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Primary breast tumours but not lung metastases induce protective
anti-tumour immune responses after Treg-depletion
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Abstract

Although metastatic disease is responsible for the majority of cancer deaths, tests of novel immunotherapies in mouse
tumour models often focus on primary tumours without determining whether these therapies also target metastatic disease.
This study examined the impact of depleting Foxp3* regulatory T cells (Treg), on lung metastases, using a mouse model
of breast cancer. After Treg-depletion, generation of an immune response to the primary tumour was a critical determinant
for limiting development of metastasis. Indeed, resection of the primary tumour abrogated any effect of Treg-depletion on
metastases. In addition, whilst the immune response, generated by the primary tumour, prevented metastases development,
it had little impact on controlling established disease. Collectively, the data indicate that metastatic cells in the lung are not
controlled by immune responses induced by the primary tumour. These findings indicate that targeting Tregs alone will not

suffice for treating lung metastases.
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Introduction

Metastasis is the primary cause of morbidity and mortality
for individuals with cancer, accounting for around 90% of
patient deaths [1-3]. In order for metastasis to occur, dis-
seminated tumour cells must survive migration through
the vascular or lymphatic system where they may become
susceptible to immune attack, and extravasate into the new
tissue, re-establishing tumours within a metastatic niche
(reviewed in [2]). Given the bottlenecks involved, the
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process is inefficient, with only a few highly selected cells
surviving the process. The immune system most likely rep-
resents a significant impediment to metastases since outside
of the primary tumour site, circulating tumour cells may
become vulnerable to immune attack; however, tumour-
induced, systemic immunomodulation may aid their survival
and dissemination to potential sites of metastases (reviewed
in [4, 5]). Once a metastatic niche is established, locally act-
ing immunosuppressive mechanisms may serve to promote
growth of secondary lesions [6, 7].

CD4*Foxp3* T cells (Treg) represent a potent arm of
tumour-induced immunosuppression [8]. They are signifi-
cantly enriched in many mouse and human tumours, and
several studies have provided evidence that depletion of
Treg promotes immune-mediated rejection at least of pri-
mary tumours ([9, 10] and reviewed in [8]). Few studies
have examined the impact of Treg-depletion on spontane-
ous metastatic disease. This is a critical aspect of cancer
immunotherapy as metastatic disease is the main cause of
cancer-related death. In addition, it is known that Treg are
often found at high frequencies in the circulation of cancer
patients supporting the hypothesis that their presence aids
survival of disseminated tumour cells (reviewed in [11]).
To address this, we have used the 4T1 mouse breast cancer
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model. Following inoculation of 4T1 cells and subsequent
growth in the mammary fat pad, these tumours sponta-
neously metastasise first to the lung, followed by liver,
brain and bone. The tumour is poorly immunogenic and
triple negative for common breast cancer markers [12—14].
With these characteristics in mind, 4T1 tumours have been
widely used as a clinically relevant model for studying
different stages of breast cancer progression and for test-
ing drugs designed to impede malignancy (reviewed in
[15]). Furthermore, as primary 4T1 tumours can easily
be surgically excised, mimicking the treatment of human
breast cancer [12—-14], the impact of therapy on meta-
static disease can be assessed in the presence or absence
of the primary tumour. Specifically, we used this model to
address the impact of Treg on breast cancer metastasis. We
tested whether any effect of Treg-depletion on metastatic
disease was linked to primary tumour size and/or the abil-
ity to mount an efficient immune response to the primary
tumour. In addition, we examined whether there was any
impact of Treg-depletion on establishment or progression
of metastatic disease.

Materials and methods
Mice

DEpletion of REGulatory T cell (DEREG) mice, devel-
oped by Professor Tim Sparwasser, are a strain of BALB/C
mice developed using a bacterial artificial chromosome
(BAC) containing the foxp3 locus and a diphtheria toxin
receptor (DTR)-eGFP fusion protein inserted into the first
exon of the foxp3 gene [16]. As described previously, the
Treg of DEREG mice can be selectively ablated by injec-
tion of diphtheria toxin (DTx). DEREG mice and litter-
mates were bred and housed in filter-top cages in specific
pathogen-free condition. Experiments were performed in
accordance with Home Office UK guidelines.

