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Activin A Promotes Regulatory T-cell–Mediated
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Introduction
Identifying treatments that can generate tumor-speciﬁc T-cell
responses is an area of active investigation in immunotherapy (1).
Tumor-targeted radiotherapy (RT) has shown the ability to foster
antitumor immunity (2), but its positive effects are mitigated
by immune-inhibitory mechanisms that preexist or are exacerbated
by RT (3). Among them, an increase in regulatory CD4þ T cells (Treg)
has been observed following focal tumor RT in mice as well as
patients (4, 5).
The mechanisms of increased radiation-induced Tregs remain
elusive. TGFb is a pleiotropic cytokine produced by the majority of
immune cells and is critical in the differentiation of na€ve CD4þ T cells
into CD4þFoxP3þ Tregs (6, 7). Bona ﬁde TGFb is sequestrated into the
tumor microenvironment (TME) in the inactive form, where its
bioavailability is both regulated by its secretion and by extracellular
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therapy. This resulted in an increase in CD8þ T-cell priming and
was associated with a reduced tumor recurrence rate. Combination
of immune checkpoint inhibitors with the dual blockade of activin
A and TGFb led to the development of tumor-speciﬁc memory
responses in irradiated breast cancer. Supporting the translational
value of activin A targeting to reduce Treg-mediated immunosuppression, retrospective analysis of a public dataset of patients
with breast cancer revealed a positive correlation between activin
A gene expression and Treg abundance. Overall, these results
shed light on an immune escape mechanism driven by activin A
and suggest that dual targeting of activin A and TGFb may be
required to optimally unleash radiation-induced antitumor immunity against breast cancer.
mechanisms that can activate it, like reactive oxygen species (ROS)
generated by RT. ROS modify the backbone of the latency-associated
peptide–TGFb complex to release the active growth factor (8, 9).
Consequently, radiation-induced increases in active TGFb could be
responsible, at least in part, for the observed increase in Tregs
subsequent to RT. However, inhibition of TGFb has failed to reduce
Tregs in an irradiated melanoma tumor model, challenging the role of
TGFb in Treg expansion after RT (10).
Activin A belongs to the TGFb superfamily and shares the canonical
SMAD2/3 pathway with TGFb (11, 12). However, activin A signals
through its own set of receptors that include activin A type II (ActRIIA,
ACtRIIB) and type I receptors (mainly ActRIB, but also ActRIA and
ActRIC; aka ALK4, ALK2, and ALK7, respectively; ref. 11). Consequently, activin A and TGFb exhibit overlapping functions including,
but not limited to, the induction of FoxP3 expression and the generation of Tregs (13, 14). Of note, activin A is found to compensate for
the lack of SMAD2/3 phosphorylation when TGFb signaling is
impaired in the context of vascular development, where knockdown
of the TGFb type-I receptor (aka ALK5, TGFBR1) in the embryonic
day 9.5 (E9.5) of development results in the upregulation of the activin
A/ALK4 pathway (15), thus suggesting a cross-talk between these
cytokines to presumably maintain homeostasis and basic cellular
functions.
Activin A expression is elevated in multiple cancers (16–18) and is
also induced in response to RT, as demonstrated in lung and pancreatic
carcinoma cells (19).
The emerging role in carcinogenesis of activin A, its link with TGFb,
and its described ability to promote Treg-mediated immunosuppression in allergic disorders (13, 14, 20) led us to investigate the role of
activin A in the radiation-induced increase in Tregs. Here, we demonstrated that tumor-derived activin A was responsible for relapses of
murine mammary carcinomas in the context of RT and antibodymediated TGFb blockade. Using two mouse mammary carcinomas
models with different baseline expression of activin A, 4T1 (high
activin A–secreting cells), and TSA (low activin A–secreting cells), we
showed that the increase of Tregs in irradiated tumors depended on
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Increased regulatory T cells (Treg) after radiotherapy have been
reported, but the mechanisms of their induction remain incompletely understood. TGFb is known to foster Treg differentiation
within tumors and is activated following radiotherapy. Thus,
we hypothesized that TGFb blockade would result in decreased
Tregs within the irradiated tumor microenvironment. We found
increased Tregs in the tumors of mice treated with focal radiotherapy and TGFb blockade. This increase was mediated by upregulation of another TGFb family member, activin A. In vitro, activin A
secretion was increased following irradiation of mouse and human
breast cancer cells, and its expression was further enhanced upon
TGFb blockade. In vivo, dual blockade of activin A and TGFb was
required to decrease intratumoral Tregs in the context of radio-
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both TGFb and activin A. Treg increase regulated CD8þ T-cell
priming, tumor relapse, and survival of the mice. The addition of
immune checkpoint inhibitors (anti–PD-1 or anti–CTLA-4) led to
long-lasting immunologic memory in some of the irradiated mice
receiving the dual blockade of activin A and TGFb. Analysis of a public
RNA sequencing (RNA-seq) dataset of patients with breast cancer
from The Cancer Genome Atlas (TCGA) revealed that INHBA
expression (gene encoding for activin A) was correlated with a
tumor-inﬁltrating Treg signature (TITR) among 1,079 breast cancer
cases analyzed, supporting the clinical relevance of this regulatory
mechanism in patients with breast cancer. Consequently, these observations support a cross-talk between TGFb and activin A that promotes Treg-mediated immunosuppression in breast cancer and suggest that targeting these two cytokines may be required to achieve
durable immune responses, especially in the context of therapeutic
strategies that combine immune checkpoint blockade and RT.

