
more efficacious than adjuvant immunotherapy (5, 6).

Among immunotherapeutic approaches, targeting programmed
cell death protein-1 (PD-1)/PD1 ligand-1 (PD-L1) immune check-
points has transformed the treatment of various advanced and
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metastatic cancers (7, 8). This paradigm shift has led to testing this
strategy in the neoadjuvant setting, which revealed that neoadjuvant
anti–PD-1/PD-L1 blockade therapy was feasible, caused few side
effects, did not delay surgery, and induced amajor pathologic response
in a significant number of patients with a variety of cancer
types (2–4, 9). However, it remains to be determined whether this
approach stimulates systemic antitumor immunity, controls distant
micrometastatic disease, and improves survival in patients.

Triple-negative breast cancer (TNBC), defined by the lack of
estrogen receptor, progesterone receptor, and human epidermal
growth factor receptor 2, is frequently associated with an increased
risk for early recurrence and high mortality (10). However, TNBC is
characterized by a high degree of mutational burden and high PD-L1
expression compared with other subtypes of breast cancer (11, 12),
suggesting that TNBC might be an attractive target for PD-1/PD-L1
blockade therapy. Supporting this possibility, combined chemo-
immunotherapy with anti–PD-L1 antibody (Ab) plus nab-paclitaxel
was found to prolong progression-free survival in patients with PD-
L1–positive tumors (13), and was approved for the treatment of
advanced and metastatic TNBC by the FDA in 2019. While neoadju-
vant chemotherapy is frequently utilized for the management of early-
stage TNBC, a recent clinical study has shown that anti–PD-1 Ab and
chemotherapy is superior to placebo and chemotherapy in achieving a
pathologic complete response in the neoadjuvant setting (9).

Clinical outcomes in patients with TNBC are strongly influenced by
the tumor immune microenvironment. The presence of tumor-
infiltrating lymphocytes (TIL) associates with response not only to
chemotherapy but also to immunotherapy in TNBC (14–18). How-
ever, the baseline frequency of CD8þ TILs is low in TNBC (18), and
only a subset of patients with TNBC show clinical benefit to PD-1/PD-
L1 blockade therapy (15, 19). Therefore, strategies that increase CD8þ

TILs are likely to increase response to neoadjuvant immunotherapy
and/or chemo-immunotherapy.

Radiotherapy has been used for themanagement of breast cancer for
many years, and neoadjuvant radiotherapy is commonly utilized in
patients with various cancers such as lung and gastrointestinal cancers.
Radiotherapy is known to exert direct cytotoxic effects on tumor cells;
however, recent research is revealing its influence on the immunoge-
nicity of tumors, thus affecting the overall outcome of radiothera-
py (20, 21). There is a growing consensus that radiotherapy triggers
immunogenic cell death and local release of type I IFN (22), enhances
antigen processing and cross-presentation (23), and leads to infiltra-
tion of cytotoxic T cells (24, 25). While radiotherapy alone is usually
insufficient to overcome the immunosuppressive tumor microenvi-
ronment (TME), strategies to boost immune-stimulating effects of
radiotherapy are under intensive investigation (20, 21, 26).

Batf3-dependent conventional type 1 dendritic cells [cDC1s; migra-
tory CD103þ and lymphoid CD8aþ DCs in mice, and CD141þ

dendritic cells (DC) in humans] are critical for priming and expansion
of tumor-specific CD8þ T cells (27–32), facilitating their infiltration
into the TME (33), and thus enhancing the efficacy of PD-1/PD-L1
blockade (34, 35). Emerging evidence suggests that induction and
activation of tumor-residing cDC1s greatly enhances the therapeutic
efficacy and immunogenicity of radiotherapy (36, 37). We have
recently reported that a combinatorial in situ immunomodulation
(ISIM) regimen comprised of in situ delivery of Fms-like tyrosine
kinase 3 ligand (Flt3L), radiotherapy (9 Gy), and dual toll-like receptor
3 (TLR3)/CD40 stimulation (i) mobilizes cDC1s to the TME; (ii)
promotes maturation of cDC1s; (iii) facilitates trafficking of cDC1s
carrying tumor antigens to tumor-draining lymph nodes (TdLN); (iv)
elicits de novo adaptive T-cell immunity; (v) induces an influx of stem-

like Tcf1þ Slamf6þ CD8þ T cells in the tumor; (vi) decreases intra-
tumoral macrophages, polymorphonuclear and CX3CR1þ monocytic
myeloid-derived suppressor cells (MDSC) via IFN regulatory factor 8
(IRF8); and (vii) renders myeloid-enriched, poorly T-cell–inflamed
tumors responsive to anti–PD-L1 therapy (37, 38). However, it
remains unknown whether ISIM-induced systemic antitumor immu-
nity could control distant micrometastases and improve survival in the
neoadjuvant setting.

In this study, we are testing the hypothesis that in situ induction and
activation of cDC1s in the primary tumor before resection not only
enhances systemic tumor-specific T-cell immunity, but also controls
growth of distant metastases and improves survival using spontane-
ously metastatic TNBC mouse models. We investigate the determi-
nants of neoadjuvant ISIM (neo-ISIM)–induced systemic antitumor
immunity, the role of TdLN, and potential synergy with anti–PD-L1
therapy. Our study strongly supports new clinical evaluation of the
potential of induction and activation of tumor-residing cDC1s in the
neoadjuvant setting for high-risk resectable cancers.

Materials and Methods
Mice

Female C57BL/6 mice and Batf3�/� mice on C57BL/6 mice back-
ground were purchased from the Jackson Laboratories and were bred
in-house. Female Balb/c-AnNCr mice were from Charles River Lab-
oratories. All mice were age-matched (7–10 weeks old) at the begin-
ning of each experiment and kept under specific pathogen-free con-
ditions and housed in the Laboratory Animal Resources. All animal
studies were conducted in accordance with and approved by the
Institutional Animal Care and Use Committee at Roswell Park Com-
prehensive Cancer Center.

Cell lines
The 4T1 and E0771 tumor cell lines were purchased from theATCC

and CH3 BioSystems, respectively. The AT-3 cell line was gift from
Dr. Scott Abrams (Roswell Park Comprehensive Cancer Center,
Buffalo, NY). Tumor cells expressing luciferase (4T1-luc, E0771-luc,
and AT-3-luc) were generated with infection of lentiviruses encoding
luciferase (pLenti PGK V5-LUC Neo; Addgene plasmid no. 21471).
4T1 and E0771 cells were cultured in RPMI1640 (Gibco) supplemen-
ted with 10% FBS (Sigma-Aldrich), 1% nonessential amino acid
(NEAA; Gibco), 2 mmol/L L-glutamine (Gibco), 0.5% penicillin/
streptomycin (Gibco), and 55 mmol/L 2-mercaptoethanol (Gibco).
AT-3 and AT-3-luc cells were cultured in DMEM (Gibco) supple-
mented with 10% FBS, 1% NEAA, 2 mmol/L L-glutamine, 0.5%
penicillin/streptomycin, and 55 mmol/L 2-mercaptoethanol. These
cell lines were authenticated by morphology, phenotype, and
growth, and routinely screened forMycoplasma, and were maintained
at 37�C in a humidified 5% (4T1 and E0771) or 7% (AT-3) CO2

atmosphere.

