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ABSTRACT
Background  Generally, early-stage breast cancer has 
a good prognosis. However, if it spreads systemically, 
especially with pulmonary involvement, prospects 
worsen dramatically. Importantly, tumor-infiltrating T cells 
contribute to tumor control, particularly intratumoral T cells 
with a tissue-resident memory phenotype are associated 
with an improved clinical outcome.
Methods  Here, we use an adenoviral vector vaccine 
encoding endogenous tumor-associated antigens 
adjuvanted with interleukin-1β to induce tumor-specific 
tissue-resident memory T cells (TRM) in the lung for the 
prevention and treatment of pulmonary metastases in the 
murine 4T1 breast cancer model.
Results  The mucosal delivery of the vaccine was highly 
efficient in establishing tumor-specific TRM in the lung. 
Concomitantly, a single mucosal vaccination reduced 
the growth of pulmonary metastases and improved the 
survival in a prophylactic treatment. Vaccine-induced TRM 
contributed to these protective effects. In a therapeutic 
setting, the vaccination induced a pronounced T cell 
infiltration into metastases but resulted in only a minor 
restriction of the disease progression. However, in 
combination with stereotactic radiotherapy, the vaccine 
increased the survival time and rate of tumor-bearing 
mice.
Conclusion  In summary, our study demonstrates that 
mucosal vaccination is a promising strategy to harness the 
power of antitumor TRM and its potential combination with 
state-of-the-art treatments.

BACKGROUND
Approximately 2.3 million new cases of breast 
cancer and 684,000-related deaths were 
reported worldwide for 2020, accounting 
for 11.7% of all cancer diagnoses.1 Recent 
improvements in screening and treatment 
approaches could increase the 5-year breast 
cancer survival rate to 85 %.2 However, a 
metastatic spread of tumor cells cannot always 
be prevented, with the lung as one of the 
most commonly affected sites. Despite new 

treatment options such as immunotherapy 
and personalized cancer therapies, the 5-year 
survival rates for metastatic breast cancer 
remain low and are particularly low for lung 
metastases at 12%.3 Several phase I and II 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Pulmonary metastases in breast cancer remain 
difficult to treat, resulting in poor survival rates. 
Intratumoral T cell infiltration, and in particular the 
presence of tissue-resident memory T cells (TRM), 
correlates with better clinical outcomes, but to date, 
no suitable vaccine approaches have been devel-
oped to induce such immune responses against 
endogenous tumor antigens in metastatic breast 
cancer.

WHAT THIS STUDY ADDS
	⇒ The mucosal vaccination with an adjuvanted, ade-
noviral vector vaccine that delivers the endogenous 
tumor antigens AH1 and melanoma-associated an-
tigen B results in robust antigen-specific TRM re-
sponses in the lung.

	⇒ In a pulmonary breast cancer metastasis model, a 
single, prophylactic vaccination improves the sur-
vival time and rate, which is partially mediated by 
vaccine-induced TRM.

	⇒ Therapeutic vaccination promotes strong infiltration 
of TRM into metastases and leads, in combination 
with stereotactic radiotherapy, to an improved sur-
vival of tumor-bearing mice.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ Our data demonstrate that mucosal tumor vaccines 
encoding appropriate tumor antigens are a prom-
ising strategy to generate tissue-resident, tumor-
reactive T cell responses in pulmonary breast cancer 
metastases and may pave the way for a new gen-
eration of TRM-inducing vaccination modalities that 
harness these powerful T cell subtypes, especially 
in combination with established treatment options.
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clinical trials have evaluated breast cancer vaccines based 
on different vaccine platforms and delivering different 
tumor-associated antigens with limited success.4

Breast cancer exploits various mechanisms to suppress 
T cell responses, such as impairment of antigen presen-
tation, induction of T cell exhaustion, or suppression 
of T cell infiltration.5 6 However, high levels of tumor-
infiltrating lymphocytes (TIL) are associated with an 
improved prognosis in most solid cancers, including 
breast cancer.7 Today, it is well established, that a subset of 
those TIL show characteristics of tissue-resident memory 
T cells (TRM). A hallmark of TRM is a strict residency 
in healthy tissues and tumors peripheral tissues without a 
presence in circulation, contributing critically to periph-
eral immune surveillance. The tissue residency partly 
relies on the surface expression of retention molecules 
like CD69 or CD103, which are widely used as phenotypic 
markers for TRM.8 To establish tissue residency, local 
antigen is required in some tissues to promote upreg-
ulation of CD69, which in turn inhibits sphingosine-1-
phosphate receptor 1-mediated tissue egress.9 CD103 
expression is induced by transforming growth factor-β 
(TGF-β) signaling and is connected to an increased 
cytotoxic potential if a ligand is engaged.10 Despite the 
expression of programmed cell death protein 1 (PD1), 
a hallmark of T cell exhaustion, intratumoral TRM show 
a robust production of effector cytokines, degranulation, 
and cytotoxicity, enabling efficient tumor cell killing, 
suppression of tumor cell division, and the activation of 
innate immune cells.10 11 Consistent with this, intratu-
moral TRM are protective in the murine AT3 mammary 
carcinoma model12 and TIL with TRM gene signatures 
were found to be associated with an improved prognosis 
in patients with triple-negative breast cancer (TNBC) 
.7 12 Therefore, the specific induction of tumor antigen-
specific TRM in the lung by a mucosal cancer vaccine has 
great potential for the prevention and treatment of lung 
metastases.

In previous studies, we have shown that mucosal vacci-
nations with adenoviral vectors adjuvanted with vector-
encoded interleukin-1β (AdIL1β) efficiently establish 
antiviral TRM responses in the lung.13 14 The mucosal 
expression of IL-1β activates multiple checkpoints in the 
establishment of pulmonary TRM including activation of 
endothelial cells, upregulation of adhesion molecules and 
chemokines in the lung mucosa, recruitment of innate 
immune cells including migratory CD103+ dendritic 
cells (DC), priming of committed TRM progenitors, and 
finally, local differentiation of TRM supported by high 
levels of TGF-β.13 This broad inflammatory action of 
mucosal IL-1β may not only support the establishment of 
TRM but may also prove beneficial in overcoming cancer-
related immunosuppression in the lung environment.