Cells and reagents
Balb/C mouse–derived breast carcinoma 4T1, as well as 67NR cells,
were obtained from F. Miller (21), and TSA was provided by P.L. Lollini
in 2002 (22). 4T1 is poorly immunogenic and highly metastatic,
spreading systemically by the hematogenous route from the primary
subcutaneous site, causing death of mice within 30 to 40 days due to
lung metastases (23). TSA is poorly immunogenic and slowly metastasizes to the lungs, leading to gross metastases 60 to 80 days after
initial injection at the primary subcutaneous site (24). 67NR is unable
to metastasize (21). 4T1, TSA, and 67NR cells were authenticated in
2019 by IDEEX Bioresearch. MDA-MB-231 and MCF-7 human breast
cancer cells were purchased from the ATCC in 2012. 4175-TR human
breast cancers were obtained from J. Massague in 2012. MDA-MB231, MCF-7, and 4175-TR were authenticated in 2016 by IDEXX
Bioresearch. Packaging cell HEK 293-FT was obtained from
R.J. Schneider in 2012. All cells were further authenticated by morphology, phenotype, growth, and pattern of metastasis in vivo and
routinely screened for Mycoplasma (LookOut Mycoplasma PCR
Detection kit, Sigma-Aldrich). None of the cells used are listed in the
International Cell Line Authentication Committee database of commonly misidentiﬁed cell lines. 4T1, TSA, 67NR, MDA-MB-231,
MCF-7, 4175-TR, and HEK 293-FT were cultured in DMEM (GIBCO,
Life Technologies) supplemented with L-glutamine (2 mmol/L, Life
technology), penicillin (100 U/mL, Life Technology), streptomycin
(100 mg/mL, Life Technologies), 2-mercapthoethanol (2.5  105 mol/L,
Sigma-Aldrich), and 10% FBS (Life Technologies). For in vitro experiments, minimally passaged stock cells were freshly thawed and split
maximum 3 times prior use. For in vivo experiments, minimally
passaged stock cells were freshly thawed and split once prior to
implantation. 1D11, a pan-isoform, TGFb-neutralizing mouse mAb
(200 mg/mouse; cat#BE0057), monoclonal anti-mouse CTLA-4 clone
9H10 (200 mg/mouse; cat#BE0131), and monoclonal anti-mouse PD-1
clone RMP1–14 (200 mg/mouse; cat#BE0146) were purchased from
BioXCell. For experiments with doxycycline (Sigma-Aldrich), 0.5 
106 cells were grown in media containing 10% of tetracycline-free FBS
(Life Technologies) and induced with doxycycline (4 mg/mL) 5 days
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Lentiviral infection, shRNA-mediated gene knockdown, gene
knock-in, and transduction
HEK 293-FT cells were used to produce viruses upon transfection of
the packaging pPAX2 and envelope pMD2 plasmids (kindly provided
by Dr. R.J. Schneider) and a pTRIPZ vector containing a tetracyclineinducible promoter (GE Dharmacon technology, kindly provided by
Dr. R.J. Schneider). ShRNAs directed against activin A mRNA (Inhba,
mouse-shRNA: TCCTTCCACTCAACAGTCATTA) or a nonsilencing sequence (NS; mouse-human-shRNA: AATTCTCCGAACGTGTCACGT) were cloned into pTRIPZ using EcoRI and XhoI restriction sites. Note that 4  106 HEK 293-FT plated in a 10 cm dish were
transfected with 1 mL of opti-MEM (Life Technologies) solution
containing 58 mL of Lipofectamine 2000 (Life Technology), 8 mg of
pPAX2, 4 mg of pMD2, and 25 mg of pTRIPZ and incubated for 1
minute at 37 C; after which, 5 mL of opti-MEM was gently added onto
the plate for 6 hours at 37 C. After the incubation, the transfecting
solution was carefully removed and replaced by 6 mL of complete
medium (described in Cells and Reagents section). Supernatants
containing the lentiviruses were collected at 24 and 48 hours of
incubation. PEG-it virus precipitation solution (5X, System Biosciences) was used to precipitate the lentivirus in 1 mL. Next, 0.5 
106 4T1 cells were transduced with 1 mL of lentivirus diluted with 9 mL
of complete medium (as described in Cells and Reagents section) for
48 hours. After the incubation time, cells were selected with fresh
complete medium containing puromycin (4 mg/mL, Life Technologies) for an additional 48 hours. In some settings, the pTRIPZ plasmid
was modiﬁed to insert the mouse Inhba cDNA under the tetracyclineinducible promoter using AgeI and MluI restriction sites and used
to enforce the expression of activin A in TSA-transduced cells
(TSAKI Inhba). Methods of transfection, transduction, and selection
to insert the knock-in construct in TSA cells were similar to the
protocol described above.
Tumor challenge and treatment
For the 4T1 model, mice were injected s.c. in the right ﬂank with 5 
104 4T1 cells or its derivatives (4T1shNS; 4T1shInhba) on day 0. For the
TSA model, mice were injected s.c. with 1  105 TSA cells or its
derivatives (TSAKI Inhba) in the right ﬂank (primary tumor) on day 0.
On day 2, 1  105 parental TSA cells were injected s.c. in the left ﬂank
(secondary tumor). Perpendicular tumor diameters were measured
with a Vernier caliper twice a week, and tumor volumes calculated as
length  width2  0.52. When applicable, gene knockdown or knockin expression was induced by adding doxycycline at 100 mg/mL
(20 mg/kg/day) into the mouse drinking water at day 8 after tumor
establishment. Doxycycline was replenished every 4 days until day 26.
On day 12, when tumors reached 60 to 80 mm3, mice were randomly
assigned to treatment groups. Local RT was given as previously
described with some modiﬁcations (23). Brieﬂy, all mice (including
mice receiving sham RT) were with isoﬂurane (VWR). 4T1 or TSA
primary tumors were irradiated with a 6 Gy dose given on days 13, 14,
15, 16, and 17 at a dose rate of 2.77 Gy/min using the Small Animal
Radiation Research Platform (SARRP Xstrahl Ltd.). 1D11 mAb was
administered i.p. (200 mg/mouse) every other day from day 12 to day
28. Anti–CTLA-4 was given i.p. (200 mg/mouse) on days 17, 20, and 23.
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Materials and Methods
Mice
Six-week-old Balb/C female mice from Taconic Animal Laboratory
were maintained under pathogen-free conditions in the animal facility
at Weill Cornell Medicine. All experiments were approved by the
Institutional Animal Care and Use Committee.

prior to treatment. Recombinant human interleukin-2 (rIL2) was
obtained from the Biological Resources Branch, Developmental Therapeutics Program, Division of Cancer Treatment and Diagnosis,
National Cancer Institute. Follistatin-288 (cat# 5836-FS-025/CF) and
recombinant activin A (cat# 338-AC-500/CF) were purchased from
R&D systems.
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Anti–PD-1 was injected i.p. (200 mg/mouse) on days 18, 22, 26, and 30.
On day 22, tumors and tumor-draining lymph nodes (TDLN) from
4T1 and TSA tumor-bearing mice were collected for ﬂow cytometry
analysis (see below) or ex-vivo restimulation with the tumor-speciﬁc
MHC class I–restricted peptide AH1 (see below). In some experiments,
mice that rejected the tumor completely and remained tumor-free for
100 days were rechallenged in the contralateral ﬂank with 5  104
viable 4T1 cells and growth monitored. A group of na€ve mice was
challenged the same day as controls.