Neo-ISIM
4T1-luc (2 � 104), E0771-luc (5 � 105), or AT-3-luc (5 � 105)

tumor cells were orthotopically implanted into the left fourth mam-
mary gland of female mice under anesthesia with isoflurane. Tumor-
bearing mice were treated with intratumoral administration of hFlt3 L
(10 mg/dose; Celldex Therapeutics, Inc.) in 30 mL PBS or control PBS
for 5 consecutive days. After the completion of Flt3L injection, local
radiation was performed with an orthovoltage X-ray machine (Philips
RT250; Philips Medical Systems) at 200 kV, 1.0 mmCu filter, 18.4 mA
using a 1 � 2 cm cone (37). For radiation treatment, the mice were
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anesthetized with isoflurane and positioned under a 2-mm thick lead
shield with small apertures limiting exposure to the tumors, and
received a single dose of 9 or 15 Gy, or three fractions of 3 or 9 Gy
in consecutive days. Mice were then treated with injection of agonistic
anti-CD40 Ab (50 mg/dose; clone FGK4.5, BioXcell) and high molec-
ular weight poly(I:C) (50 mg/dose; InvivoGen) at the peritumoral site
subcutaneously. Surgical resection of the primary tumor was per-
formed as described before (39). In some experiments, at the time of
tumor implantation, we identified and removed the inguinal lymph
node, which is the TdLN for tumors implanted to the fourthmammary
fat pad (40). To test impact of radiation to the TdLN, left inguinal
lymphnode (LN) regionwas irradiated (9Gy) two times after resection
of the tumor. To establish bilateral established tumors, AT-3 (5� 105)
tumor cells were orthotopically implanted to into the left fourth
mammary gland, and 2 days later, AT-3 (5 � 105) tumor cells
were injected subcutaneously to the right flank. In some experi-
ments, AT-3-luc cells (5 � 106) were injected from tail vein at the
day of surgery. AT-3 (5� 105) or E0771 (5� 105) cells were injected
subcutaneously in the left or right flank for tumor rechallenge study.
Tumor growth was measured 3 to 5 times a week, and the volumes
were calculated by determining the length of short (l) and long (L)
diameters (volume ¼ l2 �L/2). Experimental endpoints were
reached when tumors exceeded 20 mm in diameter or when mice
became moribund and showed signs of lateral recumbency, cachex-
ia, lack of response to noxious stimuli, or observable weight loss.

Generation of bone marrow–derived CD103þ DCs
CD103þ DCs were generated from bone marrow cells as

described (41). In brief, bone marrow cells were suspended in DC-
induction medium [RPMI 1640 containing 10% FBS, 200 ng/mL
human Flt3L, 5 ng/mL GM-CSF (Peprotech), penicillin/streptomycin
and 50 mmol/L 2-mercaptoethanol] at a cell density of 5 � 105 cells/
mL. Cell suspension (10 mL) was then plated on a 100-mm Petri dish
(FALCON, catalog no. 351029) and incubated at 37�C, 5% CO2 for
5 days. On day 5, 5 mL of freshly prepared DC induction medium was
added to the culture and incubated for further 4 days. Onday 9,floating
cells were harvested and replated at 3 x 106 cells in 10mLDC induction
medium per petri dish to expand the cells. The cells were incubated for
further 6 days and the floating cells were collected and used on day 15
for experiments. For each DC preparation, DCmarker expression was
analyzed using flow cytometry with the majority of cells being positive
for MHC class II, CD11c, CD11b, CD24, predominantly XCR1,
DEC205, CD103. DCs (1 x 106 cells) were injected intratumorally.

In vivo Ab treatment
For PD-L1 blockade, anti–PD-L1 Ab (clone 10F.9G2, BioXCell) or

isotype control rat IgG2b (clone LTF-2, BioXCell) were given intra-
peritoneally every 3 days from the day radiotherapy performed at a
dose of 200 mg/mouse for three times (37). For in vivo depletion of
lymphocytes, 200 mg of anti-CD4 (clone GK1.5, BioXCell), anti-CD8b
(clone Lyt 3.2, BioXCell), or control rat IgG2b (clone LTF-2, BioXCell)
were injected intraperitoneally every 3 days from the day when
radiotherapy was given for three times (37). Depletion of each subset
was confirmed on day 2 (data not shown).

Treatment with fingolimod
Fingolimod (FTY720) was given to mice to inhibit lymphocyte

migration out of secondary lymphoid organs. FTY720 stock solution
(10 mg/mL in water) was diluted to a 0.2 mg/mL in 3% Tween-20
directly before administration. Mice received a dose of 20 mg FTY720
or vehicle (3% Tween-20) intraperitoneally as a control (37). Therapy

was initiated 1 day before radiotherapy and was given daily until the
date of surgery.

Flow cytometry
Single cell suspension frommouse blood and tumors were prepared

for flow cytometric analysis. Lungs were digested by collagenase/
hyaluronidase (Stemcell Technologies). Red blood cells in blood were
lysed usingACKLysis Buffer (Life Technologies). Cells were incubated
with antibodies in PBS containing 2% FBS for 20 minutes at room
temperature after being blocked by anti-CD16/CD32 (BD Bios-
ciences). Samples were acquired and analyzed using Fortessa (BD
Biosciences) and FlowJo software (TreeStar), respectively. Antibodies
used in this study are listed in Supplementary Table S1.

In vivo bioluminescence imaging
Mice were injected with D-luciferin (1.5 mg/20 g body weight)

intraperitoneally. In 10 minutes, images were obtained by in vivo
bioluminescence imaging (BLI; IVIS Spectrum imager) with 1 minute
exposure (37). Quantification of bioluminescence signal was deter-
mined using the Living Image (PerkinElmer Inc.) and average radiance
(Total Flux/cm2/Sr) was calculated, implementing standard region of
interests drawn over the tumor site.

Statistical analysis
Statistical analysis was performed using a two-tailed Student t test or

aMann–WhitneyU test for comparisons between 2 groups, a one-way
ANOVA with Tukey multiple comparisons for comparisons more
than 2 groups, a two-way ANOVA with Bonferroni posthoc test, or
the Mantel–Cox method (log–rank test) for survival analysis using
GraphPad Prism 8.02 (GraphPad Software). P < 0.05 was consid-
ered statistically significant. Data are presented as mean � SEM.