In this study, an adenoviral vector vaccine encoding 
two antigens of key tumor-associated antigen (TAA) fami-
lies was evaluated as mucosal immunization in a murine 
TNBC lung metastasis model. We demonstrated that this 
mucosal vaccination strategy elicits tumor antigen-specific 

TRM in the lung and provides prophylactic protection 
against 4T1 lung metastases. Moreover, combined with 
stereotactic radiotherapy (RT), the therapeutic vaccina-
tion led to a partial control of existing lung metastases.

METHODS
Vaccines
Replication-deficient Ad serotype 5 vector vaccines 
were produced according to the pAdEasy protocol.15 In 
brief, gene sequences for the TAA melanoma-associated 
antigen B (MAGE-b) (position 311–660 bp of comple-
mentary DNA), the murine leukemia virus gp70 AH1 
peptide (single amino acid substitution at position, 
SPSYAYHQF; AH1A5) and thioredoxin were cloned into 
pShuttle and later inserted into pAdEasy-1 via homolo-
gous recombination. Antigen expression is initiated from 
a cytomegalovirus (CMV) immediate-early-1-promoter 
and transcription is terminated at a bovine growth 
hormone (BGH) polyadenylation signal. Correct inser-
tion of the expression cassette into adenoviral vectors 
was confirmed by sequencing. Viral particles were puri-
fied after transfection and multiple infection cycles of 
HEK293A cells (Vivapure Adenopack Kit, Sartorius) and 
total virus concentration was assessed by optical density 
at 260 nm. Infectious particles were determined by Reed-
and-Muench TCID50. The AdIL-β adjuvant vector and the 
Adempty control vector with no transgene expression 
were generated according to previous work.13

Immunizations
After 2 weeks of acclimatization, 7–8 weeks old female 
BALB/cJRj (Janvier) were immunized intranasally (i.n.) 
under general anesthesia (100 mg/kg ketamine and 13 
mg/kg xylazine) by pipetting 50 µL of the vaccine in 
one nostril (1×107 IU vaccine vector, 2.5×106 IU adjuvant 
vector).

Tumor challenge
4T1-luc cells (kindly provided by Maria Hollmen, 
University of Helsinki) were maintained in Dulbecco’s 
Modified Eagle’s Medium (DMEM; Gibco) with 10% 
heat-inactivated fetal bovine serum (FBS; Anprotect) with 
2 mM L-Glutamine (Gibco) and 1% streptomycin/peni-
cillin (Gibco) in a humidified incubator at 5% CO2 and 
37°C. Cells were detached with Trypsin and 5×104 cells 
in 150 µL phosphate-buffered saline (PBS) were injected 
intravenously into the median tail vein. Cage order was 
randomized during tumor injection to prevent time-
dependent trends. Animals were euthanized with isoflu-
rane at specific time points or as soon as they reached 
predefined humane endpoints assessed by a scoring 
system considering body condition score, general clinical 
symptoms and behavior as well as breathing activity.

If stated, FTY720 (Sigma-Aldrich) was added to the 
drinking water at a concentration of 2 µg/mL 3 days 
before the tumor challenge.
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T cell analyses
To discriminate circulating and resident T cells, mice were 
injected intravenously with 2 µg anti-CD45-BV510 (clone 
30-F11, BioLegend) 3 min before being euthanized with 
isoflurane followed by harvesting lungs and spleens. Lungs 
were cut and incubated in 2 mL R10 medium (Roswell 
Park Memorial Institute medium, RPMI, 1640, 10% fetal 
calf serum, FCS, 2 mM L-Glutamine, 10 mM 4-(2-hydro
xyethyl)-1-piperazineethanesulfonic acid, HEPES, 50 µM 
β-mercaptoethanol and 1% streptomycin/penicillin) 
supplemented with collagenase D (500 units) and DNase 
I (160 units) for 45 min at 37°C. Organs were mashed 
through a 70 µm cell strainer (Greiner Bio-One), washed 
with HBSS (Gibco) and erythrocytes were removed with 
an ammonium-chloride-potassium lysis (Gibco). For the 
following downstream methods, a fixed volume of the 
lung cell suspension (10–20% of total isolated lympho-
cytes; depending on the experiment) or 106 spleen cells 
were analyzed.

For the intracellular cytokine staining, cells were 
restimulated in 200 µL R10 medium supplemented 
with monensin (2 µM), anti-CD28 (1 µg/mL; eBiosci-
ence), anti-CD107a-FITC (1:200, clone 1D4B; BD) with 
or without AH1A5 peptide (SPSYAYHQF; GenScript) for 
6 hours. Next, a surface staining with anti-CD8a-Pacific 
Blue (1:300, clone 53–6.7; BioLegend), anti-CD4-PerCP 
eFlour 710 (1:2000, clone RM4-5; eBioscience) and 
Fixable Viability Dye eFlour 780 (1:100; Thermo Fisher) 
in FACS-PBS (0.5% BSA, 2 mM EDTA, 1 mM NaN3, in 
PBS) for 20 min at 4°C was performed. Cells were fixed 
in 2% paraformaldehyde and permeabilized in FACS-PBS 
containing 1% saponin and anti-CD16/32 (1:200; Invit-
rogen). Cells were then stained intracellularly with anti-
IL2-APC (clone JES6-5H4), anti-TNFα-PE-Cy7 (clone 
MPG-XT22) and anti-IFNγ-PE (clone XMG1.2; all 1:300, 
all BioLegend).

For phenotypic analyses, cells were stained with 
anti-CD8-PE (1:300, clone YTS169.4; Invitrogen), anti-
CD127-FITC (1:500, clone A7R34; BioLegend), anti-
CD69-PerCP-Cy5.5 (1:300, clone H1.2F3, BioLegend), 
anti-CD103-BV605 (1:100, clone 2E7; BioLegend), anti-
KLRG1-PE-Cy7 (1:300, 2F1; Invitrogen), anti-CD44-BV711 
(1:300, clone IM7; BioLegend), anti-CD45.2-PE-Dazzle 
(1:500, clone 104; BioLegend), and Fixable Viability Dye 
eFluor 780 (1:4000, Thermo Fisher) for 20 min at 4°C in 
FACS-PBS.