Quantitative PCR with reverse transcription
Total RNA from 4T1 and their derivatives was extracted from
lysates using TRIzol (ThermoFisher Scientiﬁc). Real-time PCR was
performed using the Applied Biosystems 7500 real-time PCR cycler
(ThermoFisher). One microgram of RNA was used for cDNA synthesis performed with the SuperScript VILO cDNA Synthesis Kit
(ThermoFisher Scientiﬁc) followed by real-time RT-PCR with iTaq
Universal SYBR Green Supermix (BioRad) according to manufacturer’s protocol. Samples were normalized to the housekeeping gene
Rpl19, and expression by untreated cells was assigned a relative value of
1.0. The PrimePCR SYBR Green assay primers (BioRad) used in this
study were UniqueAssay ID: qMmuCID0006230 for mouse Inhba and
qMmuCED0061753 for mouse Rpl19. Data were analyzed with the
7500 Dx Instrument’s Sequence Detection software (ThermoFisher).
To calculate the relative gene expression, the 2(DDCt) method was
used.
Na€ve CD4þ T-cell isolation and coculture experiments
Na€ve CD4þ T cells were puriﬁed from spleens of healthy Balb/C
mice with the na€ve CD4þ T-cell isolation kit from Miltenyi Biotec
(cat# 130–106–643). Cell populations were >98% pure as conﬁrmed by
FACS analysis. When indicated, 4T1 or TSA tumor cells (1  105/mL)
were added in the upper chamber, and puriﬁed na€ve CD4þ T cells (2 
106/mL) were added in the lower compartment of a transwell (Fisher
Scientiﬁc, cat# 07–200165). Anti-CD3 (5 mg/mL, ThermoFisher
Scientiﬁc, cat# 16–0031–86), anti-CD28 (5 mg/mL, ThermoFisher
Scientiﬁc, cat# 16–0281–82), and rIL2 (10 U/mL) were added in the
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Flow cytometry analysis
4T1 and TSA tumors were harvested and digested using a mouse
Tumor Dissociation Kit (cat# 130–096–730, Miltenyi Biotec) prepared
as per the manufacturer’s instructions and run on a Miltenyi gentleMACS Octo Dissociator with heaters using manufacturer’s recommended preset program (37C_m_TDK1). The resulting cell suspensions were ﬁltered using a 40-mm cell strainer, and red blood cells were
lysed (RBC lysis buffer, Life technologies). Samples were counted
and stained with eBioscience ﬁxable viability dye eFluor 780
(cat# 65–0863–18, ThermoFisher Scientiﬁc) to exclude dead cells. All
samples were incubated with puriﬁed anti-mouse CD16–32 (Fc Block,
cat#14–0161–86, ThermoFisher Scientiﬁc) for 15 minutes at 4 C prior
surface staining. Surface antibody staining was performed for 30
minutes at 4 C, followed by a ﬁxation/permeabilization for 30 minutes
at 4 C (Transcription Factor Staining buffer set, ThermoFisher Scientiﬁc, cat# 00–5523–00). Finally, cells were stained for the intracellular factor FoxP3 for 30 minutes at 4 C. The following antibodies, all
purchased from ThermoFisher Scientiﬁc, were used in the indicated
dilution: ﬁxable viability dye eFluor 780 (1:1,000, cat# 65–0863–18),
CD8a-APC (1:100; cat#17–0081–83), CD4-Alexa Fluor 700 (1:100;
cat#56–0041–82), CD45-PE-ﬂuor 610 (1:100, 61–0451–82), FoxP3-PE
(1:100, cat#12–4771–82), and CD25-eﬂuor 450 (cat# 48–0251).
Counting beads (CountBright absolute counting beads for ﬂow
cytometry, ThermoFisher Scientiﬁc) were used to determine
absolute number of live CD45þCD4þCD25þFoxP3þ cells. All samples
were acquired with LSRII or MACSQuant Analyzer 10 ﬂow
cytometers, and analyzed with FlowJo software version 10.4.0
(Tree Star) and a multistep gating strategy to identify immune cells
(Supplementary Fig. S1).
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Measurement of activin A secretion
Note that 0.5  106 4T1, TSA, 67NR, 4175TR, MDA-MB-231, and
MCF-7 were plated in a 10 cm dish containing 10 mL of complete
medium. In some dish, TGFb was blocked by adding 300 ng/mL of
1D11. After 24 hours, cells received a single dose of 6, 8, or 20 Gy at a
dose rate of 2.85 Gy/min using the Small Animal Radiation Research
Platform (SARRP Xstrahl Ltd.). Immediately after irradiation, medium was carefully removed and replaced by 6 mL of fresh complete
medium containing 300 ng/mL of 1D11 when applicable. Supernatants
and cells were collected after 24 hours to quantify activin A and count
live cells by trypan blue (Life Technology), respectively. Activin A was
measured in cell-free supernatants collected 24 hours after completion
of tumor cell irradiation or 5 days after doxycycline induction using the
human/mouse/rat Activin A Quantikine ELISA kit from R&D system
(Cat# DAC00B). As per the manufacturer’s instruction, 100 mL of
undiluted supernatant (except for 4T1-derived supernatants, which
were 2-fold diluted) and standards were assayed in triplicate wells.
Optical densities were determined using a FlexStation 3 plate reader
(Molecular Devices) set at 450 nm with 570 nm subtraction and
standard curve generated using a log/log curve-ﬁt. Measured concentrations were normalized by the number of live cells counted on an
automated bright-ﬁeld Cellometer AutoT4 (Nexcelom) to account for
the proliferation arrest subsequent to RT.

transwell. Follistatin-288, a natural inhibitor of activin A, was added to
selected transwells (1 mg/mL). Additionally, 1D11 was added to
selected transwell (300 ng/mL) to block TGFb. As a positive control,
recombinant activin A was added to the na€ve CD4þ T cells compartment (10 ng/mL). After 5 days of coculture, CD4þ T cells were harvested
and analyzed for expression of Foxp3 and CD25 in live CD4þ T cells by
ﬂow cytometry analysis.