Analysis of Treg by flow cytometry

Single-cell suspensions prepared from tumours, spleens
and LNs were subjected to red blood cell lysis buffer and
subsequently stained using a fixable dead cell staining kit
(LIVE/DEAD Aqua, Invitrogen). Cells were then surface
stained with CD4-specific antibodies (Biolegend) before
fixation/permeabilisation (eBioscience) and staining with
Foxp3-specific antibodies (eBioscience). Fixed cells were
run through a Novocyte (ACEA) flow cytometer and ana-
lysed using FlowJo software.
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Culture and injection of 4T1 cells

4T1 (obtained from ATCC (CRL-2539)), is a murine mam-
mary carcinoma that closely mimics stage 4 triple-negative
human breast cancer. The cells were maintained in complete
RPMI medium supplemented with 10% Foetal Calf Serum
(FCS) 2 mM L-glutamine, 1 mM sodium pyruvate, 50 pg/
ml penicillin and streptomycin at 37 °C, 5% CO,. Cells
were split up to 3 times a week and grown for 3—-6 passages
before being injected into the mammary fat pads of DEREG
mice. Tumours were measured up to 3 times per week from
day 7 until the tumour was resected or until the mouse was
killed. Two perpendicular measurements were taken of the
tumour from which the volume was calculated. Tumour
volume = (length X width X short)*(3.14/6), [where short
equals the lower of the length and width measurements and
provides an estimate of height] [10]. In some experiments
4T1 cells were injected intravenously into the tail vein.

Surgical removal of primary tumour

Tumours were measured before induction of anaesthesia
(isofluorane) and subcutaneous injection with the anti-
inflammatory analgesic, Metacam (Boehringer Ingelheim).
The tumour and the surrounding area were shaved and
swabbed with Hibiscrub antibacterial wash and surgical
spirit. Aseptic techniques were used to excise the tumour and
close the wound using horizontal mattress sutures (Ethicon).
Mice, placed in a heated recovery chamber until conscious-
ness was regained, were monitored postoperative for well-
being and suture strength.

Cancer vaccination

For primary tumour control studies prior to tumour inocu-
lation 1 x 10 plaque-forming units (pfu) of vaccinia virus
expressing the 4T1 immunodominant peptide epitope,
SPSYVYHQF, named AH1 (Vac-AH1) or vaccinia express-
ing influenza nucleoprotein (Vac-NP) as an irrelevant con-
trol, were administered i.p [9, 17, 18]. Fourteen days post-
vaccination the antigen-specific response was boosted by
a second vaccination with either 1x 107 pfu of Vac-AH1
or Vac-NP. 4T1 tumours were inoculated 7 days later. For
studies relating to metastatic control, following resection of
primary tumours, mice were administered DTx or PBS as
indicated every other day from day 1 postsurgery. Mice were
vaccinated at day 2 postresection with either 1x 107 pfu of
Vac-AHI1 or Vac-NP. To determine vaccination efficacy,
splenocytes were stained 14 days postvaccination using a
dead cell staining kit (LIVE/DEAD Aqua, Invitrogen). Cells
were stained with a H-2LY PE-labelled dextramer comprising
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peptide SPSYVYHQF (Immudex) and subsequently surface
stained with CD3-, CD4- and CD8-specific antibodies. Cells
were run through a Novocyte (ACEA) flow cytometer and
analysed using FlowJo software.

Analysis of CD8* IFN-y production by flow cytometry

Intracellular IFN-y staining of CD8 T cells was performed
using single-cell suspensions derived from lungs. Cultures
were stimulated at 37 °C in complete RPMI with phorbol12-
myristate 13-acetate (PMA, Sigma-Aldrich) (20 nM) and
ionomycin (1 pg/ml) (Sigma-Aldrich) for 5 h; brefeldin
(1 pg/ml, Biolegend) was added for the last 4 h. After incu-
bation cells were stained using a fixable dead cell staining
kit (LIVE/DEAD Aqua, Invitrogen). Cells were then surface
stained with CD8-specific antibodies (Biolegend) before fix-
ation/permeabilisation (BD Biosciences) and staining with
IFN-y-specific antibodies (Biolegend). Fixed cells were run
through a Novocyte (ACEA) flow cytometer and analysed
using FlowJo software.