Results
neo-ISIM enhances systemic tumor-specific T-cell immunity and
improves survival

To test the potential of neo-ISIM to control the metastatic burden
after primary tumor resection, we utilized a 4T1-luc tumor model,
where mice develop spontaneous lung metastases following inocula-
tion of tumor cells in the mammary fat pad (42). We treated 4T1-luc–
bearing mice with in situ administration of Flt3L, radiotherapy, and
dual TLR3/CD40 stimulation (neo-ISIM), resected the primary tumor
6 days after the neo-ISIM, and monitored tumor burden with in vivo
BLI (IVIS; Fig. 1A). In situ delivery of Flt3L markedly increased DCs
including CD103þ DCs in the TME (Supplementary Fig. S1A and
S1B). Upregulation of CD40 and CD86 was observed in CD103þ DCs
at the TdLN after the completion of neo-ISIM (Supplementary
Fig. S2A and S2B). Consistent with this, we found substantially
increased frequency of activated and differentiated CD4þ and CD8þ

T cells in peripheral blood (Supplementary Fig. S3A and S3B). A
considerable reduction of tumor bioluminescence was observed in the
primary tumor 1 day after neo-ISIM (day 9; Fig. 1B). Consistent with
this, the neo-ISIM–treated tumors were smaller and weighed less than
PBS-injected (NT, nontreatment) control tumors at the time of
resection on day 14 (Fig. 1C). All mice developed lung metastases by
day 22; however, progression ofmetastaseswas substantially delayed in
neo-ISIM–treated mice compared with control mice (Fig. 1B).

To gain insight into the mechanisms underlying the delayed
progression of lung metastases by neo-ISIM, we sought to evaluate
whether neo-ISIM could facilitate expansion and infiltration of tumor-
specific CD8þ T cells into the lungs. To this end, we used a tetramer
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Figure 1.

Neo-ISIMenhances systemic tumor-specificT-cell immunity and improves survival.A,Treatment protocol of neo-ISIM formice bearingorthotopic 4T1-luc tumors. RT,
radiotherapy; i.t., intratumoral. B, Representative BLI of 4 4T1-luc tumor-bearing mice per group treated with PBS (NT, nontreatment) or neo-ISIM at different
timepoints are shown. C, Picture of the resected tumors and mean tumor weight on day 14 in different treatment groups as indicated (n¼ 9 per group; top row, NT;
bottom row, neo-ISIM). Scale bar, 10mm.D,Representative flow cytometric plots showing gp70 TetþCD8þ T cells and frequency of Tetþ cells among CD8þ T cells in
peripheral blood and the lungs of mice treated with or without neo-ISIM (n¼ 9 per group). Numbers denote percent Tetþ cells. Lungs were harvested 6 days after
TLR3/CD40 stimulation.E,Survival curves in 4T1-luc tumor-bearingmice treatedwith PBS (NT) or neo-ISIM (n¼6–9per group). Two-tailed unpaired t test (C andD),
or log–rank (Mantel–Cox) test (E). Mean � SEM. Data shown are representative of two or three independent experiments.

Oba et al.

Cancer Res; 81(24) December 15, 2021 CANCER RESEARCH6186

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/81/24/6183/3014195/6183.pdf by guest on 19 M

ay 2023



(Tet) to identifyH-2Ld–restrictedMuLVgp70-specificCD8þT cells in
peripheral blood and the lungs of mice bearing orthotopic 4T1-luc
tumors, which harbor gp70 epitopes as an endogenous tumor-
associated antigen (TAA; ref. 43). The frequency of Tetþ CD8þ T
cells in circulation and the lungs was increased in neo-ISIM–treated
mice compared with untreated mice (Fig. 1D). In agreement with
improved control of metastases and increased Tetþ CD8þ T cells in
peripheral blood and the lungs, OS was markedly prolonged in neo-
ISIM–treated mice (Fig. 1E). To explore the applicability of this
regimen against large palpable tumors, we started the treatment on
day 6, and evaluated progression of lung metastases and survival
(Supplementary Fig. S4A). Surgical resection was performed on day
13 to ensure complete resection and minimize local recurrence of
untreated tumors. Neo-ISIM effectively inhibited the growth of large
established tumors, curtailed metastatic progression, and improved
survival (Supplementary Fig. S4B–S4S4D).

To confirm the generality of the findings observed in a 4T1-luc
model, we set up similar experiments using E0771-luc tumors, another
spontaneous metastatic tumor model (44). Again, we observed
reduced primary tumor burdens and improved OS by neo-ISIM
(Supplementary Fig. S5A and S5B). Surviving mice were rechallenged
with E0771 in the contralateral mammary fat pad, and injected
unrelated tumors, AT-3 on back. Age-matched, untreated nontumor
experienced mice were used as controls. All surviving neo-ISIM–
treated mice rejected E0771 tumors while we found normal growth
of unrelated AT-3 tumors (Supplementary Fig. S5C), suggesting the
establishment of antigen-specific long-term immunological memory.
Altogether, these results indicate that neo-ISIM generates systemic
tumor-specific antitumor immunity, controls growth of distant met-
astatic disease, improves OS, and establishes immunological memory.

Synergistic antimetastatic efficacy of neo-ISIM is dependent on
adaptive T-cell immunity mediated by cDC1s

We next examined whether CD4þ and CD8þ T cells were
involved in the control metastatic disease of neo-ISIM by using
neutralizing antibodies in 4T1-luc tumor models. Antitumor effi-
cacy of neo-ISIM was substantially decreased or abrogated with
depletion of CD4þ T cells or CD8þ T cells, respectively, suggesting
that the efficacy of neo-ISIM was dependent on adaptive T-cell
immunity (Fig. 2A).

To assess the relevance of cDC1s in antitumor efficacy of neo-ISIM,
we orthotopically implanted AT-3-luc tumor cells to Batf3�/� mice
and wild-type (WT) C57BL/6 mice, treated them with neo-ISIM, and
injected AT-3-luc cells intravenously when the primary tumors were
resected. Therapeutic efficacy of neo-ISIM observed in WT mice was
abrogated in Batf3�/�mice (Fig. 2B). To further determine the role of
tumor-residing cDC1s in therapeutic efficacy of neo-ISIM, bone-
marrow–derived CD103þ DCs were injected intratumorally into
AT-3 tumors a day before radiotherapy in Batf3�/� mice. In situ
delivery of cDC1s partially restored the antitumor efficacy of neo-ISIM
in Batf3�/� mice (Fig. 2C), demonstrating the critical role of intra-
tumoral cDC1s in the therapeutic efficacy of neo-ISIM.

To examine whether all components of neo-ISIM are needed to
control metastatic disease, we treated 4T1-luc tumor-bearing mice
with Flt3L plus radiotherapy, Flt3L plus TLR3/CD40 agonists, radio-
therapy plus TLR3/CD40 agonists, or combination of all. We found
that all three components synergistically increased the antitumor
efficacy of multimodal intralesional therapy, and improved survival
(Fig. 2D). Altogether, these results suggest that synergistic antitumor
efficacy of multimodal neo-ISIM is dependent on adaptive T-cell
immunity elicited by cDC1s.

Neo-ISIM modulates systemic antitumor immunity via the
egress of T cells from the LN

Among various DC subsets, tumor-residing cDC1s are able to
transport TAA to LN, where they can cross-present TAA to CD8þ

T cells (28, 35). To examine the role of secondary lymphoid organs
(SLO) in the neo-ISIM treatment, mice were treated with vehicle
control or FTY720 to inhibit new T-cell migration from SLO (45).
Although administration of FTY720 alone did not affect the progres-
sion of lung metastases, it substantially compromised the neo-ISIM–
mediated control of lung metastases (Fig. 3A). Of note, we found that
FTY720 significantly decreased the numbers of Tetþ CD8þ T cells in
the resected primary tumors of mice treated with neo-ISIM (Fig. 3B).
In line with these findings, FTY720 administration significantly
worsened the OS in mice treated with neo-ISIM compared with mice
treated with vehicle control and neo-ISIM (Fig. 3C).