Analysis of IFNg production by CD8þ T cells
Note that 5  105 4T1 or TSA-draining lymph node (TDLN) cells
were cultured in RPMI1640 medium supplemented with 10% FBS
(Life Technologies), L-glutamine (2 mmol/L, Life Technologies),
penicillin (100 U/mL, Life Technologies), streptomycin (100 mg/mL,
Life Technologies), 2-mercaptoethanol (2.5  105 mol/L,
Sigma-Aldrich), and with rIL2 (10 U/mL) in a 48-well plate and
restimulated ex vivo with 1 mmol/L of the following peptides
(GenScript): AH1A5 (SPSYAYHQF; referred as AH1), pMCMV
(YPHFMPTNL) for 72 hours at 37 C as previously described (23).
After incubation, cell-free supernatants were assessed for IFNg concentration using the mouse IFNg Quantikine ELISA kit (R&D Systems,
cat# MIF00). As per the manufacturer’s instructions, 50 mL of undiluted supernatant, standards, and recombinant mouse IFNg (positive
control) were assayed in triplicate wells. Optical densities were determined on a FlexStation 3 plate reader (Molecular Devices) set at
450 nm with 570 nm subtraction and standard curve generated using a
log/log curve ﬁt.
Gene expression analysis in human breast tumors
Tumor expression proﬁles of TCGA breast cancer (BRCA) dataset
were analyzed in this study. Patient clinical data and level 3-processed
RNA-seq data were downloaded from the Broad Genome Data
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Statistical analysis
All statistical analyses were performed using GraphPad Prism 7.0e.
The identity of the statistical test performed, P values, and n values are
stated in the ﬁgure legends. One-way ANOVA followed by Tukey post
hoc comparisons was applied for statistical analysis of activin A
secretion, IFNg concentrations, percentage of cells, and CD8:Treg
ratios. Longitudinal tumor growth data were analyzed using two-way
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Results
Breast cancer cells secrete activin A in response to RT and TGFb
blockade
High circulating activin A in serum from patients with breast cancer
has been associated with breast cancer progression and incidence of
bone metastasis (32, 33). Because activin A can be produced by many
cells at different levels (34, 35), multiple mouse and human breast
cancer cell lines were tested in vitro for their ability to secrete activin A.
All mouse breast cancer cells secreted activin A but at different levels,
with the highest baseline secretion by 4T1 cells, a model of triplenegative breast cancer, and the lowest baseline secretion by TSA
(Fig. 1A). Among human breast cancer cells, MDA-MB-231 cells,
which are derived from a triple-negative tumor, secreted the highest
activin A. An additional triple-negative human breast cancer cell line,
4175-TR, and the hormone receptor–positive human breast cancer cell
line, MCF-7, both secreted lower activin A (Fig. 1B). This variability
across murine and human breast cancer subtypes suggests that activin
A secretion is independent from the subtype of breast cancer. Treatment of the breast cancer cells with RT signiﬁcantly increased activin A
secretion in a dose-dependent fashion for most the breast cancer cells
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Figure 1.
Activin A is secreted by breast cancer
cells and is increased in response to RT
and TGFb blockade. Murine breast cancer
cells 4T1, TSA, and 67NR (A) and human
breast cancer cells MDA-MB-231, 4175TR, and MCF-7 (B) were treated with the
pan–isoform-neutralizing TGFb (1D11)
antibody for 24 hours and irradiated with
various doses, as indicated. Twenty-four
hours following RT, secreted activin A
was measured in supernatants by ELISA.
Results are expressed in pg/mL  SD
for 100,000 live cells. One-way ANOVA
followed by Tukey post hoc comparisons;

, P < 0.05;  , P < 0.01;    , P < 0.001; and
  
, P < 0.0001. Experiment was done in
triplicate with n ¼ 3/group.
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ANOVA to assess overall group differences followed by Tukey post hoc
comparisons. Survival was evaluated using the Kaplan–Meier model,
and the log-rank Mantel–Cox test was used to compare treatment
groups.
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Analysis Center’s FireBrowse resource (http://ﬁrebrowse.org/; TCGA
data version 2016_01_28; ref. 25). RNA-seq data (“rnaseqv2”) were
generated via MapSplice alignment and RSEM quantitation as
described (26, 27). BRCA cases were ﬁltered to exclude male and
gender “unknown” samples (n ¼ 13), metastatic tissue samples (n ¼ 7),
and one errant skin cancer sample, yielding 1,079 female primary
breast tumor samples for expression analysis. Intratumoral Treg
abundance was quantiﬁed as a continuous variable using the geometric
mean of the 108-gene signature of tumor-inﬁltrating Tregs (TITR
score) reported by ref. 28 (Supplementary Dataset S6 of that publication). TGFb signaling was quantiﬁed as a continuous variable using
the geometric mean of the 80-gene TGFb Response signature reported
by ref. 29 and computed for the TCGA BRCA RNA-seq dataset by
ref. 30 (Supplementary Table S1 of that publication). The cytolytic
score was computed as the geometric mean of granzyme A (GZMA)
and perforin (PRF1) expression values as previously described (31).
Spearman’s rank-order correlation analyses were conducted using
SigmaPlot 12.0 (Systat Software Inc.).