Clonogenic assay

Lungs were mechanically disrupted prior to digestion in col-
lagenase IV cocktail (Sigma-Aldrich) at 4 °C for 75 min.
Each sample was subsequently passed through a 70-pm
nylon cell strainer before resuspension in 10 ml of 6-TG
media (60 mM 6-thioguanine (Sigma-Aldrich)) in 1 M
sodium hydroxide solution diluted to 60 pm 6-thioguanine
in 10% IMDM (IMDM supplemented with 10% FCS, 2 mM
L-glutamine, 1 mM sodium pyruvate, 50 pg/ml penicillin
and streptomycin). Lung suspensions were plated onto 9-cm
tissue culture plate (Greiner) and incubated for 14 days at
37 °C, 5% CO,. After 14 days in culture, media were dis-
carded, and the plates were fixed with 5 ml of methanol for
5 min. Plates were washed with sterile water and stained
with 0.03% methylene blue dye (Sigma-Aldrich) for 5 min
prior to washing twice with sterile water. Plates were left to
dry, and the resulting blue colonies were counted, with each
blue colony representing one metastatic cell [14].

In Vivo Treg depletion

DTx (native antigen) was injected intraperitoneally (i.p) at
a concentration of 5-15 pg/kg every other day. For assess-
ing the effects of Treg depletion on the primary tumour,
DTx was injected i.p from the day the primary tumour was
palpable (day 5). For assessing the effects of Treg depletion
on metastasis, mice were injected with DTx twice before
surgery on day O (day 4 and day 2) or every two days after
surgery until mice were killed. Control mice were either
DEREG littermate controls injected with DTx as above or

Treg-replete mice were injected i.p. with PBS at the stated
time points.

Lung immunohistochemistry

Lungs were perfused with 5 ml of PBS and fixed in 10%
neutral-buffered formalin in saline. Lungs were embedded
into paraffin, and 5-pm sections were cut. To determine met-
astatic burden lung sections were stained with haematoxylin
and eosin and then scanned using a Zeiss Axio Scan.Z1 to
visualise the entire lung. To enumerate CD3* T cell infiltra-
tion into the metastatic nodules, lungs were stained with
anti-CD3 antibodies (Dako) prior to detection with DAB
chromogen and counterstaining with haematoxylin. Slides
were scanned and CD3* T cells enumerated per metastatic
nodule using Zen software (Zeiss).

Statistics

Statistical analysis was performed using Excel or GraphPad
Prism 8. Unless stated otherwise in the figure legends, data
are displayed as the mean + SEM. Statistical significance is
denoted as follows: *p <0.05; **p <0.01; ***p <0.001.

Results and discussion

Treg depletion can promote control of metastatic
disease

The potential of immunotherapy to cure metastatic disease is
demonstrated by the success of treating certain cancers, most
notably metastatic melanoma, but it remains the case that the
vast majority of cancers still do not respond to these treat-
ments. This may reflect a lack of knowledge of the relation-
ship between the immune system and metastases. In the case
of preclinical mouse models, novel therapies are typically
tested on primary tumours and not on metastatic disease.
For this reason, we examined the effect of Treg depletion
in a clinically relevant mouse model of breast cancer. We
hypothesised that as primary tumour control was promoted
through Treg depletion, metastases would also be controlled
in the same animals. In order to generate primary tumours,
DEREG-positive mice and their negative littermates were
injected subcutaneously with 4T1 cells with tumours becom-
ing palpable around 5 days later. At this point, injections
with DTx were started and continued every other day until
killing on day 21. Injections of DTx successfully depleted
Tregs in tumours and lymph nodes (Fig. 1b and c). Tumours
in Treg-replete mice grew uniformly, whereas many tumours
in Treg-depleted mice began to regress after day 10, with
some tumours demonstrating complete regression (Fig. 1d).
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To determine whether DTx treatment impinged on metas-
tases, mice were given two rounds of treatment with DTx on
days 10 and 12 before primary tumours were resected on day
14. A comparison of metastatic colonies revealed significantly
fewer colonies in Treg-depleted mice (Fig. 1e and f) and signif-
icantly fewer Treg-depleted mice with any metastatic colonies
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compared to Treg-replete mice (75 versus 25%), indicating that
Tregs do indeed promote disease progression in this model,
since their depletion limits the number of mice with metastatic
nodules in the lung.
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Control of primary tumour growth predicts control
of metastatic disease following Treg-depletion