TdLN are critical for neo-ISIM to generate systemic antitumor
immunity

At the time of resection of the primary tumors, we observed an
increased size of TdLN in neo-ISIM–treated mice compared with
untreated mice (Fig. 4A). This finding and results from experiments
using FTY720 (Fig. 3) together with a recent report showing the
importance of TdLN for the generation of radiotherapy-induced
abscopal effect (46) prompted us to investigate the significance of
TdLN in neo-ISIM. To this end, we surgically resected the TdLN at the
time of tumor implantation, and treated mice with or without neo-
ISIM followed by the resection of the primary tumor. ISIM-induced
reduction of the primary tumor was markedly compromised when
TdLN was resected, (Fig. 4B). Consistent with this, TdLN resection
resulted in larger metastatic burden in the lungs (Fig. 4C), and
abrogated therapeutic efficacy of neo-ISIM (Fig. 4D). During surgical
resection of the primary tumors, we also recognized that the TdLNwas
located close to the tumor within the field of radiotherapy (Supple-
mentary Fig. S6A), suggesting that radiation to the TdLN might not
negatively affect the antitumor efficacy of neo-ISIM. To test impact of
radiation to theTdLN,we treated palpable left primary 4T1-luc tumors
with neo-ISIMand surgery followed by radiation (9Gy x 2 fractions) to
the left inguinal region where TdLN is located (Supplementary
Fig. S6B). We found that radiation to the TdLN had no impact on
survival (Supplementary Fig. S6C), suggesting that this regimen is
effective even when the tumors is close to the TdLN. Taken together,
these results indicate that the presence of TdLN is a critical determi-
nant of the antitumor efficacy of neo-ISIM.

PD-L1 blockade enhances the antitumor efficacy of neo-ISIM
and improves survival

Although induction and activation of tumor-residing cDC1s
overcomes primary resistance to PD-1/PD-L1 blockade in the
treated tumors (37), whether this occurs in untreated distant
metastatic site remains unknown. We first evaluated PD-1 expres-
sion in CD8þ T cells in the lungs after neo-ISIM. We observed
increased PD-1 expression in CD8þ T cells infiltrating into lungs as
well as primary tumors of neo-ISIM–treated mice compared with
untreated mice (Fig. 5A). Furthermore, Tetþ CD8þ T cells exhib-
ited higher levels of PD-1 expression compared with Tet� CD8þ T
cells in both primary tumors and lungs (Fig. 5B), suggesting that
neo-ISIM–induced tumor-specific T cells might be preferentially
inhibited by PD-L1 signaling.

Given the increase of PD-1þ CD8þ T cells and higher susceptibility
to PD-L1–mediated inhibition of tumor-specific T cells in the
lungs, we next sought to test whether PD-L1 blockade could augment
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the neo-ISIM–elicited control of metastatic lesions (Fig. 5C). In
agreement with our recent studies and others (5, 37, 38), we did not
observe changes of the frequency of tumor-specific CD8þ T cells
(Fig. 5D) or regression of the primary tumors (Supplementary Fig. S7)
by anti–PD-L1 Ab alone. In contrast, anti–PD-L1 Ab and neo-ISIM
synergistically increased tumor-specific CD8þ T cells in the primary
tumors (Fig. 5D), improved the control ofmetastatic tumors (Fig. 5E),
and prolonged survival (Fig. 5F). Collectively, these data suggest that
neo-ISIM–induced systemic antitumor efficacy could be further aug-
mented by PD-L1 blockade.

Increasing dose and fractionation of radiotherapy, and early
surgical resection after neo-ISIM improve therapeutic efficacy
of neo-ISIM

We next investigated the radiotherapy dose and fractionation, and
timing of surgical resection tomaximize the antitumor efficacy of neo-
ISIM. We first used mice bearing bilateral AT-3 tumors (37) to
determine the optimal dose and fractionation of radiotherapy in
multimodal intralesional therapy causing the regression of distant
nonirradiated tumors. We treated primary orthotopic left mammary
tumors with in situ delivery of Flt3L, radiotherapy at various doses of

Figure 2.

Synergistic antimetastatic efficacy
of neo-ISIM is dependent on adaptive
T-cell immunity mediated by cDC1s.
A, Survival curves in 4T1-luc tumor-
bearing mice treated with neo-ISIM as
described in Fig. 1A. Anti-CD4 and
anti-CD8b–depleting Ab, or isotype
Ab were injected intraperitoneally
every third day for three times from
the day when radiotherapy was given
(n ¼ 7–8 per group). B and C, Survival
curves in AT-3-luc tumor-bearing
Batf3�/� or WT C57BL/6 mice treated
with PBS (NT, nontreatment), neo-
ISIM, or neo-ISIM with an intratumoral
injection of bone-marrow–derived
CD103þDCs 1 day before radiotherapy
(B, n ¼ 6–8; C, n ¼ 6–7 per group).
AT-3-luc cells (5� 106) were injected
into tail vein at the day of surgery.
NS, not significant. D, Survival
curves in 4T1-luc tumor-bearing mice
treated with different combina-
torial treatment (n ¼ 5–9 per group).
� , P < 0.05; �� , P < 0.01; ��� , P < 0.001;
���� , P < 0.0001, log–rank (Mantel–Cox)
test. Mean � SEM. RT, radiotherapy.
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irradiation (0, 3, 9, or 15 Gy) in a single fraction, and TLR3/CD40
agonists, and monitored the growth of untreated secondary tumors
(Supplementary Fig. S8A). We found that control of secondary as well
as primary tumor growth was radiotherapy dose-dependent. We next
examined whether increase of radiotherapy dose and fractionation
has an influence on the growth of secondary tumors. To this end,
mice received a single dose of 9 Gy or three fractions of 3 or 9 Gy in
consecutive days to the primary tumors (Supplementary Fig. S8B).
Growth of the secondary as well as primary tumors was markedly
inhibited in mice treated with 9 Gy radiation for 3 consecutive days
compared with mice receiving total 9 Gy radiation as either a single-
dose or fractionated regimen. To probe whether these results are
translated into the neo-ISIM regimen, we treated mice bearing
orthotopic 4T1 tumors with in situ delivery of Flt3L, a single-
dose or three fractions of 9 Gy irradiation, and TLR3/CD40 agonists
(Fig. 6A). Indeed, the use of three fractions of 9 Gy irradiation in
the neo-ISIM regimen markedly improved survival, demonstrating

that dose and fractionation of radiotherapy in neo-ISIM are a
critical determinant for the control of distant metastasis.