Activin A Mediates Radiation-Induced Antitumor Immunity

lines tested (Fig. 1). The increase in activin A secretion was more
pronounced when irradiated cells were incubated with the panisoform TGFb-neutralizing mAb 1D11, an effect that was observed
in the majority of the breast cancer investigated (Fig. 1A and B).
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Activin A limits priming of antitumor CD8þ T cells after RT and
TGFb blockade
We have previously shown that TGFb blockade during local RT
induces CD8þ T-cell responses to multiple endogenous tumor
antigens in the 4T1 model of metastatic breast cancer (23). In light
of the ﬁndings that this combination promoted an increase in
intratumoral Tregs (Figs. 3D and 4B), we hypothesized that
inhibition of the activin A–induced Treg increase would further
improve CD8þ T-cell priming. To this end, TDLNs from mice
implanted with 4T1shNS and 4T1shInhba cells treated with RT and
TGFb blockade were analyzed for IFNg production in response to
the tumor-speciﬁc MHC class I–restricted peptide AH1 (22). In line
with our previous data, the CD8þ T-cell response to AH1 was
detected only in 4T1shNS-tumor bearing mice treated with the
combination of RT and 1D11 (Fig. 4C). Activin A knockdown
modestly induced CD8þ T-cell reactive to AH1 in the presence of
RT, but this effect was signiﬁcantly enhanced by blockade of TGFb
(Fig. 4C). Dual targeting of TGFb and activin A also enhanced the
CD8:Treg ratio in irradiated 4T1 tumors (Fig. 4D).
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Tumor-derived activin A contributes to Treg increases in
irradiated murine breast cancer
Activin A has been implicated in the induction of induced (i) Tregs
in pathologic conditions including allergic diseases (13, 36). Thus, we
hypothesized that the upregulation of activin A secretion by irradiated
mammary carcinoma cells could contribute to the increase in Tregs
associated with RT. To test this hypothesis, we ﬁrst performed in vitro
cocultures to determine if irradiated mammary carcinoma cells could
induce the conversion of na€ve CD4þ T cells (deﬁned as CD62Lhi) into
iTregs (deﬁned as CD25þFoxP3þ) using the two mouse mammary
carcinoma cells with the highest (4T1) and lowest (TSA) baseline
secretion of activin A (Fig. 1). Recombinant activin A was used as a
positive control. To separate the effects of TGFb and activin A in iTreg
induction, 1D11 and/or follistatin-288 (FS, a natural activin A inhibitor) were included in some cocultures. The number of CD4þ T cells
that acquired markers of iTregs was signiﬁcantly increased by recombinant activin A (Fig. 2). Coculture with untreated or irradiated TSA
or 4T1 breast cancer cells resulted in an increase of CD4þ T cells
acquiring markers of iTreg differentiation compared with na€ve T cells
alone. In cocultures with TSA cells, this increase in Tregs was
abrogated by TGFb blockade, whereas FS had no detectable effect,
indicating that TGFb played a dominant role in iTreg induction by
cancer cells with low activin A expression (Fig. 2B). In contrast, TGFb
blockade enhanced, rather than reduced, iTregs when na€ve CD4þ T
cells were cocultured with either untreated or previously irradiated
high activin A–expressing 4T1 cells (Fig. 2C). Activin A blockade with
FS did not have any effect on either untreated or previously irradiated
4T1 cells (Fig. 2C). We then reasoned that activin A and TGFb could
compensate each other to induce the conversion of Tregs in vitro.
Supporting this hypothesis, a concomitant blockade of TGFb and
activin A effectively prevented iTreg generation induced by CD4þ T
cells in the presence of both untreated and irradiated 4T1 cells
(Fig. 2C). Consequently, we concluded that TGFb and activin A were
both responsible for Treg conversion in high activin A–expressing
breast cancer cells.
Next, to determine whether secretion of activin A at baseline in
breast cancer similarly affected the tumor inﬁltration of Tregs in vivo,
BALB/c mice bearing syngeneic low activin A–secreting TSA or high
activin A–secreting 4T1 ﬂank tumors were treated with i.p. injections
of 1D11 or its isotype control every other day, starting at day 12 after
tumor cell injection. Tumor-targeted RT was given in ﬁve daily
fractions of 6 Gy (total dose 30 Gy), starting on day 13 (Fig. 3A).
The choice of this RT dose and fractionation regimen was based on our
prior experience with TGFb blockade in these tumor models (23).
Tumors were harvested at day 22 for analysis of tumor-inﬁltrating
Tregs (Fig. 3B). In line with previous reports, RT increased Treg
inﬁltration in both TSA and 4T1 tumors (Fig. 3C and D; refs. 4, 10).
Consistent with in vitro results, TGFb blockade reduced Tregs in
untreated and irradiated TSA tumors (Fig. 3C), whereas it resulted in a
signiﬁcant increase in Tregs in untreated and irradiated 4T1 tumors
(Fig. 3D).
To investigate if activin A secreted by 4T1 cells was responsible
for the increase in Tregs observed upon TGFb blockade in vivo, we
used a genetic approach because pharmacologic inhibitors of activin
A are not commercially available in sufﬁcient quantity for in vivo
use. To this end, 4T1 cells were transduced with a tetracycline-

inducible shRNA targeting activin A mRNA (Supplementary
Fig. S2A). Reduced secretion of activin A by 4T1shInhba cells upon
doxycycline induction was conﬁrmed both at the gene and protein
levels (Supplementary Fig. S2B and S2C). Next, mice were injected
with control cells transduced with a nonsilencing construct, 4T1shNS
or 4T1shInhba cells. Expression of shRNAs was induced once the
tumors were established by administration of doxycycline. Mice
were then treated with tumor-targeted RT and/or TGFb blockade,
and tumors were harvested for analysis at day 22 (Fig. 4A). Treg
accumulation in mice bearing 4T1shNS was signiﬁcantly enhanced
by TGFb blockade (Fig. 4B). Conversely, in the 4T1 cells unable to
secrete activin A, a decrease in intratumoral Tregs upon treatment
with RT and TGFb blockade was observed (Fig. 4B). Conﬁrming
our in vitro data, these results showed that dual blockade of activin
A and TGFb was required to prevent radiation-induced Treg
accumulation in high activin A–expressing tumors.

Dual TGFb and activin A blockade with RT induces durable
tumor control
A high intratumoral ratio of effector CD8þ T cells to Tregs has
been previously shown to reﬂect successful antitumor immunity (37). To test the therapeutic antitumor activity of dual blockade
of activin A and TGFb with RT, mice were injected with 4T1shNS
and 4T1shInhba cells. Activin A knockdown was induced once the
tumors were established with doxycycline. Mice were then treated
with local RT and/or TGFb blockade and followed for tumor
growth and survival. In the absence of RT, single or double
blockade of TGFb and activin A did not have any effect on 4T1
tumor growth or mouse survival (Fig. 4E–G). As we have previously shown (23), RT alone delayed tumor progression but was
unable to completely eliminate tumors. Radiation-induced tumor
control and survival of animals bearing 4T1shInhba was modestly,
but signiﬁcantly, improved compared with animals bearing
4T1shNS tumors (Fig. 4F and G). TGFb blockade combined with
local RT was able to induce initial complete tumor regression, but
all tumors regrew after day 36. In contrast, the dual blockade of
TGFb and activin A completely eliminated the irradiated tumor in
57% of the mice, resulting in a signiﬁcant increase in survival
compared with all other groups (Fig. 4E–G). However, because
most mice did not survive past day 75, immune memory was not
established. Altogether, these results show that tumor-derived
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expressed as FoxP3þCD25þ of CD4þ live T cells (cell/mL)  SD. One-way ANOVA followed by Tukey post hoc comparisons;  , P < 0.05;  , P < 0.01;    , P < 0.001; and

, P < 0.0001. Experiment was done in duplicate.

activin A limits the response of 4T1 tumors to focal RT and TGFb
blockade.
Immune checkpoint blockers improve RT and blockade of TGFb
and activin A
Despite the improved survival, only a small percentage of mice
treated with RT and dual blockade of TGFb and activin A were long-
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term survivors (Fig. 4G), an indication that additional interventions
are needed to sustain antitumor responses. We have previously
reported that the combination of TGFb blockade with focal RT leads
to adaptive immune resistance mediated by upregulation of PD-L1 in
the tumor microenvironment and that administration of PD-1–blocking antibody extended mouse survival in this context (23). Blockade of
CTLA-4 is also synergistic with focal RT in the 4T1 model (38). Thus,
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we asked whether the addition of immune checkpoint inhibitors would
improve survival of mice treated with RT and the dual targeting of
TGFb and activin A. Mice bearing 4T1shNS or 4T1shInhba tumors were
given doxycycline to knockdown activin A expression, then treated
with focal RT, anti-TGFb, anti–PD-1, and/or anti–CTLA-4 as indicated in Fig. 5A. In mice bearing 4T1shInhba tumors, RT and TGFb
blockade induced complete tumor regression that was durable in 50%
of the animals (Fig. 5B and C). The addition of anti–CTLA-4 or anti–
PD-1 prevented tumor recurrence in 100% and 80% of the mice,
respectively (Fig. 5C). Mice from all groups that remained tumor-free
until day 100 were rechallenged with a tumorigenic inoculum of 4T1
cells together with a control group of 5 na€ve mice. All 5 na€ve mice
developed tumors and succumbed to the disease by day 31. Two of 5
surviving mice from the 4T1shInhbaþRTþ1D11 group and 5 of 10
surviving mice from the 4T1shInhbaþRTþanti–CTLA-4 group were
protected. Only 1 of 8 survivors from 4T1shInhbaþRTþanti–PD-1 was
protected (Fig. 5D). Overall, these results showed that a multiprolonged approach that includes RT, immune checkpoint blockade,
and inhibition of immune suppressive cytokines TGFb and activin A
is effective against very aggressive 4T1 tumors. However, they
also suggest that long-term memory responses are induced by anti–
CTLA-4 but not anti–PD-1 therapy.
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TGFb blockade promotes intratumoral Tregs in 4T1
but not in TSA tumors in vivo. A, In vivo experiment
scheme. Syngeneic Balb/C mice received s.c. injection of 4T1 or TSA cells. The pan–TGFb-neutralizing
antibody 1D11 was given every other day starting
day 12. RT was selectively given to s.c. tumors in
ﬁve daily fractions of 6 Gy (5  6 Gy) on days (d)13,
14, 15, 16, and 17. On day 22, tumors were collected
to analyze tumor-inﬁltrating Tregs, deﬁned as
CD25þFoxP3þ in CD45þCD4þ live cells. B, Flow
cytometry gating strategy. FSC, forward scatter.
Percentages of FoxP3þCD25þ in CD4þ live T cells
 SD in TSA (C) and 4T1 (D) tumors. Each dot
represents 1 animal. One-way ANOVA followed
by Tukey post hoc comparisons; n.s., nonsigniﬁcant;  , P < 0.05;   , P < 0.01;   , P < 0.001; and

, P < 0.0001. Experiment was done in duplicate
with n ¼ 3 per group.
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Activin A knock-in increases Tregs and hinders abscopal
responses in TSA-bearing mice
To further conﬁrm the role of activin A in Treg induction, we tested
if enforced increase in activin A secretion by TSA cells would result in
reduced antitumor immune responses in mice treated with RT and
TGFb blockade. To this end, TSA cells were transduced with a plasmid
expressing activin A cDNA under the control of a doxycyclineinducible promoter (TSAKI Inhba; Supplementary Fig. S3A). Activin
A quantiﬁcation by ELISA conﬁrmed an increased secretion of activin
A by TSAKI Inhba upon doxycycline treatment (Supplementary
Fig. S3B).
Next, mice were injected with TSAKI Inhba on day 0 in the right
ﬂank (primary site) and with parental TSA cells on day 2 in the
contralateral ﬂank (secondary site) to evaluate responses outside
the RT ﬁeld (i.e., abscopal effects). Half of the mice were fed
doxycycline 4 days before treatment, with focal tumor RT delivered
to the primary site and/or TGFb blockade. Three mice per group
were euthanized at day 22 to analyze primary tumors and TDLNs
(Fig. 6A). In the absence of doxycycline treatment, TGFb blockade
was able to completely abrogate the radiation-induced Treg
increase (Fig. 6B). Upregulation of activin A by doxycycline led
to a mild but signiﬁcant increase in intratumoral Tregs, which was
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enhanced by RT and was not affected by TGFb blockade (Fig. 6B).
Upregulation of activin A by doxycycline abrogated CD8þ T-cell
responses to the tumor-speciﬁc epitope AH1 in the TDLNs of mice
treated with RT and TGFb blockade (Fig. 6C). Consistent with
reduced activation of antitumor CD8þ T cells in doxycycline-fed
mice, the contralateral nonirradiated tumor continued to grow

AACRJournals.org

during RT and TGFb blockade, whereas in the absence of enforced
activin A upregulation, signiﬁcant inhibition of the secondary
tumor was induced by treatment with RT and TGFb blockade
(Fig. 6D and E), as we previously reported (23). Overall, these
results conﬁrm a critical role for activin A as a regulator of
antitumor immune responses induced by RT.
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ﬁve daily fractions of 6 Gy were selectively administered to the primary tumor combined with TGFb blockade. On day (d)22, 3 mice per group were euthanized to
harvest tumors and TDLNs for immune analysis. B, Percentages of FoxP3þCD25þ in live CD45þCD4þ T cells (%  SD) in TSA tumors (n ¼ 3/group). C, IFNg secretion
by TDLN cells in response to the CD8þ T-cell epitope AH1 (full circles) or control peptide MCMV (open circles; n ¼ 3/group). B and C, Each symbol represents 1 animal.
One-way ANOVA followed by Tukey post hoc comparisons; n.s., nonsigniﬁcant;  , P < 0.05;   , P < 0.01;    , P < 0.001; and    , P < 0.0001. Mean tumor growth of the
irradiated (D) and abscopal (E) tumors in mice treated with isotype (dashed back line), isotype þ doxycycline (gray line), 1D11 (dashed green line), 1D11 þ doxycycline
(orange line), RT þ isotype (blue line), RT þ isotype þ doxycycline (dotted back line), RT þ 1D11 (red line), or RT þ 1D11 þ doxycycline (dashed purple line). D and E,
Longitudinal primary tumor growth data were analyzed using two-way ANOVA to assess overall group differences, followed by Tukey post hoc comparisons; n.s.,
nonsigniﬁcant and    , P < 0.0001; comparison of abscopal tumor growth, two-way ANOVA followed by Tukey post hoc comparisons; n.s., nonsigniﬁcant; #, P < 0.05;
###
, P < 0.001; and ####, P < 0.0001. Duplicate experiment with n ¼ 7/group.
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INHBA expression correlates with the tumor-inﬁltrating Treg
score in patients
To test whether activin A expression in human breast cancer may
lead to enhanced Treg inﬁltration into tumors, we took advantage of
TCGA RNA-seq BRCA public dataset to investigate the relationships between INHBA (gene encoding for the activin A protein;
ref. 39), the abundance of Tregs, and TGFb signaling. First, the
abundance of Tregs was estimated using a robust tumor-agnostic
gene signature of tumor-inﬁltrating Tregs (TITR signature; n ¼ 108;
deﬁned by ref. 28) and considered the geometric mean of these
genes as a continuous score for TITR. We then conﬁrmed that this
gene signature was reﬂecting intratumoral Tregs by investigating
the correlation between the TITR score and FOXP3 expression, a
Treg-speciﬁc transcription factor (Fig. 7A; ref. 40; rho ¼ 0.79; P <
0.0001). Having demonstrated that the TITR score was a reliable
tool to estimate Treg inﬁltration in breast tumors, we then asked
whether INHBA expression was associated with Treg abundance.
Consistent with our preclinical observations, we found that INHBA
was signiﬁcantly associated with the TITR signature (Fig. 7B), but
did not correlate with an effector cytolytic gene signature (Fig. 7C;
ref. 31). A correlation between INHBA expression and TGFB1
response signature (deﬁned by ref. 29) was observed (Fig. 7D),
thus supporting a cross-talk between activin A and TGFb in human
breast cancer. When the dataset was stratiﬁed for ERþ and ER
tumors, the positive correlation between INHBA and the Treg
signature remained signiﬁcant (P < 0.0001 in both ERþ and ER
tumors; Supplementary Fig. S4), therefore indicating that the
correlation between INHBA and the TITR signature was independent of ER status and may reﬂect a mechanism of immune evasion
that was independent from breast cancer tumor subtypes. Overall,
these data were consistent with our preclinical ﬁndings and support
the relevance of targeting activin A in human breast cancer to
decrease Treg-mediated immunosuppression.
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Figure 7.
INHBA expression correlates with the
tumor-inﬁltrating Treg score in patients
with breast cancer. Positive correlation
between FOXP3 (A) and INHBA (B) with
the TITR score. C, Correlation between
INHBA and the cytolytic score. n.s.,
nonsigniﬁcant. D, Positive correlation
between INHBA and the TGFb response
score. Results are illustrated in scatter
plot from the RNA-seq TCGA dataset
of breast cancer (n ¼ 1,079). P values
represent the statistical results of the
Pearson correlation analysis.
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Discussion
Treg-mediated immunosuppression plays an important role in
protecting tumors from immune rejection. Therefore, multiple therapeutic strategies are being tested to target Tregs, but effective ways to
deplete Tregs in the TME of patients with cancer remain elusive.
Several agents directed to TGFb have been tested in preclinical and
clinical studies for the ability to elicit immune-mediated tumor
rejection (41), and in some studies, a reduction in Tregs is
reported (42). Here, we showed that the ability of TGFb blockade to
reduce Treg numbers was dependent on baseline activin A secreted by
the cancer cells. In the context of RT, TGFb blockade was effective at
abrogating the increased Treg inﬁltration in TSA tumors that secrete
very low amounts of activin A. In the 4T1 tumor model, which has high
baseline expression of activin A, TGFb blockade had the paradoxical
effect of further increasing Tregs in vitro and in vivo compared with
untreated controls after RT. These results have important implications
for the use of TGFb inhibitors in the clinic and suggest that the ability
of the treatment to reduce the immune suppressive TME may depend
on the intrinsic ability of the cancer cells to secrete activin A at levels
required to induce Tregs.
Our study was limited to mammary carcinomas, and we found that
all of the human and mouse breast cancer cells tested secreted activin
A, albeit at variable levels. Because activin A secretion was enhanced by
RT, it will be important to measure this cytokine in patients with breast
cancer undergoing RT. In a prior trial testing the combination of focal
RT and TGFb blockade by the antibody fresolimumab in patients with
metastatic breast cancer, no objective abscopal responses were
observed. However, overall survival was signiﬁcantly longer in the
arm receiving the higher dose of fresolimumab (43). It is intriguing to
consider if an increased Treg representation in irradiated tumors
contributes to impaired priming of antitumor T cells, thus explaining
the lack of objective abscopal responses in this cohort. Although the
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currently available for clinical use, STM 434 (a soluble receptor
ligand trap targeting activin A) is under clinical investigation for the
treatment of ovarian cancer. Data from the ﬁrst-in-human phase I
trial show a lack of clinical response (48). It is possible that activin
A blockade might be effective only as a component of a multiprolonged therapy that includes TGFb inhibitors and RT, and
possibly CTLA-4 blockade.
High expression of activin A has been described in other
solid malignancies such as esophageal and non–small cell lung cancers (39, 49). It is intriguing to consider if activin A baseline secretion
could predict for limited clinical efﬁcacy of ongoing clinical trials
evaluating the dual blockade of TGFb and PD-L1 in irradiated
esophageal cancer and non–small cell lung cancer in ongoing clinical
studies (NCT0481256, NCT03554473; source: www.clinicaltrials.gov)
in the absence of activin A blockade. In conclusion, our results
identiﬁed activin A as a player in the complex immune evasion of
cancer and suggest that identifying and targeting multiple barriers may
be necessary to enhance clinical responses to immunotherapy (50).
Overall, these data highlight the role of cytokines belonging to the
TGFb family in shaping the TME and cancer progression, particularly
in irradiated tumors. Although the role of activin A in increasing Tregs
in patients with breast cancer remains to be conﬁrmed, our
data provide the rationale for testing this pathway in the clinic and
provide a potential new actionable target to improve responses of
patients with breast cancer to RT and immunotherapy combinations.
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trial did not require on-treatment or posttreatment tumor tissue for
analysis, sequential blood specimens were obtained, demonstrating
that in some patients, Tregs are increased in the peripheral blood (43).
Activin A is a member of the TGFb family with pleiotropic effects
that was shown to promote a protumorigenic immune inﬁltrate. The
induction of immune-suppressive Tregs by activin A has been previously described in asthma, where allergen-speciﬁc Tregs suppress Th2mediated allergic reactions (13, 14). Here, we showed that activin A
promotes Tregs in cancer and hampers antitumor immune responses
induced by RT and TGFb blockade. We also found that either
activin A silencing or TGFb blockade increased Tregs in 4T1 tumor,
which secretes high baseline activin A. As a result, it is conceivable that
activin A and TGFb cooperate in maintaining a high number of Tregs
in the breast cancer TME.
Activin A and TGFb share structural similarities (44) and the
SMAD2/3 signal transduction pathway (45). There is at least some
evidence that activin A can increase TGFb1-induced FoxP3 expression
in T cells in vitro (46). We observed a “compensatory” increase in
activin A when TGFb was blocked, suggesting the existence of a crosstalk between these two TGFb family members. Similar ﬁndings have
been reported in vascular development where the knockdown of the
TGFb type-I receptor (aka ALK5, TGFBR1) in E9.5 embryos resulted
in the upregulation of the activin A/ALK4 pathway to counterweigh the
absence of SMAD2/3 phosphorylation (15).
In the 4T1 model, dual blockade of activin A and TGFb improved
the responses in irradiated tumors in some mice, but long-term
(>100 days) survival was rare. TGFb is a barrier to radiationinduced activation of antitumor immune responses, but blocking
TGFb is insufﬁcient to generate robust and sustained antitumor
immunity in both mice and in patients with breast cancer (23, 43).
In mice, upregulation of PD-L1 and PD-L2 on 4T1 cancer cells and
intratumoral myeloid cells after treatment with RT and TGFb
blockade is a mechanism limiting tumor rejection (23). Thus, it
is likely that multiple barriers need to be targeted in the 4T1 mouse
tumors, which behave like aggressive and poorly immunogenic
human breast cancer, to improve responses to immunotherapy.
This concept is consistent with the overall low response rate to
treatment with PD-1/PD-L1–targeting antibodies observed in
patients with breast cancer (47). Here, we demonstrated that the
combination of RT, dual blockade of TGFb and activin A, and
CTLA-4 inhibition could lead to complete tumor regression and
long-term survival in all mice bearing 4T1 tumors, and in 50%,
there was a long-lived protective memory response. Similar
improvement in long-term survival was observed when anti–PD-1
was used in place of anti–CTLA-4, but only 12.5% of the mice
developed long-lived protective memory responses, an observation
that will require further investigation.
The clinical relevance of our ﬁndings remains to be investigated.
However, it is plausible that increased activin A could contribute to
limiting the efﬁcacy of TGFb pathway inhibitors, at least in some
patients (16, 41, 43). Supporting this notion, our retrospective
analysis of the public TCGA BCRA dataset revealed a signiﬁcant
correlation between INHBA expression, TGFb signaling, and Treg
inﬁltration. With the limitations pertaining to retrospective in silico
studies, our ﬁndings suggest that activin A may be an actionable
target to reduce immunosuppression in patients with irradiated
breast cancer, possibly independently from the breast cancer subtype, as demonstrated by the absence of differential expression
of INHBA between ERþ and ER cases. Thus, activin A inhibitors
could enhance the response to RT in patients with high activin
A–expressing breast cancer. Although no activin A inhibitor is
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