For dextramer analyses, cells were first stained with an 
APC-labeled H-2 Ld AH1 Dextramer (Immudex; 1:10 in 
FACS-PBS) for 20 min at 4°C followed by staining with 
anti-CD8-BV711 (1:300, clone 53–6.7; BioLegend), anti-
CD4-BV605 (1:1000, clone RM4-5; BioLegend), anti-
CD127-PE-Dazzle594 (1:300, clone A7R34; BioLegend), 
anti-CD69-BV421 (1:100, clone H1.2F3; BioLegend), anti-
CD103-PE (1:100, clone 2E7; BioLegend), anti-KLRG1-
PE-Cy7 (1:300, clone 2F1; Invitrogen), anti-CD44-PE-Cy5 
(1:2000, clone IM7; BioLegend), and Fixable Viability 
Dye eFluor 780 (1:4000, Thermo Fisher) for 20 min at 

4°C in FACS-PBS supplemented with brilliant stain buffer 
plus (BD).

Samples were acquired on an AttuneNXT (Thermo 
Fisher) or a Northern Lights flow cytometer (Cytek 
Biosciences) and analyzed using FlowJo (Tree Star).

Bioimaging
Ten min after receiving D-luciferin (150 µg/g intraperito-
neally, Goldbio), isoflurane-anesthetized mice or resected 
lungs were imaged in an IVIS imaging system (Perki-
nElmer) and data was analyzed using the Living Image 
V.4.0 Software (PerkinElmer).

Analysis of tumor cells in lung cell suspensions
For the ex vivo luciferase assay, cells pelleted from 100 µL 
lung cell suspension were lysed in 80 µL Bright Glo Lysis 
Buffer (Promega) for 10 min at RT in a white 96-well plate 
(costar). Next, 20 µL Bright Glo substrate (Promega) was 
added 2 min before the chemiluminescence signal was 
captured on a microplate reader (VICTOR X5; Perki-
nElmer) and analyzed using 2030 Manager software 
(PerkinElmer).

In the clonogenic outgrow assay, lung cell suspen-
sions were serially diluted in DMEM (Gibco) supple-
mented with 10% heat-inactivated FBS (Anprotect) with 
2 mM L-Glutamine and 1% streptomycin/penicillin and 
6-thioguanine (60 µM). One mL of each dilution was 
plated in a 6-well plate and incubated for 10 days at 37°C, 
5% CO2, before colonies were assessed by crystal violet 
staining (0.1% crystal violet, 2.5% ethanol, 25% meth-
anol in H2O). A mean colony number was determined by 
normalizing each countable dilution.

Immunohistochemistry
Mice were sacrificed by isoflurane inhalation and lungs 
were filled with 1 mL 20% sucrose in PBS and O.C.T. 
compound (1:2 mixture) before the trachea was closed 
with a thread (Sakura Finetek). Lungs and trachea were 
resected and incubated in 20% sucrose/PBS overnight 
at 4°C. Lungs were washed in sodium chloride and snap 
frozen in liquid nitrogen before 15 µm tissue sections 
were prepared using a cryostat. Sections were fixed in 
1:1 acetone/methanol (5 min, 4°C), and tissues were 
surrounded with a PAP pen and rehydrated in PBS. 
Sections were incubated 2 hours at RT in PBS-T (0.05% 
Tween) supplemented with 5% FBS and anti-CD16/CD32 
(10 µg/mL, clone 93, Invitrogen) before staining with 
anti-CD8α-AF488 (5 µg/mL, clone 53–6.7; BD) overnight 
at 4°C. Sections were mounted with ProLong Glass anti-
fade including NucBlue (Hoechst 33342; Thermo Fisher 
Scientific). Images were captured with a 40× oil objec-
tive (PL APO, NA1.75) at an SP5X Leica laser scanning 
confocal microscope (Leica Camera AG) using LAS AF 
software V.2.7.3.9723 (Leica Camera AG) and analyzed 
using ImageJ software V.1.52p (Wayne Rasband). Addi-
tionally, tissue sections were stained with H&E for further 
analysis of tumor nodules. Stained tissue sections were 
scanned using a P1000 digital slide scanner (P1000, 
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Gen.2. 3DHistech) and examined using QuPath16 V.0.4.2 
and ImageJ V.1.52p (Wayne Rasband). Analysis of histo-
pathological changes and tumor nodule examination 
were conducted by a pathologist.

Radiotherapy
Isoflurane-anesthetized mice were placed in a container 
manufactured for our study that provides an appropriate 
resting position for the irradiation process. The thorax 
was irradiated with a single dose of 5 Gray (Gy) in a Versa 
HD linear accelerator unit (6 MV, Elekta).

Study design and statistical analyses
Animals were randomly assigned to groups. Group sizes 
were decided with power analyses based on historical data 
or in pilot studies with a fixed group size of six animals. 
Each animal represents an experimental unit. Data was 
analyzed using Prism V.9.0 (GraphPad Software). Statis-
tical analyses in graphs depict only statistically significant 
results.

RESULTS
Mucosal but not systemic vaccination elicits localized T cell 
responses in the lung
We generated a replication-deficient adenoviral vector 
vaccine (human adenovirus serotype 5) encoding a frag-
ment of MAGE-b and the AH1 epitope of the endoge-
nous murine leukemia virus gp70 protein, both highly 
expressed TAA in 4T1 tumors.17 18 In addition, the 
sequence of thioredoxin was fused to the N-terminus 
of the antigen sequence acting as an immunostimula-
tory scaffold protein (figure  1A).19 Mice were immu-
nized either mucosally or intramuscularly (i.m.) with 
the vaccine vector (hereinafter referred to as Ad4T1) 
in combination with AdIL1β as a genetic adjuvant. To 
estimate the contributing effect of mucosal AdIL1β,13 a 
mucosal vaccination with Ad4T1 together with an empty 
adenoviral vector (Adempty) was applied. Here, the mice 
received an Adempty dose equivalent to the AdIL1β input. 
Five weeks after vaccination, CD8+ T cell responses were 
determined in lung and spleen cells by phenotypic anal-
yses and multimer staining. Before harvesting the lung, 
we performed an intravascular staining with fluorophore-
coupled anti-CD45 to discriminate TRM (protected from 
staining, iv-protected or iv−) from circulating T cells 
in following analyses (stained, iv-labeled or iv+; gating 
strategy shown in online supplemental figure 1A). Here 
it became evident that i.n. vaccination predominantly 
induced tissue-resident T cells, whereas i.m. vaccination 
did not yield any localized responses (figure 1B). Pheno-
typic analyses revealed a robust induction of CD103+CD69+ 
and CD103–CD69+ lung TRM in the Ad4T1+AdIL1β i.n. 
group (figure  1C), which was also confirmed for AH1-
specific CD8+ T cells by dextramer staining (figure  1D, 
gating strategy shown in online supplemental figure 1B). 
AH1-specific TRM responses were low to undetectable 
without a co-delivery of AdIL1β (figure  1D). After i.m. 