We initially developed a regimen with surgical resection performed
6 days after the completion of neo-ISIM (Fig. 1A), allowing the host
enough time to develop systemic immunity. However, our previous
work showed that ISIM could trigger rapid regression of primary
tumors (37, 38), and we found that therapeutic efficacy could be
observed when primary tumors were resected 1 day after the com-
pletion of neo-ISIM (Supplementary Fig. S4D and 6C). To evaluate the
optimal timing of surgical resection in the neo-ISIM, we treated
palpable 4T1tumor–bearing mice with radiotherapy only or combi-
nation of Flt3L, radiotherapy, and TLR3/CD40 agonists followed by
early or late surgical resection (Fig. 6B). Although we observed in situ
administration of Flt3L and TLR3/CD40 agonists enhanced immu-
nogenicity of radiotherapy against distant metastases regardless of the
timing of surgery, earlier resection of tumors substantially improved
survival. Finally, we assessed whether anti–PD-L1 therapy would

Figure 3.

Neo-ISIMmodulates systemic antitumor immunity via the egress of T cells from the LN. A,Mice were treated with PBS (NT, nontreatment) or neo-ISIM, and primary
tumorswere resected onday 14 as described inFig. 1A. Mice receivedFTY720or vehicle intraperitoneally everyday till the surgery from 1daybefore radiotherapy (n¼
7–8 per group). Representative BLI of 3 4T1-luc tumor-bearing mice per group in different treatment as indicated at different timepoints are shown. B, The numbers
(per g) of gp70 Tetþ CD8þ T cells in resected primary 4T1-luc tumors (n ¼ 7–9 per group). NS, not significant. C, Survival curves of mice in different treatment as
indicated (n¼ 7–8 per group). �� , P <0.01; ��� ,P <0.001, one-wayANOVAwith Tukeymultiple comparisons (B) or log–rank (Mantel–Cox) test (C). Mean� SEM. Data
shown are representative of two independent experiments.
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Figure 4.

TdLN are a critical site for neo-ISIM to generate systemic antitumor immunity. A, Representative pictures of TdLN of 5 4T1-luc tumor-bearing mice treated with
PBS (NT, nontreatment) or neo-ISIM at day 14 inFig. 1A. Scale bar, 10 mm. B–D, Mice bearing orthotopic 4T1-luc tumors were treated with PBS (NT) or neo-ISIM as
described in Fig. 1A (n ¼ 8–10 per group). In some groups, TdLN were resected at the time of tumor implantation (day 0). B–D,Weight of the resected tumors
on day 14 (B), representative BLI of 3 4T1-luc tumor-bearing mice per group in different treatment as indicated at different timepoints (C), and survival curves
from all treated mice (n ¼ 8; 10 per group; D) are shown. NS, not significant; �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001, one-way ANOVA with Tukey multiple
comparisons (B) or log–rank (Mantel–Cox) test (D). Mean � SEM. Data shown are representative of two independent experiments.
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Figure 5.

PD-L1 blockade therapy enhances antitumor efficacy of neo-ISIM and improves survival.A andB,Mice bearing orthotopic 4T1-luc tumorswere treated with PBS (NT,
nontreatment) or neo-ISIMasdescribed inFig. 1A (n¼9–10 per group). Primary tumors and lungswere harvestedonday 14. Representativeflowcytometric plots and
percentage of PD-1þ cells among CD8þ T cells (A) and frequency of PD-1þ cells in gp70-specific Tet– or Tetþ CD8þ T cells (B) in primary tumors (left) and the lungs
(right) frommice treatedwith PBS (NT) or neo-ISIM (A) and neo-ISIM (B) are shown. Numbers denote percent PD-1–positive cells (n¼ 9–10 per group).C, Treatment
protocol of neo-ISIM þ anti–PD-L1 Ab (aPD-L1) or isotype Ab (rat IgG2b) for mice bearing orthotopic 4T1-luc tumors. i.t., intratumoral. D, Representative flow
cytometric plots showing gp70 Tetþ CD8þ T cells and the numbers (/g) of Tetþ cells among CD8þ T cells in resected 4T1-luc tumors (n¼ 9–10 per group). Numbers,
percent Tetþ cells. E, Representative BLI of four 4T1-luc tumor-bearing mice per group in different treatment as indicated on day 26. F, Survival curves of mice in
different treatment as indicated (n¼ 8–10 per group). �� , P <0.01; ��� , P <0.001, two-tailed unpaired t test (A), paired t test (B), one-wayANOVAwith Tukeymultiple
comparisons (D), or log–rank (Mantel–Cox) test (F). Data shown in A, B, E, and F are representative of two independent experiments. Mean � SEM.
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augment therapeutic efficacy of neo-ISIM consisting of three fractions
of 9Gy and early surgical resection after neo-ISIM (Fig. 6C).We found
that antitumor efficacy of this regimen was further enhanced by anti–
PD-L1 therapy.

Discussion
Surgical resection remains the mainstay of treating cancers, but

many patients develop locoregional and/or distant relapse of disease
following resection with microscopically cancer-free margins. In
TNBC, the relapse rate is as high as 34% in patients that underwent
a potentially curative resection (10). This is related, at least, in part to
the lack of systemic adaptive immunity especially in patients with
immunologically cold tumors characterized by the myeloid-enriched,
poorly T-cell–inflamed TME. The strategy we describe here enables
the host with poorly T-cell–inflamed tumors to develop systemic
tumor-specific T-cell immunity and immunological memory before

resection. We demonstrate that neoadjuvant in situ induction and
activation of cDC1s in the primary tumor generates tumor-specific
T cells that effectively traffic to distantmetastatic sites, controls growth
of nonirradiated orthotopic metastatic tumors, improves survival, and
establishes systemic immunological memory. Furthermore, we show
this neo-ISIM–induced systemic antitumor immunity is dependent on
cDC1s, T cells, and the presence of TdLN, and can be further
potentiated by anti–PD-L1 therapy.

Radiotherapy-induced immunogenic death of cancer cells can
trigger antigen presentation and priming of tumor-specific CD8þ

T cells (20, 21, 24); however, radiotherapy alone is still usually
insufficient to overcome immunologic barriers in the TME, and
abscopal effects following radiotherapy are rarely seen in patients
even with immune checkpoint inhibitors (47, 48). Our findings of the
requirement of Batf3-dependent cells for neo-ISIM–mediated system-
ic antitumor efficacy is in line with a previous study showing that the
abscopal effects of radiotherapy and immunotherapy are lost in

Figure 6.

Increasing dose and fractionation of
radiotherapy and early surgical
resection after neo-ISIM improves
therapeutic efficacy of neo-ISIM.
A–C, Mice bearing orthotopic 4T1-
luc tumors were treated with PBS
(NT, nontreatment) or neo-ISIM con-
sisting of different radiotherapy
dose and fractionation schedule
(A, n ¼ 9–10 per group), different
timing of surgical resection of
tumors (B, n ¼ 5–7 per group), and
in combination with anti–PD-L1 Ab
(aPD-L1) or isotype Ab (rat IgG2b;
C, n ¼ 6–7 per group). RT, radio-
therapy. �, P < 0.05; �� , P < 0.01;
��� , P < 0.001; ���� , P < 0.0001,
log–rank (Mantel–Cox) test. Data
shown are representative of two
independent experiments.
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Batf3�/� mice (49). Our results further demonstrated that increasing
the frequency of tumor-residing cDC1s augments immunogenicity of
radiotherapy in poorly T-cell–inflamed tumors.