Since metastatic disease was not reduced in all mice after
Treg-depletion, we next examined whether control of meta-
static disease, observed in some Treg-depleted mice, was
linked to the size of the primary tumour at the point of Treg-
depletion or primary tumour resection. No significant asso-
ciations were observed between numbers of metastatic nod-
ules and the size of the primary tumour either at the point
of Treg-depletion or at the point of resection indicating that
primary tumour size does not predict control of metastasis
after Treg-depletion (Fig. 2a and b). Primary tumour growth
rates were measured before and after DTx treatment prior
to tumour resection and compared to tumour growth rates
over the same time course in Treg-replete mice (DTx-treated
DEREG-negative littermates). As expected, in the Treg-
replete group, tumour growth rates remained unchanged
overall at the different time points (Fig. 3a and b), whereas
overall, tumour growth rates decreased in the Treg-depleted
group (Fig. 3c and d). We next split the Treg-depleted group
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Fig.2 Control of metastatic disease after Treg-depletion is not linked
to primary tumour size. The number of metastatic nodules was com-
pared to the size of the primary tumour at the point of resection a or
b the point at which DTx treatment was initiated (17—18 mice/group)

into those which developed metastases (Fig. 3e and f) and
those which did not (Fig. 3g and h) and examined whether
there was an association with individual tumour growth rates
measured before and after Treg depletion. The data clearly
indicate that the presence of metastases is associated with a
failure to control the primary tumour after Treg-depletion.
These findings are in line with a study performed by Liu and
colleagues [19]. Whilst metastatic load was not measured
as part of their study, they showed that the overall survival
of tumour-bearing mice depleted of Tregs or treated with
anti-PD1/anti-CD137 antibodies was significantly longer
when the immunotherapy was administered prior to rather
than after tumour resection [19]. This was associated with
development of a CD8" T cell response to the L-restricted
peptide epitope, AH1 [17]. Both studies point to a critical
requirement for the primary tumour to drive development
of an immune response after either Treg-depletion or co-
inhibitory receptor blockade [19].

These findings are interesting in the context of previous
reports indicating that primary 4T1 tumours cause general-
ised immunosuppression that is reversed following surgi-
cal resection; a finding that implies that tumour resection
should aid induction of an anti-tumour immune response
and not compromise it [12]. These studies however specifi-
cally compared immune responses to foreign or allogeneic
antigens in the presence and absence of the primary tumour,
revealing that both antibody and T cell responses generated
against these antigens were significantly improved after
tumour removal [12]. Our observations imply that Tregs
play a part in tumour-driven immunosuppression but also
show that after Treg depletion, the continued presence of
the primary tumour is critical for enabling development of
a successful anti-tumour T cell response. Thus, whilst the
primary tumour does cause immunosuppression, this tumour
is an important source of tumour antigens needed to drive
the anti-tumour response when the immunosuppression is
reversed. These findings are relevant since currently most
breast cancer patients undergo surgery before other therapies
such as chemotherapy, radiation therapy, hormone therapy
and possibly immunotherapy. There is however a growing
body of evidence from preclinical and clinical studies of the
potential benefit of neoadjuvant immunotherapy [19, 20];
our data support this concept clearly showing that surgical
removal of a solid primary cancer has a negative impact on
the development of an anti-tumour response after manipu-
lating Treg.

Treg-depletion does not limit metastatic disease
after resection of the primary tumour

Since control of the primary tumour following depletion

of Treg was indicative of reduced metastatic disease, we
sought to confirm that the primary tumour was essential for
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Fig.3 Control of primary
tumour growth predicts control
of metastatic disease following
Treg-depletion. Tumour growth
rates were assessed in Treg-
replete (a) and Treg-depleted
(¢) mice and compared prior

to and after administration of
DTx (b, d) (17-18 mice/group).
Within the Treg-depleted group,
mice were split into those with
metastatic disease (e, f) and
those without (g, h) (8—12 mice/
group). A nonparametric one-
tailed Wilcoxon signed-rank test
was performed on the paired
data sets shown in individual
graphs

induction of the protective anti-tumour immune response.
For this purpose, tumours were resected prior to adminis-
tration of DTX in order to remove the primary tumour as a

@ Springer

3

Tumour volume mm

Tumour volume mm® Tumour volume mm?

Tumour volume mm?