vaccination, no TRM were observed but a low number 
of iv+ circulating memory phenotypes (effector, TEFF; 
effector memory, TEM; and central memory T cells, 
TCM) were sampled in the lung, probably passaging the 
lung vasculature at the sampling time point (figure 1C). 
Both CD103+CD69+ and CD103-CD69+ TRM populations 
displayed an expression of the checkpoint molecules 
PD1 and T cell immunoglobulin and mucin-domain 
containing-3 (TIM-3; figure  1E), which were described 
to be frequently expressed in TIL with a TRM profile,20 
although this does not necessarily indicate functional 
exhaustion.10 In contrast, circulating T cell phenotypes 
after systemic immunization showed a substantially lower 
fraction of PD1-positive or TIM-3-positive cells.

Next, we assessed the functionality of vaccine-induced 
T cells by ex vivo restimulation with the AH1A5 peptide 
followed by intracellular cytokine staining (gating strategy 
shown in online supplemental figure 2). Only the mucosal 
vaccine delivery induced significant levels of TAA-reactive 
iv− CD8+ T cells in the lung, as indicated by production 
of interferon (IFN)γ, IL2, and tumor necrosis factor α 
(TNFα) as well as degranulation indicated by CD107a 
staining (figure  2A,B). Opposed to this, systemic vacci-
nation resulted in high levels of AH1-specific circulating 
T cells as shown in the iv+ T cell population sampled in 
the lung tissue (figure 2A,C) as well as in splenic CD8+  
T cells (figure 2D), which was not seen to this extent after 
mucosal vaccination. After restimulation with a peptide 
pool covering a part of MAGE-b, we could not detect an 
antigen-specific T cell activation (data not shown). In 
conclusion, the route of vaccine delivery determines the 
localization of AH1-specific T cell responses, which are 
increased on co-administration of AdIL1β.

Prophylactic immunization inhibits the growth of pulmonary 
breast cancer metastases and prolongs survival
Next, we assessed the protective efficacy of the tumor 
vaccination. Based on the immunogenicity data, we 
immunized mice with Ad4T1+AdIL1β i.n. or i.m. In addi-
tion, we analyzed the delivery of AdIL1β without Ad4T1 
to determine any effects of the adjuvant on protection 
that are not related to the delivery of the tumor vaccine. 
Five weeks later, mice were challenged with firefly 
luciferase-expressing 4T1 TNBC cells (4T1-luc) intra-
venously (figure  3A). 14 days after tumor induction, in 
vivo bioimaging showed by trend lower tumor burdens 
in the vaccinated groups compared with naïve mice 
(figure 3B,C). In line with these data, both i.n. and i.m. 
delivery of Ad4T1+AdIL1β resulted in a statistically signif-
icant improvement of the survival dynamics, while the 
mean survival time (47.5 and 37.5 days, respectively) was 
only by trend improved compared with the naïve group 
(24.5 days, figure 3D,E).

To confirm these results, pulmonary metastases were 
analyzed in-depth in a separate experiment. Whole lung 
bioimaging 14 days after metastasis induction showed that 
all treated groups, including the AdIL1β adjuvant control 
group, had lower median luciferase signals compared 

https://dx.doi.org/10.1136/jitc-2023-008652
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with unvaccinated mice (figure 4B,C). However, a statisti-
cally significant reduction was only detected in i.n. immu-
nized mice that received Ad4T1 together with AdIL1β 
(figure 4C). Similar results were obtained by analyzing the 
luciferase activity in lung cell suspensions (figure 4D). To 
confirm these results in a second, luciferase-independent 
readout, the number of 4T1 cells in lung homoge-
nates was quantified in a clonogenic outgrowth assay 
in presence of 6-thioguanine, a cytostatic drug the 4T1-
luc cells are resistant to. All samples of unvaccinated 
animals displayed an outgrowth of 4T1 cells in this assay 
(figure  4E). In contrast, five out of six animals showed 
4T1 cells in the lung in the i.m. vaccine and adjuvant-only 

groups, whereas the presence of 4T1 cells was only found 
in two out of five animals in the lung of Ad4T1+AdIL1β 
i.n. vaccinated animals.

We further analyzed the quantity and the phenotype of 
T cells present in the lung at this time point. It became 
evident that the AH1-specific TRM response induced 
by i.n. vaccination with Ad4T1+AdIL1β was maintained 
throughout the tumor challenge without an obvious 
expansion or a major infiltration of circulating T cell 
phenotypes (figure 1D, figure 4F–H). Moreover, the pres-
ence of lung metastases did not influence the checkpoint 
expression status of TRM (figure 4I). The systemic immu-
nization with the adjuvanted vaccine did not lead to a 

Figure 1  TAA-specific memory T cell subsets in the lung. BALB/c mice were vaccinated either intranasally (i.n.) or 
intramuscularly (i.m.) with Ad4T1 (107 IU) + AdIL1β or Adempty (2.5×106 IU) as adjuvant component (A) and sacrificed 35 days 
later for T cell analysis. CD44 was used as a marker for antigen-experienced T cells with the addition of an intravascular CD45 
staining to discriminate circulating (iv+) and tissue-resident (iv–) memory cells. The bars represent the mean of each group±SEM 
(B). The phenotypic analysis of effector T cells (TEFF; CD127−KLRG1+), effector memory T cells (TEM; CD127+KLRG1+), central 
memory T cells (TCM; CD127+KLRG1−CD69−CD103−) and TRM cells (CD127+/−KLRG1−CD103+CD69+; C) with AH1-specific 
TRM within the iv− population (D). PD1 and TIM-3 expression within different T cell phenotypes. TEFF, TEM and TCM analyzed 
in Ad4T1+AdIL1β i.m. and TRM populations analyzed in Ad4T1+AdIL1β i.n. group (E). The gating strategies are shown in online 
supplemental figure 1. Bars display group means overlaid with individual data points (C–E); all groups n=6 (total 24 animals). 
Significances were determined using Kruskal-Wallis tests followed by Dunn‘s multiple comparisons test (B–E). P values indicate 
significant differences (*p<0.05; **p<0.005; ***p<0.0005; ****p<0.0001; only statistically significant comparisons shown). CMV, 
cytomegalovirus promotor; i.m., intramuscular; i.n., intranasal; iv, intravenous, PD1, programmed cell death protein 1; T cell 
immunoglobulin and mucin-domain containing-3, TIM-3; TRM, tissue-resident memory T cells.

https://dx.doi.org/10.1136/jitc-2023-008652
https://dx.doi.org/10.1136/jitc-2023-008652
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significant infiltration of T cells into the lung and neither 
did the tumor challenge itself lead to de novo induction 
of antigen-specific T cells (figure  4F–H). Therefore, a 
prophylactic mucosal vaccination supplemented with 
AdIL1β provides protection against pulmonary metas-
tasis. This efficacy coincides with the presence of tumor-
specific TRM responses in the lung, which are not seen 
after systemic immunization or by the presence of pulmo-
nary lesions per se.