Our results revealed the pivotal role of TdLN for the develop-
ment of systemic antitumor efficacy of neo-ISIM. These findings
align with a recent study showing the importance of TdLN for
radiotherapy-induced abscopal effect in a preclinical model (46),
and our previous work demonstrating that ISIM facilitates traf-
ficking of antigen-loaded cDC1s to the TdLN, and generates
tumor-specific T cells that exhibit an effector phenotype and
cytokine-producing capacity in TdLN (37). The findings described
here is particularly relevant in the management of breast cancer
where sentinel LN biopsy or axillary LN dissection is performed at
the time of resection. These data also suggest that intralesional
therapy might be well-suited for the neoadjuvant setting when
patients have intact TdLN.

Although in situ induction and activation of cDC1s augments
immunogenicity of radiotherapy, and mediates regression of non-
irradiated tumors in preclinical models and patients (36, 37),
optimal radiotherapy dose, fractionation, and delivery schedule
to maximize the engagement of tumor-residing cDC1s remain to
be determined. We initially chose a single 9-Gy dose based on our
studies and others (36–38), and for potential concerns that increas-
ing dose and fractionation of radiotherapy might cause apoptosis
of cDC1s recruited in the TME. However, we have recently
reported minimal apoptosis of intratumorally injected DCs after
radiotherapy (50), which prompted us to increase radiotherapy
dose and fractionation of neo-ISIM. Our findings suggest that
abscopal effect can be enhanced by increasing dose and fraction-
ation of RT after in situ induction of DCs even when the TdLN is
located close to the tumor within the field of radiotherapy while
optimal radiotherapy regimen may differ depending on the fre-
quency of DCs prior to radiotherapy and/or type of immunother-
apy to combine with.

More work is needed to understand the mechanisms underlying
the resistance to neo-ISIM and anti–PD-L1 therapy at distant
metastatic lesions. This might be due to the tumor antigens that
are not presented to T cells after neo-ISIM of the primary tumor as
we see intertumor or intermetastatic heterogeneity within the same
patient with various cancers including breast cancer (51, 52).
Although this mechanism has not been formally investigated in
the current study, we have recently shown that serial ISIM could
reshape repertoires of intratumoral T cells, and overcome acquired
resistance to anti–PD-L1 therapy (37). This approach, however,
might be challenging in the neoadjuvant setting because it causes
significant delay of surgery. To circumvent this issue, we tested
different dose and fractionation schedule within one cycle of neo-
ISIM. Radiotherapy is known to broaden the T-cell receptor (TCR)
repertoire of TILs (53), and it is conceivable that increasing
radiotherapy dose and fractionation may have contributed to the
improved survival by reshaping the TCR repertoire of TILs. Future
work is necessary to investigate the correlation of dose and frac-
tionation of radiotherapy and TCR diversity in metastatic sites.
Another potential mechanism underlying the resistance might be
due to tumor cells that developed resistance after initial neo-ISIM,
and subsequently metastasized to the lungs. Consistent with this
scenario, we found that early surgical resection substantially
improved survival compared with late surgical resection after the
completion of neo-ISIM. Nevertheless, immunotherapy that expe-
ditiously elicits a broad systemic immune response would be
beneficial as neoadjuvant therapy.

Although the primary tumor needs to be accessible for injec-
tions, an in situ approach has several advantages (54, 55). First, this
approach does not require the need for identification of patient-
and tumor-specific antigens such as neoantigens, or isolation,
modification, and ex vivo expansion of patient- and tumor-
specific T cells such as chimeric antigen receptor or TCR-
transduced T cells for generation of antitumor T-cell immunity.
Second, it may elicit diverse T-cell responses against heterogeneous
tumor-cell populations. This broad antitumor response can be
further amplified by another immunotherapy targeting polyclonal
T cells such as immune checkpoint inhibitors. Third, this strategy
allows for the delivery of high concentration of immunomodula-
tory agents in the tumor, and minimizes systemic and off-target
toxicities. Fourth, if successful in the neoadjuvant setting, it elicits
adaptive immunity, overcomes ignorance to solid tumors, and
establishes systemic immunological memory to minimize local and
distant relapse after surgical resection. Many clinical studies are
underway to evaluate the safety and antitumor reactivity of intra-
tumoral immunotherapy with a wide variety of combina-
tions (54, 55), which includes Flt3L, TLR3, and CD40 agonists
(NCT03789097, NCT03788083).

Finally, given the increased frequency of tumor-specific CD8þ

T cells in primary as well as distant nonirradiated tumors by neo-
ISIM, we anticipate that this strategy could aid neoadjuvant che-
motherapy, where higher pretreatment TILs correlates with
increased pathologic complete response rates, and improved sur-
vival (17). Therefore, although future studies are needed to confirm
this, and the scope of our studies was limited to immunotherapy,
incorporation of ISIM may benefit patients with TNBC undergoing
neoadjuvant chemotherapy. Overall, data presented here highlight
the clinical potential of the combinatorial multimodal intralesional
therapy in the neoadjuvant setting to develop systemic antitumor
immune response for the treatment of highly metastatic poorly
T-cell–inflamed tumors such as TNBC.

Authors’ Disclosures
T. Oba reports grants from Uehara Memorial Foundation during the conduct of

the study. No disclosures were reported by the other authors.

Authors’ Contributions
T. Oba: Data curation, formal analysis, investigation, methodology, writing–

original draft. R. Kajihara: Data curation, formal analysis, investigation. T. Yokoi:
Data curation, investigation. E.A. Repasky: Writing–review and editing. F. Ito:
Conceptualization, formal analysis, supervision, funding acquisition, validation,
investigation, methodology, project administration, writing–review and editing.

Acknowledgments
The authors thank Drs. Tibor Keler and Henry Marsh in Celldex Therapeu-

tics, Inc., for providing hFlt3L for this study, and Ms. Alexandra Corrao and the
Division of Laboratory Animal Resources (Roswell Park) for technical assistance.
This work was supported by Roswell Park Comprehensive Cancer Center and
NCI (grant no. P30CA016056) involving the use of Roswell Park’s Flow and
Image Cytometry Shared Resource, and the Onsite Supply Center, METAvivor,
NCI (grant no. K08CA197966 and R01CA255240–01A1 to F. Ito and
R01CA236390 to E.A. Repasky). T. Oba was supported by Uehara Memorial
Foundation.

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

Received March 26, 2021; revised September 21, 2021; accepted October 14, 2021;
published first October 19, 2021.

Neoadjuvant In Situ Immunomodulation for High-Risk Cancers

AACRJournals.org Cancer Res; 81(24) December 15, 2021 6193

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/81/24/6183/3014195/6183.pdf by guest on 19 M

ay 2023



References
1. Korde LA, Somerfield MR, Carey LA, Crews JR, Denduluri N, Hwang ES, et al.

Neoadjuvant chemotherapy, endocrine therapy, and targeted therapy for breast
cancer: ASCO guideline. J Clin Oncol 2021:Jco2003399.

2. O’Donnell JS, Hoefsmit EP, Smyth MJ, Blank CU, Teng MWL. The promise of
neoadjuvant immunotherapy and surgery for cancer treatment. Clin Cancer Res
2019;25:5743–51.