&
g Q
1

125+

Tumour Growth: Treg Replete (DEREG Littermate Controls)

Point of first DTX treatment

250+

1254

Day

b
[}
2
©
(14
< -
A
S g
O ©
5 x
3=
£
S
|_

0.84

0.6

0.0

p=10.38

T
Pre-DTX Post-DTX

Tumour Growth: Treg Depclleted (DEREG)

Point of first DTX treatment

250+

125+

Tumour Growth Rate

(k, days™)

0.8+
0.64
0.4+
0.2+
0.04

p = 0.002

-0.2

Pre-DTX Post-DTX

Tumour Growth: Treg Depleted with metastatic disease

Point of first DTX treatment
'

250+

125+

-

Tumour Growth Rate

(k, days™)

0.8+ p = 0.097
0.6+
0.4+
0.2+
0.0+
-0.2 T T
Pre-DTX Post-DTX

Tumour Growth: Treg Depleted without metastatic disease

Point of first DTX treatment
)

Day

Tumour Growth Rate

(k, days™")

0.8+ p = 0.0017

0.6+

0.4+

0.2+

0.0

0.2 T T
Pre-DTX Post-DTX

source of antigen for T cell priming following Treg depletion
(Fig. 4a).
Histological analyses of tumour-bearing lungs show

similar patterns of lymphocytic infiltrate and metastatic
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Fig.4 The presence of the primary tumour is essential for promoting
control of metastatic disease after Treg-depletion. a DTx treatment
was started after 4T1 tumours were resected. b Metastatic colonies
in Treg-depleted and Treg-replete mice were compared, a Mann—
Whitney test was used to determine no significant difference was
observed between the number of metastatic colonies in Treg-replete
versus Treg-depleted mice (15-18 mice/group). ¢ Haematoxylin and

nodules of comparable size in Treg-replete and Treg-
depleted mice (Fig. 4b and c). Staining and counting of
T cells in metastatic nodules did however reveal a sig-
nificantly higher number of tumour-infiltrating T cells
in Treg-depleted mice (Fig. 4d and e). In spite of this, a
comparison of metastatic colonies revealed no significant
difference in the proportion of mice developing metastatic
disease in Treg-depleted and Treg-replete groups (50%

eosin staining of paraffin-embedded sections from Treg-replete ver-
sus Treg-depleted metastatic lungs. d The number of CD3* T cells
(brown) per pm of metastatic nodules was calculated in the lungs of
Treg-replete and Treg-depleted mice (9 metastatic nodules/group). e
Representative staining of CD3* T cells in metastatic lung nodules
from Treg-replete and Treg-depleted mice

versus 64.2%), nor in the numbers of metastatic colonies
observed in both groups (Fig. 4b).

Overall, these data show that metastatic tumours are
not effectively controlled even after Treg-depletion reveal-
ing a fundamental difference in metastases versus primary
tumours. This is compatible with data from a previous study
which indicate that Treg-depletion does reduce the in situ
formation of adenocarcinomas in a genetically engineered
mouse model of nonsmall cell lung cancer NSCLC) [21]. In
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this case, the inherent immunogenicity of primary tumours
arising in the lung may enable induction of a productive
immune response when Treg are absent, whilst metastatic
tumour cells, which have already undergone immune edit-
ing, fall beneath a critical immunogenicity threshold.

In the study described herein, where Treg depletion prior
to resection of the primary tumours was shown to result in
less metastatic disease, this is most likely due to limiting

the establishment of metastatic nodules possibly through
affecting dissemination, intravasation and/or survival of the
tumour cells. The question arising from these data is why
metastases in the lung do not induce productive immune
responses after depletion of Treg, whilst the primary
tumours growing in the mammary fat pad do? This cannot
be explained by an inherent alteration in immunogenicity
of the disseminated tumour cells, which eventually colonise
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the lungs compared to those in the primary tumour as even
after delivery of a primary inoculum of 4T1 cells via the
i.v. route, we see no difference in numbers of lung colonies
forming in Treg-replete and Treg-depleted mice (Fig. 5b).
This finding cannot be explained by a complete inability of
i.v.-injected tumour cells to induce T cell responses since
antigen-specific T cells, measured using dextramers com-
prising the AH1 peptide [17] can be seen in the lungs of
i.v.-injected mice (Fig. 5c and d). Overall, these data imply
that failure to control metastatic nodules in the lung is not
due to a failure to induce T cells or a failure of T cells to
infiltrate the lung.

We sought to confirm this finding in the case where 4T1
cells colonise the lungs naturally as a result of dissemina-
tion from the primary tumour. For this purpose, we tested
whether vaccination with the immunodominant 4T1 anti-
gen [17], AH1, led to improved control of metastases. Thus,
mice were treated as shown in Fig. 4a, Treg-depleted but in
addition, administered recombinant vaccinia virus express-
ing AH1 (Vac-AH1 [9]) or a control virus expressing influ-
enza nucleoprotein (Vac-NP [18]) at day 1 post resection.

Fig.6 Immunisation follow-
ing tumour resection, with

Vac-AHI was used as it 1. expresses the immunodominant
4T1 L%restricted peptide SPSYVYHQF (AH1), 2. elicits
AH1-specific T cells (Supplementary Fig. 1a, b and c¢) and
3. results in a significant control of 4T1 tumours in immu-
nised mice (Supplementary Fig. 1d). Moreover, this experi-
ment clearly demonstrated that CD8* T cells in the lungs
of tumour-bearing mice are functional as assessed by their
ability to produce IFN-y (Supplementary Fig. le and f).
Despite the ability of Vac-AH1 to induce T cell capable of
both controlling the primary tumour and infiltrating the lung,
immunisation after resection of the primary tumour had no
impact on control of metastatic disease, despite clearly elic-
iting an AH1-specific T cell response (Fig. 6a—d).

Overall, our data indicate that once established, metas-
tases progress regardless of whether Treg are depleted and
resist attack from the immune response generated by the pri-
mary tumour. This is the case even when antigen-specific T
cell responses are clearly present in the lung. Whilst this may
be due in part to immune-editing mechanisms, local barri-
ers to immune attack are likely to be multi-factorial, result-
ing from the concerted actions of many cell types including
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platelets, immunosuppressive B cells and T cells, monocytes
and macrophages [22-24]. The latter may be fundamental
in the development of pulmonary metastases, as Qian et al.
demonstrated that the CCL2-mediated recruitment of inflam-
matory monocytes and subsequently metastasis-associated
macrophages (MAMS) occurs prior to infiltration of Treg.
Furthermore, disruption of CCL2-CCR2 signalling targeted
the MAMs and prevented metastatic seeding, with limited
effect upon Treg [25]. CCL2 recruits inflammatory mono-
cytes to facilitate breast tumour metastasis [25]. This study
highlights differences in the immune composition of primary
tumours and metastases; this distinction may reflect traffick-
ing mechanisms which dictate the direction and extent to
which immune cells access different organs.

In the case of 4T1 cells, there is evidence that myeloid-
derived suppressor cells (MDSC) create a premetastatic
niche through production of the exosomal protein S100A8/
A9 [26], which may serve to protect subsequent tumour
growth from immune attack, even when Treg are absent.
There is widespread interest in the role of exosomes derived
from malignant cells in premetastatic niche formation.
Costa-Silva demonstrated in a model of pancreatic cancer
that uptake of tumour-associated exosomes by the kupffer
cells of the liver resulted in the development of a fibrotic
environment [27]. This favoured the recruitment of MDSC
and macrophages and the formation of a premetastatic niche
within the liver. Subsequent studies focussing on the devel-
opment of lung premetastatic niches have shown a similar
effect but with a preference for the recruitment of neutro-
phils [28]. As reviewed by Peinado et al. it is known that
different tumours and their associated exosomes will form
a premetastatic niche in organs that are conducive to their
specific growth needs [29]. It is possible that the exosome-
induced development of metastases in the lungs of 4T1 mice
is a process independent of Treg control.

An accumulating body of evidence also indicates that
particular subsets of cancer-associated fibroblasts (CAF)
are a major immunosuppressive influence in many cancers,
including cancers of the breast ([30] and reviewed in [31]).
By a combination of single-cell RNA sequencing and multi-
parameter phenotypic analyses, it is evident that CAF are
highly heterogeneous, comprising cell populations of dif-
ferent origins and function. Recently, Costa and colleagues
showed that a particular subset of CAF drives immunosup-
pression in triple-negative breast cancer [30].

Studies performed in both mice and human suggest that
several barriers must be overcome to enable induction of
effective anti-metastatic immune responses in the postre-
section (adjuvant) setting [32—34]. Our data suggest that
inclusion of a cancer vaccine may still require additional
immune-modulating regime(s), possibly based on target-
ing MDSC or distinct CAF subsets. Other possibilities
include concomitant delivery of chemotherapy (to induce
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local immunogenic cell death) or targeted radiotherapy [35].
These are considerations worth exploring since delay in sur-
gical excisions may not always be possible or to the overall
benefit of the patient.

Acknowledgements Ellyn Hughes was supported by a PhD studentship
funded by Tenovus (phd2013/L22). This work was supported by the
Wales Cancer Research Centre (WCRC), a project grant from Breast
Cancer Now (2019DecPR1377) and a programme grant from Cancer
Research UK (C16731/A21200). We are grateful to the staff at Cardiff
University JBIOS for their continued support and Professor Tim Spar-
wasser for provision of the DEREG mice.

Compliance with ethical standards
Conflict of interest The authors declare no conflicts of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Chaffer CL, Weinberg RA (2011) A perspective on cancer cell
metastasis. Science 331(1559-64):d3
2. Seyfried TN, Huysentruyt LC (2013) On the origin of cancer
metastasis. Crit Rev Oncog 18:43-73
3. Sleeman J, Steeg PS (2010) Cancer metastasis as a therapeutic
target. Eur J Cancer 46:1177-1180
4. Bacac M, Stamenkovic I (2008) Metastatic cancer cell. Annu Rev
Pathol 3:221-247. https://doi.org/10.1146/annurev.pathmechdi
$.3.121806.151523
5. Mohme M, Riethdorf S, Pantel K (2017) Circulating and dis-
seminated tumour cells - mechanisms of immune surveillance and
escape. Nat Rev Clin Oncol 14:155-167
6. Curiel TJ, Coukos G, Zou L et al (2004) Specific recruitment of
regulatory T cells in ovarian carcinoma fosters immune privilege
and predicts reduced survival. Nat Med 10:942-949
7. Kuang DM, Zhao Q, Peng C, Xu J, Zhang JP, Wu C, Zheng L
(2009) Activated monocytes in peritumoral stroma of hepatocel-
lular carcinoma foster immune privilege and disease progression
through PD-L1. J Exp Med 206:1327-1337
8. Nishikawa H, Sakaguchi S (2010) Regulatory T cells in tumor
immunity. Int J Cancer 127:759-767
9. Golgher D, Jones E, Powrie F, Elliott T, Gallimore A (2002)
Depletion of CD25+ regulatory cells uncovers immune responses
to shared murine tumor rejection antigens. Eur J Immunol
32:3267-3275
10. Jones E, Dahm-Vicker M, Simon AK, Green A, Powrie F, Cerun-
dolo V, Gallimore A (2002) Depletion of CD25+ regulatory cells
results in suppression of melanoma growth and induction of auto-
reactivity in mice. Cancer Immun 2:1


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1146/annurev.pathmechdis.3.121806.151523
https://doi.org/10.1146/annurev.pathmechdis.3.121806.151523

Cancer Immunology, Immunotherapy

11.

12.

13.

14.

15.

16.

17.

19.

20.

21.

22.

23.

24.

Halvorsen EC, Mahmoud SM, Bennewith KL (2014) Emerging
roles of regulatory T cells in tumour progression and metastasis.
Cancer Metastasis Rev 33:1025-1041

Danna EA, Sinha P, Gilbert M, Clements VK, Pulaski BA,
Ostrand-Rosenberg S (2004) Surgical removal of primary tumor
reverses tumor-induced immunosuppression despite the presence
of metastatic disease. Cancer Res 64:2205-2211

Pulaski BA, Ostrand-Rosenberg S (1998) Reduction of established
spontaneous mammary carcinoma metastases following immuno-
therapy with major histocompatibility complex class II and B7.1
cell-based tumor vaccines. Cancer Res 58:1486-1493

Pulaski BA, Ostrand-Rosenberg S (2001) Mouse 4T1 breast tumor
model. Curr Protoc Immunol. Chapter 20: Unit 20 2.

Fantozzi A, Christofori G (2006) Mouse models of breast cancer
metastasis. Breast Cancer Res 8:212

Lahl K, Loddenkemper C, Drouin C et al (2007) Selective deple-
tion of Foxp3+ regulatory T cells induces a scurfy-like disease. J
Exp Med 204:57-63

Huang AY, Gulden PH, Woods AS et al (1996) The immunodomi-
nant major histocompatibility complex class I-restricted antigen
of a murine colon tumor derives from an endogenous retroviral
gene product. Proc Natl Acad Sci USA 93:9730-9735

. Townsend A, Bastin J, Gould K, Brownlee G, Andrew M, Coupar

B, Boyle D, Chan S, Smith G (1988) Defective presentation to
class I-restricted cytotoxic T lymphocytes in vaccinia-infected
cells is overcome by enhanced degradation of antigen. J Exp Med
168:1211-1224

Liu J, Blake SJ, Yong MC et al (2016) Improved efficacy of neo-
adjuvant compared to adjuvant immunotherapy to eradicate meta-
static disease. Cancer Discov 6:1382-1399

Forde PM, Chaft JE, Smith KN et al (2018) Neoadjuvant PD-1
blockade in resectable lung cancer. N Engl J Med 378:1976-1986
Joshi NS, Akama-Garren EH, Lu Y et al (2015) Regulatory T
Cells in tumor-associated tertiary lymphoid structures suppress
anti-tumor t cell responses. Immunity 43:579-590

Bodogai M, Lee Chang C, Wejksza K et al (2013) Anti-CD20
antibody promotes cancer escape via enrichment of tumor-evoked
regulatory B cells expressing low levels of CD20 and CD137L.
Cancer Res 73:2127-2138

Cuff S, Dolton G, Matthews RJ, Gallimore A (2010) Antigen
specificity determines the pro- or antitumoral nature of CD8+ T
cells. J Immunol 184:607-614

Gil-Bernabe AM, Ferjancic S, Tlalka M et al (2012) Recruitment
of monocytes/macrophages by tissue factor-mediated coagulation
is essential for metastatic cell survival and premetastatic niche
establishment in mice. Blood 119:3164-3175

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Qian BZ, Li J, Zhang H, Kitamura T, Zhang J, Campion LR,
Kaiser EA, Snyder LA, Pollard JW (2011) CCL2 recruits inflam-
matory monocytes to facilitate breast-tumour metastasis. Nature
475:222-225

Eisenblaetter M, Flores-Borja F, Lee JJ et al (2017) Visualization
of tumor-immune interaction—target-specific imaging of S100A8/
A9 Reveals Pre-Metastatic Niche Establishment. Theranostics
7:2392-2401

Costa-Silva B, Aiello NM, Ocean AJ et al (2015) Pancreatic can-
cer exosomes initiate pre-metastatic niche formation in the liver.
Nat Cell Biol 17:816-826

LiuY,Gu Y, Han Y et al (2016) Tumor exosomal RNAs promote
lung pre-metastatic niche formation by activating alveolar epithe-
lial tlr3 to recruit neutrophils. Cancer Cell 30:243-256

Peinado H, Zhang H, Matei IR et al (2017) Pre-metastatic niches:
organ-specific homes for metastases. Nat Rev Cancer 17:302-317
Costa A, Kieffer Y, Scholer-Dahirel A et al (2018) Fibroblast het-
erogeneity and immunosuppressive environment in human breast
cancer. Cancer Cell 33(463-79):e10

Sahai E, Astsaturov I, Cukierman E et al (2020) A framework for
advancing our understanding of cancer-associated fibroblasts. Nat
Rev Cancer 20:174-186

Gebremeskel S, Lobert L, Tanner K, Walker B, Oliphant T, Clarke
LE, Dellaire G, Johnston B (2017) Natural killer T-cell immuno-
therapy in combination with chemotherapy-induced immunogenic
cell death targets metastatic breast cancer. Cancer Immunol Res
5:1086-1097

Malamas AS, Hammond SA, Schlom J, Hodge JW (2017) Combi-
nation therapy with an OX40L fusion protein and a vaccine target-
ing the transcription factor twist inhibits metastasis in a murine
model of breast cancer. Oncotarget 8:90825-90841

Scurr M, Pembroke T, Bloom A et al (2017) Effect of modified
vaccinia Ankara-5T4 and low-dose cyclophosphamide on anti-
tumor immunity in metastatic colorectal cancer: a randomized
clinical trial. JAMA Oncol 3:¢172579

Bos PD, Plitas G, Rudra D, Lee SY, Rudensky AY (2013) Tran-
sient regulatory T cell ablation deters oncogene-driven breast
cancer and enhances radiotherapy. J Exp Med 210:2435-2466

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	Primary breast tumours but not lung metastases induce protective anti-tumour immune responses after Treg-depletion
	Abstract
	Introduction
	Materials and methods
	Mice
	Analysis of Treg by flow cytometry
	Culture and injection of 4T1 cells
	Surgical removal of primary tumour
	Cancer vaccination
	Analysis of CD8+ IFN-γ production by flow cytometry
	Clonogenic assay
	In Vivo Treg depletion
	Lung immunohistochemistry
	Statistics

	Results and discussion
	Treg depletion can promote control of metastatic disease
	Control of primary tumour growth predicts control of metastatic disease following Treg-depletion
	Treg-depletion does not limit metastatic disease after resection of the primary tumour

	Acknowledgements 
	References