Vaccine-induced TRM contribute to vaccine efficacy
To assess the contribution of TRM to the protective 
capacity of the prophylactic vaccination, we used the 
compound FTY720 to sequester vaccine-induced T cells 
in lymphatic tissues and thereby inhibit a recruitment 
of circulating T cells into the lung on tumor challenge 
(figure 5A). A treatment with FTY720 beginning 3 days 
before tumor challenge resulted in an absence of CD8+ 
T cells in peripheral blood within 48 hours (figure 5B). 
In absence of T cell circulation, mucosally vaccinated 
animals still showed an improved survival (figure  5C) 
and a less pronounced metastatic growth in longitudinal 
bioimaging (figure 5D,E) compared with the systemically 
vaccinated group. Therefore, this experiment proves that 

vaccine-induced TRM contribute to the control of pulmo-
nary 4T1 metastases. However, it should be noted that the 
survival rate of mucosally vaccinated animals was lower 
and the mean survival time shorter on FTY720 treatment 
compared with the previous experiment (figure 3D,E).

Mucosal vaccination requires a combination with local 
radiotherapy to achieve therapeutic efficacy
Next, we explored the vaccine efficacy of the mucosal 
vaccination strategy in a therapeutic setting. To this end, 
pulmonary 4T1-luc metastases were induced first, followed 
by the i.n. immunization with Ad4T1+AdIL1β 3 days later 
(figure 6A). In addition, the mucosal adjuvant AdIL1β was 
tested alone to analyze the direct effect of the cytokine on 
existing metastases. First of all, the ability of the mucosal 
vaccination to induce T cell infiltration into the metas-
tases was analyzed 14 days after tumor challenge. Indeed, 
a pronounced presence of tumor-infiltrating CD8+ T cells 
was observed in tumor nodules in immunohistochemistry 
analyses of resected lungs from vaccinated but not naïve 
animals (figure 6B). Despite this pronounced localization 
of T cells within the tumor tissue, a therapeutic vaccina-
tion did not inhibit the growth of pulmonary metastases 
as seen by in vivo bioimaging 18 days after induction of 

Figure 2  Tumor antigen-specific CD8+ T cell responses. BALB/c mice were vaccinated either i.n. or i.m. as described in 
figure 1 and sacrificed 35 days later for T cell analysis. Representative flow cytometry plots for IFNγ production in iv+ and 
iv− CD8+ T cells of lung homogenates restimulated with an AH1 peptide (A). Responding CD8+ T cells were determined by an 
intracellular cytokine staining in spleen and lung homogenates (B–D). The gating strategy is shown in online supplemental figure 
2. Bars show group means overlaid with individual data points; all groups n=6 (total 24 animals). Significances were determined 
using Kruskal-Wallis tests followed by Dunn‘s multiple comparisons test (B–D). P values indicate significant differences 
(*p<0.05; **p<0.005; ***p<0.0005; ****p<0.0001; only statistically significant comparisons shown). poly, polyfunctional T cell 
population positive for all assessed markers. IFN, interferon; i.m., intramuscular; i.n., intranasal; iv, intravenous; TNFα, tumor 
necrosis factor α.

https://dx.doi.org/10.1136/jitc-2023-008652
https://dx.doi.org/10.1136/jitc-2023-008652
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metastases (figure 6C,D) and by measuring the luciferase 
signals in corresponding lung homogenates (figure 6E). 
Similarly, AdIL1β alone did not influence metastatic 
growth in the lung compared with naïve mice either. In 
a separate experiment, we analyzed the survival of vacci-
nated animals compared with naïve animals to see whether 
vaccination might result in a control of metastases at later 
time points. However, while a mucosal vaccination may 
have slightly increased the mean time to death, it did 
not protect animals from reaching humane endpoints 

(figure  6F,G). Thus, a therapeutic mucosal vaccination 
as a monotherapy was not successful in reducing tumor 
burden or in effectively improving survival, however, 
we did observe a pronounced T cell infiltration in the 
tumoral tissues.

We speculated that the aggressive growth of the pulmo-
nary metastases might outcompete the tumor-killing 
capacity of the vaccine-induced T cell response in a ther-
apeutic setting. Therefore, stereotactic RT was employed 
to slow down tumor growth creating a longer therapeutic 

Figure 3  Vaccine efficacy in a prophylactic setting. BALB/c mice were vaccinated with Ad4T1 (107 IU) + AdIL1β (2.5×106 IU) 
i.n. or i.m. or, alternatively, with Adempty (107 IU) + AdIL1β (2.5×106 IU) i.n. and challenged with 4T1-luc cells intravenously 35 
days later. Survival was monitored for a period of 8 weeks (A). Bioimaging was performed on day 14 after tumor induction in an 
IVIS imaging system after the injection of mice with D-luciferin (B). Signal intensities are shown for individual animals in each 
group (C). The background signal is shown as a dashed line, indicating the detection limit (DL). Survival analysis over an 8-week 
period (D). The individual time until animals reach humane endpoints is shown together with group means. The experiment was 
terminated at day 56 and animals surviving to that time point were set to a survival of 56 days (E). Bars display group means 
overlaid with individual data points, all groups n=6 (total 24 animals). Significances were determined using Kruskal-Wallis tests 
followed by Dunn‘s multiple comparisons test (C, E). Significances in survival were determined using Gehan-Breslow-Wilcoxon-
test (D). P values indicate significant differences (*p<0.05; only statistically significant comparisons shown). i.m., intramuscular; 
i.n., intranasal; IU, infectious units; iv, intravenous.
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Figure 4  Analysis of the lung in the prophylactic vaccination setting. BALB/c mice were vaccinated i.n. or i.m. as described 
in figure 3 and challenged with 4T1-luc cells intravenously 35 days later. Lungs were harvested 14 days later for tumor burden 
and T cell analyses (A). Bioimaging of the resected lungs in the endpoint analysis of the experiment (n=5 for Ad4T1+AdIL1β, 
n=6 for other groups; total 23 animals; 1 animal lost during housing) in an IVIS imaging system after the injection of mice 
with D-luciferin (B). Intensities are shown for individual animals in each group (C). Ex vivo luciferase assay (D) and clonogenic 
assay (E) were performed with lung homogenates. The background signal is shown as a dashed line, indicating the detection 
limit (DL). AH1-specific cells are shown within the CD44+CD8+ population in exemplary dot plots with group mean values and 
SEM (F) and as individual counts per animal with group mean values (G). Effector (TEFF; CD127−KLRG1+), effector memory 
(TEM; CD127+KLRG1+) and central memory T cells (TCM; CD127+KLRG1−CD69−CD103−) as well as KLRG1−CD103+CD69+ 
TRM and KLRG1−CD103−CD69+ TRM within the CD44+CD8+AH1-spec. population (H). Gating strategies are shown in online 
supplemental figure 1 (no intravenous staining performed in this experiment). Programmed cell death protein 1 (PD1) and T cell 
immunoglobulin and mucin-domain containing-3 (TIM-3) expression within different T cell phenotypes. TEFF, TEM and TCM 
analyzed in Ad4T1+AdIL1β i.m. and TRM populations analyzed in Ad4T1+AdIL1β i.n. (I). Bars display group means overlaid 
with individual data points. Significances were determined using Kruskal-Wallis tests followed by Dunn‘s multiple comparisons 
test (C–E and G–I). P values indicate significant differences (*p<0.05; **p<0.005; ***p<0.0005; only statistically significant 
comparisons shown). i.m., intramuscular; i.n., intranasal; IU, infectious units; iv intravenous; spec., specific; TRM, tissue-
resident memory T cells.

https://dx.doi.org/10.1136/jitc-2023-008652
https://dx.doi.org/10.1136/jitc-2023-008652
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window for T cell-mediated tumor control. Tumor-
bearing mice received a single, focused, stereotactic 
thorax irradiation of 5 Gy 5 days after metastasis induc-
tion, before the mucosal vaccination was administered 
to the respective groups the following day (figure  7A). 
Indeed, RT led to slower growth of metastases and a 
survival benefit in comparison to the untreated and 
vaccine-only groups (figure 7B–D). The combination of 
RT and mucosal immunization increased the survival rate 
(21% vs 7% in the RT-only group) up to 7 weeks after the 
tumor challenge, although the effect size was too small 
to reach statistical confidence. Only the combinatory 
treatment led to a statistically significant increase of the 
survival time (figure 7C). Altogether, these results show 
that combining RT with a mucosal vaccination might be a 
promising strategy against breast cancer lung metastases 

but further optimization of the treatment schedule is 
required.

DISCUSSION
Fortunately, a diagnosis of breast cancer offers a compar-
atively good prognosis today. Unfortunately, this changes 
considerably when tumor cells spread to distant organs, 
particularly the lung.2 The intratumoral presence of TRM 
has been shown to mediate control of breast cancer in 
preclinical studies and to be associated with an improved 
prognosis in clinical studies.7 11 12 Therefore, vaccine 
approaches capable of specifically inducing localized 
immunity at cancer sites are promising interventions 
to prevent or treat pulmonary metastases. Here, we 
report on an efficient mucosal cancer vaccination and 

Figure 5  Protective efficacy in the absence of circulating T cells. BALB/c mice were vaccinated i.n. or i.m. with Ad4T1 
(107 IU) + AdIL1β (2.5×106 IU) and challenged with 4T1-luc cells intravenously 35 days later. The animals received FTY720-
supplemented drinking water (2 µg/mL) 3 days before the tumor challenge to inhibit T cell circulation and the treatment was 
continued throughout the experiment (A). Number of CD8+ T cells in the blood of FTY720-treated animals compared with 
untreated animals was determined by flow cytometry analysis (B). Survival analysis over an 8-week period (C). Corresponding 
bioimaging (D) with quantification of luciferase signal at the 2-week time point (E). The background signal is shown as a dashed 
line. Statistical significances were determined using Mann-Whitney test (B, E) and Gehan-Breslow-Wilcoxon-test (C). All groups 
n=6 (total 12 animals). P values indicate significant differences (*p<0.05; **p<0.005; only statistically significant comparisons 
shown). i.m., intramuscular; i.n., intranasal; IU, infectious units; iv, intravenous.
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Figure 6  Vaccine efficacy after therapeutic vaccination. BALB/c mice were challenged with 4T1-luc cells intravenously and 
vaccinated i.n. with Ad4T1 (107 IU) + AdIL1β (2.5×106 IU) or Adempty (107 IU) + AdIL1β (2.5×106 IU) (A). Lungs of individual 
naive and i.n. immunized animals were resected 14 days later, embedded into O.C.T. and stained with anti-CD8 monoclonal 
antibody (green) for infiltrating T cells and Hoechst 33342 for nuclei (blue). Images were generated on a Leica SP5X confocal 
microscope (40×) with representative images shown. Tumor nodules are further displayed in H&E staining of respective lungs 
and are highlighted by indicating arrows (B). In vivo bioimaging on day 18 in an IVIS imaging system after the injection of mice 
with D-luciferin (C) with the corresponding quantification of the bioimaging (D) and an ex vivo luciferase assay was conducted to 
quantify the tumor burden (E). The background signal is shown as a dashed line. In a separate experiment, BALB/c mice were 
challenged with 4T1-luc cells intravenously and vaccinated i.n. with Ad4T1 (107 IU) + AdIL1β (2.5×106 IU) 3 days later. Survival 
analysis over an 8-week period (F). The individual time until animals reach humane endpoints is shown together with group 
means (G). Bars display group means overlaid with individual data points. Significances were determined using Kruskal-Wallis 
tests followed by Dunn‘s multiple comparisons (D, E) test or Mann-Whitney test (G). Significances in survival were determined 
using Gehan-Breslow-Wilcoxon test (F). No statistically significant differences were found. Groups n=6 (C, D and E, total of 18 
animals, 1 naïve animal reached the humane endpoint on day 17; one Ad4T1+AdIL1β i.n. died shortly before bioimaging, data 
included for this animal in E but not D) and n=7 (F and G; total 14 animals). DL, detection limit; IL, interleukin; i.n., intranasal; IU, 
infectious units; i.v., intravenous; IF, immunofluorescence.



11Oltmanns F, et al. J Immunother Cancer 2024;12:e008652. doi:10.1136/jitc-2023-008652

Open access

adjuvantation strategy that improves tumor control in 
different experimental settings.

In the first part of the present study, we show that a 
mucosal, but not a systemic, vaccine delivery leads to 
TAA-specific TRM in the lung. This is in line with the 
essential role of local antigen expression in the establish-
ment of lung TRM.13 21 22 One possible reason for this may 
be the central role of migratory CD103+ DCs, which are 
involved in the priming of committed TRM precursors in 
draining lymph nodes23 and in promoting the final TRM 
differentiation in the lung through local antigen presen-
tation.24 The inclusion of the genetic adjuvant AdIL1β 
significantly increased the induction of AH1-specific 
TRM compared with a non-adjuvanted mucosal vaccina-
tion. We have previously reported similar findings in the 
context of a mucosal influenza A vaccination strategy and 
described the activation of several essential checkpoints 

in the formation of lung TRM by the mucosal adjuvant 
including an enhanced recruitment of CD103+ DCs.13

Phenotypic analyses of the vaccine-induced response 
revealed a dominant CD103+CD69+ TRM phenotype that 
was enhanced by the adjuvant, whereas the CD103−CD69+ 
TRM response was generally lower. Mechanistically, it is 
tempting to speculate that the increased levels of TGF-β 
observed after the mucosal expression of IL-1β13 result 
from the increased presence of CD103+ DCs.24 Since 
TGF-β directly promotes an upregulation of CD103 on 
TRM, it may specifically favor a CD103+CD69+ TRM pheno-
type.24 25 Two recent fate mapping studies suggest a higher 
degree of plasticity or stemness in CD103− compared with 
CD103+ TRM, but were inconsistent regarding differen-
tial effector functionalities on bacterial or viral reinfec-
tion.26 27 However, several studies suggest a functional 
importance of CD103 expression in antitumor TRM. First, 

Figure 7  Vaccine efficacy after therapeutic vaccination in combination with RT. BALB/c mice were challenged with 4T1-luc 
cells intravenously and received whole thorax radiation with a single dose of 5 Gy on day 5. One day later, they were vaccinated 
i.n. with Ad4T1 (107 IU) + AdIL1β (2.5×106 IU) (A). Survival analysis over an 8-week period (B). The individual time until animals 
reach humane endpoints is shown together with group means. The experiment was terminated at day 56 and animals 
surviving to that time point were set to a survival of 56 days. Bars display group means overlaid with individual data points with 
significances determined using Kruskal-Wallis tests followed by Dunn‘s multiple comparisons test (C). Weekly in vivo bioimaging 
in an IVIS imaging system after the injection of mice with D-luciferin (D). Significances in survival were determined using Gehan-
Breslow-Wilcoxon test (B). n=7 for Ad4T1+AdIL1β i.n., other groups n=14 (total 49 animals). P values indicate significant 
differences (*p<0.05; **p<0.005; ***p<0.0005). Gy, Gray; i.n., intranasal; IU, infectious units; i.v., intravenous; RT, radiotherapy.
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CD103 mediates localization and maintenance of TRM 
in tumors that are positive for its ligand E-cadherin.28 
Notably, E-cadherin is expressed at high levels in 4T1 
tumor cells and may even be important for the formation 
of lung metastases, despite the canonical view that E-cad-
herin is downregulated during epithelial-mesenchymal 
transition.29 Second, the interaction of CD103 with E-cad-
herin increases cytotoxicity and cytokine production by 
tightening the immunological synapse between TRM and 
tumor cells.30 Finally, the most relevant evidence arguing 
for a functional relevance of CD103 comes from clinical 
studies reporting a correlation between the intratumoral 
density of CD103+ TRM and an improved prognosis not 
observed with CD103− TIL.7 11 12

In the present study, a single, adjuvanted mucosal vacci-
nation resulted in a significant reduction of pulmonary 
breast cancer metastases and improved survival when 
administered prophylactically. Moreover, mucosally vacci-
nated animals treated with FTY720 showed a reduced 
tumor burden and an improved survival compared to i.m. 
vaccinated, FTY720-treated littermates, indicating that 
vaccine-induced TRM contribute to the tumor control. 
Nevertheless, FTY720 treatment also decreased the 
protective efficacy of the mucosal vaccination suggesting 
that lung TRM inhibit metastatic growth, but are not suffi-
cient to control the growth in the long-term. Considering 
a contribution of systemic T cells in the final clearance of 
lung metastases, a combination of mucosal and systemic 
vaccination may be a promising approach to exploit both 
T cell compartments and their characteristics in tumor 
vaccination. Such combinations should be evaluated in 
heterologous prime-boost schemes21 as well as in simulta-
neous, combined vaccination regimens.31 In general, the 
FTY720 treatment resulted in apparently more aggressive 
tumor growth, possibly due to immune impairment at 
mucosal surfaces32 or alteration of the pulmonary endo-
thelial barrier function.33

Protective effects have also been reported with a mucosal 
nanoparticle vaccine against breast cancer metastasis34 
and a mucosal protein vaccine against head and neck 
cancer in prophylactic settings.35 In these studies, tumor 
lysate and exogenous peptides were used as antigens. In 
the current study, we selected a MAGE family protein 
and an endogenous retroviral protein as clinically rele-
vant endogenous TAA. MAGE proteins are of particular 
interest for tumor vaccination as they are expressed in 
human breast cancer biopsies but are otherwise silenced 
in most adult tissues.36 A MAGE protein has already been 
evaluated as an antigen in a phase I trial, resulting in 
antigen-specific T cells associated with a clinical response 
in some patients with melanoma.37 Endogenous retroviral 
proteins, such as those from human endogenous retro-
viruses (HERVs), are overexpressed in various cancers 
and patients with cancer exhibit HERV-directed immune 
responses.38 Therefore, they are considered promising 
targets for tumor vaccination. However, non-mutated 
TAA often lack immunogenicity when used for vaccina-
tion due to T cell tolerance against self-antigens.39 In the 

present study, 4T1 tumor-bearing mice did not mount 
endogenous AH1-specific T cell responses, underlining 
the T cell tolerance against AH140 and a potential immu-
nosuppression by the TME. Vaccination and especially 
adjuvantation with AdIL1β could overcome these immu-
nological barriers and efficiently induced AH1-specific 
responses. MAGE-b-specific responses were not observed 
on restimulation with MAGE-b peptides. However, earlier 
studies observed such responses in vaccinated BALB/c 
mice by ex vivo restimulation with MAGE-b-expressing 
cells as antigen source.18 Further studies are required to 
investigate the immunogenicity of this specific antigen in 
our context.

Mucosal vaccination did not significantly improve 
survival in the therapeutic setting, but we observed a strong 
T cell infiltration in histologic analyses. Such infiltration 
of “cold” 4T1 foci demonstrates the potential to shape 
the TME towards a “hot” tumor by selecting appropriate 
vaccines and adjuvants. CD8+ T cell infiltration is gener-
ally an important step towards tumor control as shown 
for Sipuleucel-T, the only approved cancer vaccine.41 
In contrast to our study, Kandasamy et al were able to 
achieve partial control of pulmonary 4T1 metastases by 
therapeutic vaccination using a single-cycle influenza A 
virus as a vaccine vector.42 Importantly, human NY-ESO-1 
(New York esophageal squamous cell carcinoma 1) was 
used as TAA artificially expressed by 4T1 cells and deliv-
ered by the vaccine. The use of such exogenous antigens 
circumvents the problem of pre-existing T cell tolerance 
probably resulting in stronger immune responses than 
observed after vaccination with endogenous TAA as used 
in our study. The majority of vaccine-induced TRM in 
our study expressed PD1 and TIM-3, both of which are 
associated with T cell exhaustion.43 However, these mole-
cules are part of a specific TRM core profile20 that does 
not necessarily need to translate into inhibited effector 
functions, as has been demonstrated for TRM in infec-
tious diseases22 and breast cancer.10 Nevertheless, the 
expression of checkpoint molecules in vaccine-induced 
TRM may render them susceptible to checkpoint ligand-
mediated suppression in case of tumors positive for check-
point ligands like PD1 ligand 1 (PD-L1). 4T1 tumor cells 
used in the current study only express low levels of PD-L1 
and are resistant to checkpoint blockade treatment.44 It 
remains to be investigated whether immune checkpoint 
inhibitor treatment synergizes with our mucosal tumor 
vaccination strategy in other tumor models.

RT is an established therapeutic option for the treat-
ment of many solid tumors due to its selective cytotoxic 
effects on rapidly dividing tumor cells. Besides this, RT has 
been proven to induce immune modulation.45 In addi-
tion to direct tumor killing, we believe that RT may have 
opened a longer therapeutic window for TRM develop-
ment in our study. Typically, lung TRM require 7–14 days 
to fully differentiate13 and therefore may have developed 
too late after therapeutic vaccination in the highly aggres-
sive 4T1 model without RT. However, RT has recently 
gained additional attention for its ability to modulate 
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the immunosuppressive TME45 and has been shown to 
enhance the efficacy of therapeutic tumor vaccines by 
overcoming T cell tolerance.43 46 More specifically, E-cad-
herin expression has been shown to be upregulated by 
irradiation, potentially leading to a synergy of vaccine-
induced CD103+ TRM with RT-induced E-cadherin in 
the TME.47 Moreover, RT-induced CXCL16 production 
by 4T1 cells might specifically attract CXCR6-expressing 
TRM cells.48 49 Future studies are needed to elaborate on 
the impact of these and other immunomodulatory effects 
of RT in the context of mucosal tumor vaccines and to 
optimize combinatory treatment schedules.

IL-1β is a pro-inflammatory cytokine with multifac-
eted effects. Some promote tumor growth by improving 
angiogenesis, endothelial activation, and recruitment 
of immunosuppressive immune cells,50 51 while others 
inhibit tumor growth by enhancing antitumor immune 
responses and preventing breast cancer metastasis by 
maintaining tumor cells in a mesenchymal state.52 These 
consequences of a chronic IL-1β-mediated inflammation 
may not be comparable to the use of this cytokine as a 
genetic adjuvant that induces short-term inflammation 
for only a few days.13 Neither prophylactic nor therapeutic 
administration of the adjuvant showed any tumorigenic 
activity in our study. Of note, although there are reports 
about adverse effects after mucosal administration of 
IL-1β in rodents,53 we did not observe long-term lung 
injury in a previous study using AdIL1β as a mucosal adju-
vant.13 Several studies have evaluated the tolerability of 
systemically administered IL-1β in humans and reported 
dose-dependent toxicities including headache, fatigue, 
fever, chills and hypotension (reviewed in54). Subcuta-
neous administration is better tolerated than intravenous 
administration, suggesting that low and locally restricted 
levels of the cytokine are favorable to limiting the toxicity. 
Targeting the adjuvant to specific cell types has also been 
reported to improve tolerability in mice.55

We believe that mucosal vaccination strategies could 
be used in several clinical settings against breast cancer. 
First, mucosal vaccination could provide a novel inter-
vention to combat detected lung metastases otherwise 
associated with a poor prognosis. Second, such vaccines 
could be used in semi-therapeutic, high-risk settings, 
where metastases have been detected in sentinel lymph 
nodes or other organs, but not in the lungs, to prevent 
the establishment and outgrowth of metastases. Third, 
mucosal immunity could also be induced preventively 
in low-risk patients with early-stage, non-invasive breast 
cancer. However, mucosal cancer vaccines that deliver 
appropriate TAA and adjuvants may also be used against 
pulmonary metastases from other primary tumor types or 
even against primary lung cancers.

In conclusion, we describe a mucosal vaccination 
approach that induces potent tumor antigen-specific 
TRM responses in the lung and that improves the control 
of pulmonary breast cancer metastasis in a prophylactic 
setting. A combinatory treatment with RT may be one 
option to increase vaccination efficacy in therapeutic 

situations. Future studies should optimize such vaccina-
tion approaches in terms of antigen selection, repeated 
vaccination schedules and optimized dose/fractionation 
of RT. Furthermore, the synergistic interplay of mucosal 
TRM with current first-line treatments is largely unex-
plored but has the potential to create a new generation of 
multimodal cancer therapies.
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