3. Benitez JC, Remon J, Besse B. Current panorama and challenges for neoadjuvant
cancer immunotherapy. Clin Cancer Res 2020;26:5068–77.

4. Topalian SL, Taube JM, Pardoll DM. Neoadjuvant checkpoint blockade for
cancer immunotherapy. Science 2020;367:6477.

5. Liu J, Blake SJ, Yong MC, Harjunpaa H, Ngiow SF, Takeda K, et al. Improved
efficacy of neoadjuvant compared to adjuvant immunotherapy to eradicate
metastatic disease. Cancer Discov 2016;6:1382–99.

6. Brooks J, Fleischmann-Mundt B,Woller N, Niemann J, Ribback S, Peters K, et al.
Perioperative, Spatiotemporally coordinated activation of T and NK cells
prevents recurrence of pancreatic cancer. Cancer Res 2018;78:475–88.

7. Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith DC, McDermott DF,
et al. Safety, activity, and immune correlates of anti-PD-1 antibody in cancer.
N Engl J Med 2012;366:2443–54.

8. Brahmer JR, Tykodi SS, ChowLQ,HwuWJ, Topalian SL,HwuP, et al. Safety and
activity of anti-PD-L1 antibody in patients with advanced cancer. N Engl J Med
2012;366:2455–65.

9. Schmid P, Cortes J, Pusztai L, McArthur H, K€ummel S, Bergh J, et al.
Pembrolizumab for early triple-negative breast cancer. N Engl J Med 2020;
382:810–21.

10. Dent R, Trudeau M, Pritchard KI, Hanna WM, Kahn HK, Sawka CA, et al.
Triple-negative breast cancer: clinical features and patterns of recurrence.
Clin Cancer Res 2007;13:4429–34.

11. Shah SP, Roth A, Goya R, Oloumi A, Ha G, Zhao Y, et al. The clonal and
mutational evolution spectrum of primary triple-negative breast cancers. Nature
2012;486:395–9.

12. Mittendorf EA, Philips AV, Meric-Bernstam F, Qiao N, Wu Y, Harrington S,
et al. PD-L1 expression in triple-negative breast cancer. Cancer Immunol Res
2014;2:361–70.

13. Schmid P, Adams S, Rugo HS, Schneeweiss A, Barrios CH, Iwata H, et al.
Atezolizumab and nab-paclitaxel in advanced triple-negative breast cancer.
N Engl J Med 2018;379:2108–21.

14. Bianchini G, Balko JM, Mayer IA, Sanders ME, Gianni L. Triple-negative breast
cancer: challenges and opportunities of a heterogeneous disease. Nat Rev Clin
Oncol 2016;13:674–90.

15. Emens LA, Cruz C, Eder JP, Braiteh F, Chung C, Tolaney SM, et al. Long-term
clinical outcomes and biomarker analyses of atezolizumab therapy for patients
withmetastatic triple-negative breast cancer: a phase 1 study. JAMAOncol 2019;
5:74–82.

16. Adams S, Gray RJ, Demaria S, Goldstein L, Perez EA, Shulman LN, et al.
Prognostic value of tumor-infiltrating lymphocytes in triple-negative breast
cancers from two phase III randomized adjuvant breast cancer trials: ECOG
2197 and ECOG 1199. J Clin Oncol 2014;32:2959–66.

17. Denkert C, von Minckwitz G, Darb-Esfahani S, Lederer B, Heppner BI, Weber
KE, et al. Tumour-infiltrating lymphocytes and prognosis in different subtypes
of breast cancer: a pooled analysis of 3771 patients treated with neoadjuvant
therapy. Lancet Oncol 2018;19:40–50.

18. Loi S, Michiels S, Salgado R, Sirtaine N, Jose V, Fumagalli D, et al. Tumor
infiltrating lymphocytes are prognostic in triple negative breast cancer and
predictive for trastuzumab benefit in early breast cancer: results from the
FinHER trial. Ann Oncol 2014;25:1544–50.

19. Nanda R, Chow LQ,Dees EC, Berger R, Gupta S, Geva R, et al. Pembrolizumab in
patients with advanced triple-negative breast cancer: phase Ib KEYNOTE-012
study. J Clin Oncol 2016;34:2460–7.

20. Weichselbaum RR, Liang H, Deng L, Fu YX. Radiotherapy and immunotherapy:
a beneficial liaison? Nat Rev Clin Oncol 2017;14:365–79.

21. Ngwa W, Irabor OC, Schoenfeld JD, Hesser J, Demaria S, Formenti SC. Using
immunotherapy to boost the abscopal effect. Nat Rev Cancer 2018;18:313–22.

22. Burnette BC, Liang H, Lee Y, Chlewicki L, Khodarev NN, Weichselbaum RR,
et al. The efficacy of radiotherapy relies upon induction of type i interferon-
dependent innate and adaptive immunity. Cancer Res 2011;71:2488–96.

23. Reits EA, Hodge JW, Herberts CA, Groothuis TA, Chakraborty M,Wansley EK,
et al. Radiation modulates the peptide repertoire, enhances MHC class I
expression, and induces successful antitumor immunotherapy. J Exp Med
2006;203:1259–71.

24. Lugade AA, Moran JP, Gerber SA, Rose RC, Frelinger JG, Lord EM. Local
radiation therapy of B16 melanoma tumors increases the generation of tumor
antigen-specific effector cells that traffic to the tumor. J Immunol 2005;174:
7516–23.

25. Takeshima T, ChamotoK,Wakita D, Ohkuri T, Togashi Y, ShiratoH, et al. Local
radiation therapy inhibits tumor growth through the generation of tumor-
specific CTL: its potentiation by combination with Th1 cell therapy. Cancer Res
2010;70:2697–706.

26. Verbrugge I, Hagekyriakou J, Sharp LL, Galli M, West A, McLaughlin NM, et al.
Radiotherapy increases the permissiveness of established mammary tumors to
rejection by immunomodulatory antibodies. Cancer Res 2012;72:3163–74.

27. Broz ML, Binnewies M, Boldajipour B, Nelson AE, Pollack JL, Erle DJ, et al.
Dissecting the tumor myeloid compartment reveals rare activating antigen-
presenting cells critical for T cell immunity. Cancer Cell 2014;26:638–52.

28. Roberts EW, Broz ML, Binnewies M, Headley MB, Nelson AE, Wolf DM, et al.
Critical role for CD103(þ)/CD141(þ) dendritic cells bearing CCR7 for tumor
antigen trafficking and priming of T cell immunity in melanoma. Cancer Cell
2016;30:324–36.

29. Hildner K, Edelson BT, Purtha WE, Diamond M, Matsushita H, Kohyama M,
et al. Batf3 deficiency reveals a critical role for CD8aþ dendritic cells in cytotoxic
T cell immunity. Science 2008;322:1097–100.

30. Oba T, Hoki T, Yamauchi T, Keler T, Marsh HC, Cao X, et al. A critical role of
CD40 andCD70 signaling in conventional type 1 dendritic cells in expansion and
antitumor efficacy of adoptively transferred tumor-specific T cells. J Immunol
2020;205:1867–77.

31. Spranger S, Bao R, Gajewski TF. Melanoma-intrinsic beta-catenin signalling
prevents anti-tumour immunity. Nature 2015;523:231–5.

32. FuertesMB,KachaAK,Kline J,Woo SR,KranzDM,MurphyKM, et al.Host type
I IFN signals are required for antitumor CD8þT cell responses through CD8aþ
dendritic cells. J Exp Med 2011;208:2005–16.

33. Spranger S, Dai D, Horton B, Gajewski TF. Tumor-Residing Batf3 dendritic cells
are required for effector T cell trafficking and adoptive T cell therapy. CancerCell
2017;31:711–23.e4.

34. Sanchez-Paulete AR, Cueto FJ, Martinez-Lopez M, Labiano S, Morales-Kastre-
sana A, Rodriguez-Ruiz ME, et al. Cancer immunotherapy with immunomod-
ulatory anti-CD137 and anti-PD-1 monoclonal antibodies requires BATF3-
dependent dendritic cells. Cancer Discov 2016;6:71–9.

35. Salmon H, Idoyaga J, Rahman A, Leboeuf M, Remark R, Jordan S, et al.
Expansion and activation of CD103(þ) dendritic cell progenitors at the tumor
site enhances tumor responses to therapeutic PD-L1 and BRAF inhibition.
Immunity 2016;44:924–38.

36. Hammerich L, Marron TU, Upadhyay R, Svensson-Arvelund J, Dhainaut M,
Hussein S, et al. Systemic clinical tumor regressions and potentiation of PD1
blockade with in situ vaccination. Nat Med 2019;25:814–24.

37. Oba T, Long MD, Keler T, Marsh HC, Minderman H, Abrams SI, et al.
Overcoming primary and acquired resistance to anti-PD-L1 therapy by induc-
tion and activation of tumor-residing cDC1s. Nat Commun 2020;11:5415.

38. Patel A, Oba T, Kajihara R, Yokoi T, Abrams SI, Ito F. Multimodal intralesional
therapy for reshaping the myeloid compartment of tumors resistant to anti-PD-
L1 therapy via IRF8 expression. J Immunol 2021;207:1298–309.

39. Ito F, Ku AW, Bucsek MJ, Muhitch JB, Vardam-Kaur T, Kim M, et al. Immune
adjuvant activity of pre-resectional radiofrequency ablation protects against local
and systemic recurrence in aggressive murine colorectal cancer. PLoS One 2015;
10:e0143370.

40. Pereira ER, KedrinD, SeanoG,Gautier O,Meijer EFJ, Jones D, et al. Lymph node
metastases can invade local blood vessels, exit the node, and colonize distant
organs in mice. Science 2018;359:1403–07.

41. Mayer CT, Ghorbani P, Nandan A, Dudek M, Arnold-Schrauf C, Hesse C, et al.
Selective and efficient generation of functional Batf3-dependent CD103þ den-
dritic cells from mouse bone marrow. Blood 2014;124:3081–91.

42. KershawMH, Jackson JT, HaynesNM, TengMW,MoellerM,HayakawaY, et al.
Gene-engineered T cells as a superior adjuvant therapy for metastatic cancer.
J Immunol 2004;173:2143–50.

43. Huang AY, Gulden PH, Woods AS, Thomas MC, Tong CD,WangW, et al. The
immunodominant major histocompatibility complex class I-restricted antigen
of a murine colon tumor derives from an endogenous retroviral gene product.
PNAS 1996;93:9730–5.

44. Chow MT, Sceneay J, Paget C, Wong CS, Duret H, Tschopp J, et al. NLRP3
suppresses NK cell-mediated responses to carcinogen-induced tumors and
metastases. Cancer Res 2012;72:5721–32.

Oba et al.

Cancer Res; 81(24) December 15, 2021 CANCER RESEARCH6194

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/81/24/6183/3014195/6183.pdf by guest on 19 M

ay 2023



45. Matloubian M, Lo CG, Cinamon G, Lesneski MJ, Xu Y, Brinkmann V, et al.
Lymphocyte egress from thymus and peripheral lymphoid organs is dependent
on S1P receptor 1. Nature 2004;427:355–60.

46. Buchwald ZS, Nasti TH, Lee J, Eberhardt CS, Wieland A, Im SJ, et al. Tumor-
draining lymph node is important for a robust abscopal effect stimulated by
radiotherapy. J Immunother Cancer 2020;8:e000867.

47. Luke JJ, Lemons JM, Karrison TG, Pitroda SP, Melotek JM, Zha Y, et al. Safety
and clinical activity of pembrolizumab and multisite stereotactic body
radiotherapy in patients with advanced solid tumors. J Clin Oncol 2018;
36:1611–18.

48. Golden EB, Chhabra A, Chachoua A, Adams S, DonachM, Fenton-KerimianM,
et al. Local radiotherapy and granulocyte-macrophage colony-stimulating factor
to generate abscopal responses in patients withmetastatic solid tumours: a proof-
of-principle trial. Lancet Oncol 2015;16:795–803.

49. Rodriguez-RuizME, Rodriguez I, Garasa S, Barbes B, Solorzano JL, Perez-Gracia
JL, et al. Abscopal effects of radiotherapy are enhanced by combined immu-
nostimulatory mAbs and are dependent on CD8 T cells and crosspriming.
Cancer Res 2016;76:5994–6005.

50. Oba T, Makino K, Kajihara R, Yokoi T, Araki R, Abe M, et al. In situ delivery of
iPSC-derived dendritic cells with local radiotherapy generates systemic antitu-
mor immunity and potentiates PD-L1 blockade in preclinical poorly immuno-
genic tumor models. J Immunother Cancer 2021;9:e002432.

51. Kuukasj€arvi T, Karhu R, TannerM, K€ahk€onenM, Sch€affer A, NupponenN, et al.
Genetic heterogeneity and clonal evolution underlying development of asyn-
chronous metastasis in human breast cancer. Cancer Res 1997;57:1597–604.

52. Jamal-Hanjani M, Quezada SA, Larkin J, Swanton C. Translational implications
of tumor heterogeneity. Clin Cancer Res 2015;21:1258–66.

53. Rudqvist NP, Pilones KA, Lhuillier C,Wennerberg E, Sidhom JW, Emerson RO,
et al. Radiotherapy and CTLA-4 blockade shape the TCR repertoire of tumor-
infiltrating T cells. Cancer Immunol Res 2018;6:139–50.

54. Hong WX, Haebe S, Lee AS, Westphalen CB, Norton JA, Jiang W, et al.
Intratumoral immunotherapy for early-stage solid tumors. Clin Cancer Res
2020;26:3091–99.

55. Champiat S, Tselikas L, Farhane S, Raoult T, Texier M, Lanoy E, et al. Intra-
tumoral immunotherapy: from trial design to clinical practice. Clin Cancer Res
2021;27:665–79.

AACRJournals.org Cancer Res; 81(24) December 15, 2021 6195

Neoadjuvant In Situ Immunomodulation for High-Risk Cancers

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/81/24/6183/3014195/6183.pdf by guest on 19 M

ay 2023



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice


