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ABSTRACT

Activins, members of the TGF-beta superfamily, have been isolated and identified in the endocrine system,
but have not been substantially investigated in the context of the immune system and endocrine-
unrelated cancers. Here, we demonstrated that tumor-bearing mice had elevated systemic activin levels,
which correlated directly with tumor burden. Likewise, cancer patients have elevated plasma activin levels
compared to healthy controls. We observed that both tumor and immune cells could be sources of
activins. Importantly, our in vitro studies suggest that activins promote differentiation of naive CD4+ cells
into Foxp3-expressing induced regulatory T cells (Tregs), particularly when TGF-beta was limited in the
culture medium. Database and gRT-PCR analysis of sorted major immune cell subsets in mice revealed
that activin receptor 1c (ActRIC) was uniquely expressed on Tregs and that both ActRIC and ActRIIB
(activin receptor 2b) were highly upregulated during iTreg differentiation. ActRIC-deficient naive CD4+
cells were found to be defective in iTreg generation both in vitro and in vivo. Treg suppression assays were
also performed, and ActRIC deficiency did not change the function or stability of iTregs. Mice lacking
ActRIC or mice treated with monoclonal anti-ActRIC antibody were more resistant to tumor progression
than wild-type controls. This phenotype was correlated with reduced expression of Foxp3 in CD4+ cells in
the tumor microenvironment. In light of the information presented above, blocking activin-ActRIC
signaling is a promising and disease-specific strategy to impede the accumulation of immunosuppressive
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iTregs in cancer. Therefore, it is a potential candidate for cancer immunotherapy.

Introduction

Activins, which are members of the transforming growth fac-
tor-p) (TGF-B)) superfamily of proteins, are potent regulatory
factors that play vital roles in tissue fate determination during
embryonic development as well as in regulating homeostatic
processes in adults.'* Currently, over 45 members of the TGF-
B superfamily have been identified, among which inhibins and
activins have been found to be closely related but have almost
directly opposite biological effects in regulating follicle-
stimulating hormone (FSH) synthesis and secretion.” Inhibins
are dimers of an a subunit and a  subunit, whereas activins are
homo- or heterodimers of two {3 subunits. These two subunits
are tethered by a disulfide bond." Only one isoform of a
subunit, but four isoforms of  subunits (B, Ps, Pc, and Pg)
have been identified so far.””’

Activins signal by binding to a heteromeric tetramer com-
posed of two type I receptors (either ActRIC, gene name
Acvrlc, also known as Alk7, or ActRIB/Acvrlb/Alk4) and two
type II receptors (either ActRIIA/Acvr2a or ActRIIB/
Acvr2b)."® Initially, activins bind to type II receptors at the
cell surface. This binding, in turn, leads to the recruitment and
phosphorylation of type I receptors, which then activate

intracellular signaling pathways mainly through Smad proteins
or alternatively through MAPK. Primarily, it recruits and
phosphorylates receptor-regulated Smad (R-Smad). R-Smads
are ligand-specific, with Smad2 and Smad3 mediating activin
and TGF-P signaling. After phosphorylation, R-Smads are
released and form complexes with the co-Smad, Smad4. The
complexes then translocate to the nucleus to regulate the
expression of downstream genes."”'® Many groups have
reported that Smad2 and Smad3 are important for inducing
the expression of the transcription factor (Forkhead box P3)
Foxp3, which is a cell lineage-specific marker for regulatory
T cells (Tregs)."" "

Tregs play pivotal roles in the maintenance of peripheral
immunological tolerance and control of immune responses
toward pathogens and tumors.'*'> These Foxp3-expressing
CD4+ T cells typically exert their immunosuppressive
effects through direct cell-to-cell interactions and via secre-
tion of anti-inflammatory cytokines such as TGF-f, IL-10,
and IL-35.""'>'® Accumulation of Tregs in tumors corre-
lates with poor prognosis and reduced survival in patients
with various cancer types.'>'” Conversely, the growth of
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murine tumors can be inhibited by blocking Tregs, which
constitute an extremely high proportion of tumor-
infiltrating lymphocytes (TILs) in many murine tumors,
such as B16."® When diphtheria toxin is used to deplete
Tregs in tumor-bearing Foxp3-DTR (diphtheria toxin
receptor) transgenic mice, these tumors regress.19
Therefore, depletion of Tregs is an attractive strategy to
boost antitumor immunity. Foxp3 is a transcription factor
that is challenging to inhibit. Hence surface receptors
uniquely expressed on Treg cells are of particular interest
as they can be targeted with antibodies. It would be even
more advantageous if the expression of these surface recep-
tors is specifically induced in the tumor microenvironment.

Activins and their receptors have been reported to play
important roles in endocrine tumorigenesis, such as ovarian
cancer, breast cancer, and prostate cancer, etc. 132021
However, their expression patterns and functions are poorly
understood in the immune system and endocrine-unrelated
cancers.”””*> We previously discovered that ActRIC was
a target of the Treg-promoting YAP1 (yes-associated pro-
teinl) pathway in mice.”® These findings suggest that block-
ing the activin-receptor interaction could enhance the
efficacy of cancer immunotherapy by inhibiting the immu-
nosuppressive Treg population. However, the challenges sur-
rounding blocking activins directly center on the fact that
activins are produced and present in a wide range of tissues.
These small proteins, approximately 25 kDa in their mature
form, are produced by many types of cells and are widely
distributed in the gonads, pancreas, and circulation.™®
Therefore, depletion of activins would be difficult to achieve
and could cause many side effects. Alternatively, blocking
one or more of the receptors upregulated in the tumor
microenvironment may represent a better strategy.

In this study, our goal was to explore the role of activin
in immune homeostasis, its impact on tumor growth, and
the identification of the activin receptor induced in the
tumor microenvironment. Our data reveal that the interac-
tion between activin and ActRIC promotes the conversion
of CD4+CD25"" T cells into Foxp3-expressing Tregs,
ActRIC emerges as a promising target for cancer
immunotherapy.

Methods

Extended materials and methods, including catalog informa-
tion of all the antibodies and primer sequences, can be found in
the supplemental table.

Mice

Wild-type C57BL/6] mice were purchased from the Jackson
Laboratory. Rag2 knock-out (KO) and TCR« (T cell receptor
alpha chain) KO mice were obtained from Jackson Laboratory
and bred in our animal facility. Acvr1c"™!® mice were obtained
from Mutant Mouse Resources & Research Centers supported
by NIH (MMRRC) and globally knocked out in ActRIC. All
animal experiments were performed under protocols approved
by the Johns Hopkins University Institutional Animal Care

and Use Committee (IACUC). Primarily 6-12 weeks-old
female mice were used for all experiments.

Tumor models

Murine B16F10 melanoma cells, MC38 colon adenocarcinoma
cells, and EL4 thymoma cells were purchased from the
American Type Culture Collection (ATCC) and stored as fro-
zen stocks. Cells were cultured as recommended by ATCC, and
cells with passage number between 5-10 were used in the
experiments. The right flank region of female animals (approxi-
mately 8-weeks old) was shaved one day prior to subcutaneous
(s.c.) injection of the indicated cell line cells in 200ul of PBS.
40000 of B16F10, 250,000 MC38, or 200,000 EL4 cells were
injected per mouse unless otherwise indicated. Tumor progres-
sion was quantified using the following formula.
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where V is the volume, L is the maximum length, and W is the
width perpendicular to the length.””*® Excised tumors were
weighed using a scale and imaged as groups.

Adoptive transfer colitis model

WT or Acvrlc KO naive CD4+ cells were negatively selected
using a naive CD4+ T cell isolation kit (Miltenyi Biotech) and
adoptively transferred to Rag2 KO mice. The mice were then
monitored for weight loss for approximately nine weeks as the
disease progressed. At the end of the process, the mice were
sacrificed, and multiple organs, including the colon, mesenteric
lymph nodes (mLN), and spleens (SP) were harvested. Organ-
infiltrating lymphocytes were extracted by gradient density
centrifugation and analyzed for CD4+ and Foxp3+ populations
by flow cytometry.

ELISA

Both human and mouse blood samples were collected in ethy-
lenediaminetetraacetic acid (EDTA)-coated tubes. Blood was
centrifuged at 500 g for 10 min to separate plasma from cells.
Plasma was aliquoted and stored at —80°C before being used
for ELISA. The Mouse/Human/Rat Quantikine ELISA Kit
(R&D Systems) was used according to the manufacturer’s
protocols to derive absolute concentrations of activins using
a standard curve (performed along with all samples). The
samples were diluted to remain within a detectable range
where appropriate.

Human blood

Consented human blood samples were obtained from the
Johns Hopkins University School of Medicine under an insti-
tution-approved IRB protocol. Human blood leukopaks were
obtained from Johns Hopkins School of Medicine, Division of
Gastroenterology and Hepatology. Whole blood in EDTA-
coated tubes was spun down to obtain cell-free plasma.



Cell sorting

Homogenized spleen, lymph node, and/or tumor-infiltrating
cells were stained in FACS buffer with the defining antibodies,
as indicated. Cells were sorted using a BD FACSAria' ™ Fusion
flow cytometer with the assistance of the Sidney Kimmel
Comprehensive Cancer Center Flow Cytometry Core staff
into complete RPMI medium (Gibco), supplemented with 5%
FBS, before being spun down for use in tissue culture or stored
in TRIzol (ThermoFisher Scientific).

Cell culture

T cells were activated with plate-bound anti-CD3 and soluble
anti-CD28 antibodies in the presence of IL-2 (200 U/mL).
RPMI medium, supplemented with 5-10% FBS, sodium pyr-
uvate, nonessential amino acids, antibiotics, and f-
mercaptoethanol was used. 10°710° cells were plated in
a tissue culture-treated 24-well plate containing 1 ml media.
For Treg induction, up to 10 ng/ml of recombinant TGF-[ was
used. Murine or human activins were obtained from R&D
Systems and added to the culture at concentrations up to
50ug/ml.

Flow cytometry

Cell Trace Violet (Invitrogen) was used to track cell prolifera-
tion, according to the manufacturer’s protocol. Cells were
stained with a viability dye for 20 min at room temperature
in PBS, fluorophore-conjugated antibodies against surface
markers for 15 min at 4°C in FACS buffer, and fluorophore-
conjugated antibodies against intracellular markers for 45 min
at 4°C in permeabilization wash buffer. Both BD Cytofix and
ThermoFisher Transcription Factor fixation kits were used,
depending on the antibodies used.

qRT-PCR

Cells were lysed using TRIzol reagent (Invitrogen). After phase
separation with chloroform, RNA was purified using a Direct-
zol RNA Purification Kit (Zymo Research), according to the
manufacturer’s protocol. Equal amounts of total RNA (as mea-
sured by NanoDrop Spectrophotometer) were converted to
c¢DNA using the SuperScript III Reverse Transcription Kit
(Invitrogen), as described by the manufacturer. Gene expres-
sion was quantified using the SYBR Green RT-qPCR Master
Mix (ThermoFisher Scientific) with gene-specific primers.
Primer sequences were either obtained from the Harvard
Primer Bank or designed using the NCBI Primer Blast
Software. All primers were validated with dose-dependent
amplification using qRT-PCR, with melt curves, and with
DNA gel electrophoresis.

Monoclonal antibodies production

Monoclonal antibodies targeting ActRIC were generated using
the hybridoma technology. In brief, C57BL6 mice were immu-
nized with the extracellular domain (ECD) of activin receptor
1c. The antibody-producing B lymphocytes were isolated from
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these mice and fused with the immortal P3X63Ag8.653 mouse
myeloma cell line to form hybrid cells, called hybridomas. The
hybridomas of each clone were expanded in vitro. The nude
mice were primed with ip. injection of 0.5 ml pristane per
mouse 1 week prior to inoculation with hybridomas. The cul-
tured hybridomas were then collected, washed, and resus-
pended in PBS at 2.5x10° cells/ml. 2ml of the cell
suspension per mouse were i.p. injected into the primed nude
mice using a 22-G needle. Wait for 1-2 weeks for ascites to
form. The ascites was then collected and purified for mono-
clonal antibodies using a HiTrap™ protein HP column (GE
Healthcare Bio-Sciences AB, Sweden).

Statistical analysis

All statistical analyses were performed using the GraphPad
Prism 9 software. Unpaired two-tailed Student’s t-test was used
to compare means between two groups, and one-way or two-
way analysis of variance (ANOVA) was used to determine the
statistical significance of data that had more than two groups.
Values are presented as the mean + SEM, where appropriate. *
represents p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

Results

Activins are elevated in peripheral blood and tumor
microenvironment

To test whether activin levels were elevated systemically in the
presence of tumors, peripheral blood samples were collected
from healthy WT mice, pregnant mice, and mice bearing
various tumors, including B16F10, EL4, and MC38, and spon-
taneous tumors that developed in aged mice. ELISA was per-
formed to measure the plasma levels of activins. Compared to
healthy mice, most of the tumor-bearing mice, in addition to
the pregnant mice, had upregulated activin levels in their
peripheral blood (Figure la). However, the BI6F10 tumor
model did not induce significantly elevated plasma activin
levels, possibly due to localized production and/or a high rate
of activin consumption by aggressive tumor cells in the tumor
environment. Next, peripheral blood samples were collected on
different days post MC38 and EL4 tumor cell inoculation and
plasma levels of activin A were measured. Activin A levels
significantly increased at later stages of cancer progression,
indicating that the plasma levels of activin A directly correlate
with tumor burden (Figures 1b,c).

Similar phenomena were observed in human samples.
Plasma obtained from healthy donors and cancer patients
was tested for activin A and B levels using ELISA. Patients
with melanoma, kidney, lung, melanoma, Merkel cell carcino-
mas, and head and neck cancer had upregulated activin A and
B levels in the peripheral blood (Figures 1d,e), except for
activin A in patients with glioblastoma. Consistent with the
results in mice, early-stage non-small cell lung cancer patients
exhibited less upregulation of activin A compared to late-stage
patients (Figure 1f). This result suggests that activin levels are
upregulated in proportion to cancer progression and could
potentially be used as a biomarker of disease burden.
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Figure 1. Activins are elevated in peripheral blood and tumor microenvironment in tumor bearing mice and cancer patients. (a) peripheral blood samples were collected
from healthy mice, pregnant mice, and mice carrying various tumors. Plasma levels of activins were measured by ELISA kits. (b-c) peripheral blood samples were
collected from mice at indicated days after MC38 (b), EL4 (c) tumor implantation, and measured for plasma levels of activins using ELISA. (d-f), human plasma levels of
activins, were measured by ELISA from samples obtained from healthy donors and cancer patients. Activin a (d), activin B (e) and activin a levels of patients with

different stages of non-small cell lung cancer (f) were measured respectively.

Activins are homo- or heterodimers composed of two f
subunits. To date, Ba, Ps, Bc, and Pg subunits have been
identified and are encoded by the Inhba, Inhbb, Inhbc, and
Inhbe genes, respectively. To determine whether activins are
produced by tumor or immune cells, mRNA was extracted
from B16F10, MC38, and EL4 tumor cell lines, as well as
healthy C57BL/6] spleens. The transcription of the Inhba,
Inhbb, Inhbc, and Inhbe genes was tested in these samples.
The results suggested that splenocytes and MC38 express
mRNA encoding subunits of activin A, splenocytes, and EL4

Inhba

Relative Expression
Relative Expression

Inhbc Inhbe

Relative Expression
Relative Expression

cells were high in Inhbb and Inhbc, but only splenocytes were
high in Inhbe (Figure 2a).

To further elucidate which immune cell subset produces
activins in the tumor microenvironment, MC38 tumor-
infiltrating lymphocytes were sorted accordingly, as shown in
Figure 2b. Non-Treg conventional CD4+(CD25"°“CD4+ or
Foxp3-CD4+) cells showed upregulated expression of all four
inhibin B subunits (Figure 2b). This observation, although not
statistically significant, also seemed to hold true for cells sorted
from healthy spleens (Figure S1B). Collectively, this suggests
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Figure 2. RNA expression of activins is detected in tumor cells and immune cells. (a) differential gene expression of the inhibin beta protein subunits — monomers of the
dimeric activins — was compared using qRT-PCR. RNA was isolated from B16F10, MC38, and EL4 cell lines as well as healthy C57BL/6J mouse spleens. (b) MC38 tumor-
infiltrating lymphocytes were sorted into major immune cell subsets as indicated and tested for the expression of the different activin subunit genes.



that the tumor microenvironment promotes the expression of
activins in non-Treg CD4+ cells. A survey of the Immgen
Skyline project RNAseq database, however, indicated that
many immune cell types, including neutrophils, CD4+ con-
ventional T cells, and myeloid cells, express inhibin B subunits
that make up activins. (Figure S1A). Thus, environmental cues
are likely to govern activin secretion by various immune cells.

Activins promote the development of iTregs in vitro and
in vivo
Based on these observations, it was suggested that the levels of
activins in the peripheral blood increased with tumor progres-
sion. Thus, we suspect that activins play an important role in
enhancing tumor growth. Activins belong to the TGF-f super-
family of proteins, the main components of which are known
to be essential for the development and function of Foxp3+
Tregs. We hypothesized that activins play a role in increasing
Tregs by inducing Foxp3 expression. To test this, naive CD4+
T cells isolated from WT C57BL/6] mice were cultured in vitro
under iTreg differentiation conditions in the presence or
absence of activin A or B at a constant concentration along
with titration of TGF-p. The addition of activins did not sig-
nificantly affect iTreg development when there was sufficient
TGEF-P in the culture medium. However, when TGF-p was
limited, the addition of either activin A or activin
B significantly increased the percentage of CD25™8"Foxp3+
cells in CD4+ cells (Figure 3a). Meanwhile, Ki67 staining
revealed that these Foxp3+ cells exhibited higher proliferation
rates (Figure 3b).

After demonstrating the direct effect of activins in inducing
iTreg differentiation in vitro, we aimed to test their in vivo
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efficacy. WT C57BL/6] mice bearing B16F10 tumors were
treated with recombinant activin A or PBS. Tumor growth
was not significantly different between the two groups (data
not shown). Nevertheless, upon conducting flow cytometric
analysis on cells harvested from the specified organs, we
observed a significantly higher frequency of Tregs among the
tumor-infiltrating lymphocytes (TILs) in the activin A group
(Figure 3c). Furthermore, we also noted increased Ki67 expres-
sion in these CD4+Foxp3+ TILs (Figure 3d).

We then measured the mRNA levels of Foxp3, CTLA-4, IL-2,
and IL-2 receptor A(CD25) in CD4+ cells stimulated with or
without recombinant activin A. Upon stimulation of naive CD4
+ cells with anti-CD3 and anti-CD28 in the presence of IL-2,
recombinant activin A enhanced Foxp3 and Ctla4 mRNA expres-
sion. Conversely, activin A suppressed IL-2 transcription
(Figure 3e), while IL-2 receptor A expression remained
unchanged. These observations suggest that activin
A reprograms activated CD4+ T cells toward a more suppressive
phenotype, which is in concordance with previous findings that
activin A enhances SMAD2/3 phosphorylation in cell line cells and
primary murine CD4+ cells.”**

ActRIC and ActRIIB mediate activin signaling in CD4+ cells

Activins are systemically present in numerous tissues and
mediate a wide range of biological actions on the growth
and differentiation of many cell types. The inhibition of
activins is difficult to achieve and can provoke a wide variety
of side effects. The regulation of activin receptors is
a potentially better solution to focus specifically on activin
signaling in CD4+ cells. To determine which receptors may
receive an activin signal in CD4+ cells, the Immgen Skyline
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Figure 3. Activins promote the development of induced Tregs (iTregs) in vitro and in vivo. (a-b) naive CD4+ T cells were isolated from WT C57BL/6J mice, and then
cultured in vitro with plate-bound anti-CD3, soluble anti-CD28, recombinant IL-2 and the indicated gradient concentrations of TGF-b for 3 days. The percentage of
CDZShighFoxp3+ (a) and Foxp3+Ki67+ (b) in CD4+ cells were analyzed by flow cytometry. (c-d) WT C57BL/6J mice were inoculated with B16F10 tumors and treated with
50ng per mouse recombinant activin A or PBS every other day for 21 days. TILs and specified organs (draining lymph nodes shown as DLN, spleens shown as SP) were
harvested from these mice and analyzed for the frequency of CD25"9"Foxp3+ (c) and Foxp3+Ki67+ (d) in CD4+ cells by flow cytometry. (e) naive CD4+ T cells were
isolated from WT C57BL/6J mice, and then stimulated with plate-bound anti-CD3, soluble anti-CD28, recombinant IL-2 in the absence or presence of recombinant
activin A. 36 hours later, RNA was analyzed for the expression of indicated genes using qRT-PCR.
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Figure 4. ActRIC and ActRIIB mediate activin signaling in CD4+ cells. (a) healthy spleen cells from Foxp3-YFP reporter mice were sorted into major immune cell subsets.
RNA from these samples was tested for the expression of the different activin receptors. (b) naive CD4+ T cells were isolated from WT C57BL/6J mice, and then
stimulated with plate-bound anti-CD3, soluble anti-CD28, recombinant IL-2 in the absence or presence of recombinant TGF-b. Cells were collected at indicated time
points and analyzed for the mRNA expression of Foxp3 and Acvric using gRT-PCR. (c) WT naive CD4 cells were differentiated under iTregs skewing conditions (plate-
bound anti-CD3, anti-CD28, IL2, and TGF- B), and cells were collected at indicated times. RNA from these samples was tested for the expression of the different activin
receptor transcripts using qRT-PCR. (d) WT naive CD4+ cells were differentiated under iTregs skewing conditions before being collected at indicated timepoints for

immunoblot analysis.

RNAseq database was again surveyed. The results suggested
that Acvric was uniquely expressed by the CD4+ and Treg
subsets of immune cells (Figure S2A). To confirm this,
Foxp3-YFP reporter animals were used to sort immune cell
subsets from the spleens for qRT-PCR analysis of activin
receptor isoforms. Acvric was uniquely upregulated in the
Treg (CD4+Foxp3+) subset (Figure 4a). A similar trend was
observed in B16F10 melanoma tumor-draining lymph nodes
(Figure S2B). Additionally, the Acvric mRNA level only
increased significantly with the increase of Foxp3 when
naive CD4+ cells were skewed to iTregs under the conditions
of plate-bound anti-CD3, soluble anti-CD28, and IL-2 plus
TGF-p Figure 4b). When TGF-p was not included in the
culture medium, Acvric only increased slightly on day 4 as
the CD4+ T cells were nonspecifically stimulated.

However, activin ligands interact with a dual receptor system at
the cell surface involving both type I and type II receptors. In
addition to ActRIC as a type I receptor, there must be another type
II receptor involved.”® The expression kinetics of the five well-
known activin receptors were investigated during iTreg differen-
tiation. The transcription of Acvr2b was also upregulated
(Figure 4c). The results of western blot analysis also validated
that the expression of ActRIC and ActRIIB increased when
iTregs were differentiated (Figure 4d). It has been well studied
that activins initially bind to type II receptors and then recruit type
I receptors to form a heterodimeric complex, which phosphorylate
smad2 and smad3 proteins. Between these two types of receptors,
activated type I receptors interact with Smads and are also called
activin receptor-like kinases (Alk). Given that ActRIIB has a wider
spectrum of ligands and is expressed by different immune cell
subsets, while ActRIC is more specific for activins®*' and appears

to be unique to CD4+ T cells. Therefore, we hypothesized that
ActRIC is a better target for blocking the effects of activins in the
process of naive CD4+ cells being induced to become Tregs.

Activin signaling through ActRIC regulates iTregs
differentiation, rather than stability or function

To assess the role of ActRIC during iTreg development, we
used a global knockout mouse strain, Acvrlc™’ in which
a critical exon of Acvric was deleted. During homeostasis,
Acvrlc global knock-out animals were overall healthy (data
not shown) and exhibited normal immune cell development
and homeostasis (Figure S3A). The in vitro iTreg differentia-
tion study, in the absence or presence of recombinant activin
A at a constant concentration along with titration of TGF-f
was repeated with an additional group of naive CD4+ cells
isolated from Acvrlc KO mice. The KO cells exhibited
a defect in their ability to rescue Foxp3 expression upon the
addition of activin A when TGF-f3 was not in excess, as quan-
tified by flow cytometry (Figure 5a).

To evaluate the role of ActRIC in vivo, a classic adoptive
transfer model that induces colitis in the absence of functional
Tregs was used. When naive CD4+ T cells are introduced into
Rag2 KO mice, they cause inflammation in the colon, which is
associated with weight loss. The development of even a small
number of iTregs can lessen disease severity in recipient ani-
mals. In the experiment, when Rag2 KO recipients received
Acvrlc KO naive CD4+ T cells instead of WT cells, the mice
that received Acvric KO cells developed much more severe
colitis. This outcome was attributed to the failure of iTreg
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Figure 5. Activin signaling through ActRIC regulates iTregs differentiation, rather than stability or function. (a) naive CD4+ T cells were isolated from WT or Acvric KO

mice and cultured under iTreg conditions in the absence or presence of activins.

(b) naive CD4+ T cells were isolated from WT or Acvric KO mice and adoptively

transferred to Rag2 KO mice. The animals were monitored for weight loss over the course of disease progression. (c) the induction of Foxp3 in different organs was
analyzed by flow cytometry. (d, e) naive CD4+ cells were isolated from WT or Acvric KO mice bearing Foxp3-GFP reporter and cultured under iTreg condition. The
induced Tregs were sorted using the Foxp3-GFP reporter, and then cocultured with the cell Trace Violet-labeled naive CD4+ cells at indicated ratios. Proliferation of the
T conventional cells was observed three days later. The results are summarized in (d), and individual plots are shown in (e). (f, g) Treg cells (CD45.2) from WT or Acvr1c KO
animals were adoptively transferred with naive CD45.1+ CD4+ cells into Rag KO animals. The recipients’ weight was monitored for 8 weeks (F), after which the indicated
organs were harvested for flow cytometry analysis to determine the number of CD45.1+ cells (G). (h) iTregs generated under in vitro skewing conditions and sorted by
the Foxp3-GFP reporter were adoptively transferred into TCRa KO animals. One week later, the expression frequencies of Foxp3, helios, and Eomes were quantified using

flow cytometry.

generation emphasizing the role of Acvrlc in regulating
immune responses and inflammation (Figures 5b,c).

The next question that we asked was whether activin
A signaling through ActRIC exclusively promotes iTreg
differentiation or also has an impact on Treg function. To
answer this question, both in vitro and in vivo suppression
assays were conducted. Acvrlc KO mice were crossed with
the Foxp3-GFP reporter mice. Naive CD4+ cells were iso-
lated from these mice and WT Foxp3-GFP mice and differ-
entiated into Tregs in vitro for three days. Foxp3+ Tregs
were then sorted using the Foxp3-GFP reporter and co-
cultured with CD45.1+ genetically marked and Cell Trace
Violet-labeled CD4+ T conventional cells (CD4+CD25'°")
under stimulation conditions at the indicated ratios
(Figure 5d,e). Acvric KO Tregs had no apparent defect in
their ability to suppress the proliferation of T effector cells.
Similar results were observed in the assay with Tregs
directly sorted from Foxp3-GFP animals (Figure S3B). In
vivo, co-injection of Tregs and naive T cells partially pro-
tects Rag2 KO mice from colitis because Tregs can delay or
prevent the activation and expansion of conventional
T cells. When Tregs from WT or KO animals were co-
transferred with CD45.1+ naive CD4+ cells, Acvric KO
Tregs did not have any defect in their ability to suppress
the short-term proliferation of CD45.1+ T conventional

cells (Figure S3C and S3D). When this experiment was
extended to two months, the group receiving Acvrlc KO
Tregs exhibited similar weight loss as the control group
receiving WT Tregs (Figure 5f). Additionally, the absolute
number of CD45.1+ responder T cells was unaffected in the
different organs (Figure 5g). These findings concur with
the conclusions from the in vitro experiments that the
activity of activin on Tregs via ActRIC enhances iTreg
development, but is not necessary for functional suppres-
sion. They also imply that activin-ActRIC blockade may
have high tumor specificity with minimal colonic inflam-
matory toxicity, as is seen with both anti-CTLA-4 and anti-
PD-1 blockades.

Finally, the stability of Acvric KO Tregs was comparable to
that of WT Tregs. The number and frequency of Foxp3-
expressing KO Treg cells transferred into the long-term colitis
model was approximately equal to that of the WT group across
different organs (Figure S3E). When Acvrlc KO-induced Tregs
(sorted using the Foxp3-GFP reporter after in vitro iTreg
differentiation) were adoptively transferred into TCRa KO
mice for one week, their stability was also comparable to that
of the WT controls (Figure 5h). Additionally, when these
sorted iTregs were maintained in tissue culture without any
cytokines for four days, both groups maintained high Foxp3
expression (data not shown). Thus, while the deletion of
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ActRIC hinders the induction of Tregs, this receptor seems to
play a minimal role once Foxp3 is expressed.

Acvric KO animals exhibit resistance to tumor
progression in a CD4+ T cell dependent manner

Since Foxp3+ Tregs are important in mediating the immuno-
suppressive tumor microenvironment, we investigated
whether blockade of the activin-ActRIC signaling pathway
would impact tumor growth. The easiest way to test this was
to evaluate tumor growth in Acvrlc KO vs. WT mice. In both
the MC38 colon cancer model (Figure 6a,b) and the BI6F10
melanoma tumor model (Figure S4A,B), tumor growth was
significantly more inhibited in the Acvrlc KO group compared
to the WT group. When TILs, DLNs, and spleens were har-
vested for flow cytometric analysis, we found a reduced fre-
quency of Tregs in the Acvrlc KO group, which was significant
only for TILs (Figure 6d). Meanwhile, these Foxp3+ TILs were
less proliferative (Figure 6e). In addition to Foxp3, CD4+ cells
in TILs of the Acvrlc KO group also exhibited lower GITR
expression (Figure 6f). These results suggested that there were
fewer inhibitory helper T cells in the Acvric KO group.
Staining using our own antibody revealed substantial ActRIC
expression on the surface of CD4+CD25 ™&" cell, again exclu-
sively significant for TILs in WT group (Figure 6b). When
cytokine production was investigated by intracellular staining,
both CD4+ and CD8+ cells in TILs showed higher levels of
TNF-a and IFN-y Figure 6h-k). In summary, these results
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revealed that ActRIC deficiency made the tumor microenvir-
onment less immunosuppressive, leading to a higher accumu-
lation of functional cytotoxic lymphocytes. Therefore,
depletion of CD8 cells abrogated the tumor inhibition achieved
by anti-PD-1+ anti-ActRIC treatment, as illustrated by the red
group in Figure S4C-E.

However, since the Acvrlc KO mice used in our studies had
a global ActRIC knockout, attributing the slowed tumor
growth solely to the disturbance of iTregs that derived from
CD4+ CD25"°" cells posed a challenge. To gain further insight,
we reconstituted TCRa KO animals with WT CD8+ and either
WT or Acvrlc KO naive CD4+ cells. These recipient animals
were challenged with B16F10 tumor cells, and all mice shared
C57BL/6 background, with minimal autoimmunity observed
during the experiment’s relatively short duration. Notably, the
group receiving Acvrlc KO naive CD4+ cells exhibited signifi-
cantly delayed tumor growth compared to the WT controls
(Figure 6c). The separation of the two tumor growth curves
mirrored to that observed in Figure S4A, strongly suggesting
that the blockade of iTreg development due to ActRIC defi-
ciency was the primary factor contributing to the inhibition of
tumor growth.

Monoclonal antibodies targeting ActRIC were generated
and showed therapeutic effects in treating mouse tumors

We generated anti-mouse ActRIC monoclonal antibodies
using hybridoma technology, immunizing mice with the
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Figure 6. Tumor growth was inhibited in Acvric KO mice. (a) results of one representative experiment of MC38 tumor growth in WT vs. Acvr1c KO mice. Global Acvric KO
and WT female mice were challenged subcutaneously with 250,000 MC38 tumor cells. Disease progression was monitored over time by measuring the tumor size using
caliper. The tumors were excised 23 days post-injection and weighed. (b) survival analysis of WT vs. Acvric KO mice with MC38 tumors. (c) TCRa KO mice were
reconstituted with WT CD8+ cells and WT or Acvric KO naive CD4+ cells 1 week prior to MC38 tumor challenge. Tumor size was monitored over time. (d-k) the tumor
infiltrating lymphocytes (TILs) extracted from the tumors, together with the cells processed from the draining lymph nodes and spleens, were analyzed for the frequency
of indicated markers by flow cytometry. The percentage of CDZShighFoxp3+ (D), Foxp3+Ki67+(E), CD25""GITR+(F) and CD25"9"Acvric+ (G) cells were analyzed in WT
v.S. Acvric KO CD4+ cells. The production of TNFa and IFN-y by CD4+ cells (H, 1) or CD8+ cells (J, K) were also measured by intracellular cytokine staining.



extracellular domain (ECD) of ActRIC. Prior to administering
the anti-ActRIC mAb to mice with tumors, we conducted
in vitro experiments to validate the binding affinity and block-
ing efficiency of two candidate clones (both in isotype of mouse
IgG1). Among these clones, 5D11 clone exhibited superior
binding affinity when interacting with 293T cells transfected
with plasmids encoding Acvric (Figure 7a) and demonstrated
greater blocking efficiency in inhibiting the effect of activin
A on inducing Foxp3 expression in CD4+ cells skewed toward
iTregs (Figure 7b). Based on these observations, we selected the
5D11 clone for use in a subsequent in vivo tumor study.

As depicted in Figure 7c, monotherapy with anti-ActRIC
significantly delayed B16F10 tumor growth compared to
the isotype control. The effect was even more pronounced
when anti-ActRIC was used in combination with an anti-
PD-1 antibody. One possible mechanism for this additive
effect is that activin-ActRIC signaling operates through
a distinct pathway from the PD-1 ligand receptor. Based
on our understanding, anti-ActRIC antibodies target CD4
+ regulatory T cells and anti-PD-1 antibodies directly
unleash suppressed cytotoxic CD8+ T cells’>. Although
both antibody treatments ultimately enhance the function-
ality of CD8+ T cells in eradicating cancer cells, as
demonstrated in Figure 7d, it’s important to emphasize
that these antibodies exert their effects on distinct
immune cell populations, additively contributing to their
common objective.
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We used the Human Protein Atlas Immune Cell RNA
sequencing database to investigate the expression of activin
and its receptors in human immune cells. The expression
profiles of relevant genes from the dataset generated by
Schmiedel et al. are presented in Figure S5A.* Similar to our
findings in mice, we observed the expression of inhibin [
subunits across various immune cell populations, while
ACVRIC and ACVR2B were notably expressed in Treg cells.
Furthermore, an in vitro study on human naive CD4+ cells
isolated from healthy donor PBMCs, Figure S5B, revealed that
although the effect was not as pronounced as in mice, activins
promoted FOXP3 induction. Notably, the anti-ActRIC anti-
body abrogated the effects of activin in human CD4+ cells
(>95% homology between human and murine ActRIC ECD).
While further investigation is warranted, these data suggest
that human activins may interact with ACVRIC in a manner
similar to their interactions in mice, Figure 8.

Discussion

While cancer immunotherapy has shown promise, there is
room for improvement, as only a subset of patients benefits
from these treatments. Our research reveals that systemic acti-
vin levels are elevated in various solid tumor cancer patients,
extending beyond reproductive or endocrine-related cancers,
where activins were previously implicated. Within the tumor
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Figure 7. Monoclonal antibodies targeting ActRIC were generated and showed therapeutic effects in treating mouse tumors. (a) 293 T cells were transfected with
plasmids encoding for empty vector, activin A, activin receptor 1c (ActRIC) or activin receptor 2b(ActRIIB). After rest for a day, the transfected 293T cells were collected
and stained by using the two clones of monoclonal antibody targeting ActRIC as the primary antibody and a fluorescence conjugated anti-mouse IgG1 antibody as the
secondary antibody. (b) naive CD4+ T cells were isolated from WT or Acvr1c KO mice and cultured under iTreg conditions in the absence or presence of activins as
described previously. The two clones of monoclonal antibodies were tested for their blocking efficiency. (C) WT C57/BL6J mice were inoculated with B16F10 tumor cells
subcutaneously at 40,000 cells/mouse. 6 days later, the i.P. treatment with indicated antibodies started when the tumors became palpable. Tumor growth kinetics are
graphed. 24 days post the inoculation, the tumors were excised, weighed and imaged. (d) the frequency of IFN-y producing CD8 cells in TILs, DLN, and spleens harvested

from the treated mice with B16 tumors was analyzed by flow cytometry.
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Figure 8. Graphical abstract describes the ability of activins to promote FOXP3 induction through ActRIC in cancer. Created with BioRender.com.

microenvironment, it appears that activated CD4+ T cells are
responsible for producing this signaling molecule, as evidenced
by the reduction in tumor burden when blocking the activin
pathway in the B16 tumor model, even in cases where systemic
activin levels are not notably elevated.

Activins serve diverse biological functions. The results from
in vitro studies suggest that both activin A and B have the
potential to enhance the function of TGF-f in the conversion
of CD4+ CD25"" T cells into iTregs. Since there was still
a baseline level of TGF-f in the culture medium containing
fetal bovine serum (FBS)', it remains unclear whether activin
alone was able to induce a moderate degree of conversion to
iTregs. Nevertheless, compelling evidence supports the addi-
tive effect of activins on the conversion of non-Tregs into
iTregs induced by low concentrations of TGF-f. This discovery
addresses a crucial need in the field-identifying cancer biomar-
kers that predict the immune environment, therapeutic
response, and adverse events. The availability of validated
plasma ELISA kits for activins opens the possibility for the
straightforward identification of patients with elevated activins
through pre-treatment blood testing. This identification may
offer the potential for these patients to benefit from immu-
notherapy targeting these signaling molecules or their recep-
tors. Thus, blocking activin signaling, which normally
promotes the induction of Treg cells in the tumor microenvir-
onment, could prove effective for a broad spectrum of solid
tumor patients. Several studies have associated elevated activin
family signaling molecules with poor prognosis in the oncol-
ogy, particularly in cancers of the female reproductive
system."”* Additionally, activin has been linked to skin carci-
nogenesis by inducing tumor-promoting Langerhans cells and
Tregs, attracting macrophages, and reprogramming them into

tumor-associated macrophages.’® However, the full potential
of the activin pathway as an immunotherapeutic target remains
underexplored. While current therapies focus on reactivating
immune cells or inhibiting immune suppression signals, this
approach offers the prospect of inhibiting the generation of
iTregs that suppress anti-tumor immunity.

As activins have a variety of endocrine functions, their signaling
in the tumor microenvironment is likely regulated by receptor
levels. The activin Type I receptor, ActRIC, is of particular interest
because it is uniquely expressed by CD4+ T cells. Although
ActRIIB is highly upregulated by induced Tregs, type II activin
receptor subunits require multimerization with type I activin
receptor subunits, such as ActRIC, to phosphorylate Smads.
Hypothesizing that blocking ActRIC would be most specific for
the modulation of activin-mediated Foxp3 induction in CD4+
T cells, mice with genetic deletion of ActRIC were used to examine
this potential immunosuppressive mechanism in vivo. Acvrlc KO
animals showed no discernible developmental or immune defects
and remained healthy. Notably, when challenged with B16 or
MC38 subcutaneous tumors, these mice displayed delayed disease
progression and tumor growth. Furthermore, when tumor-
bearing mice received monoclonal antibodies that blocked
ActRIC, especially in combination with anti-PD-1 therapy,
a significant decrease in tumor burden was observed. These obser-
vations strongly indicate that activins’ impact on T cells is relevant
in the tumor microenvironment, promoting immunosuppression.
While further research is needed to understand the roles of activins
and ActRIC in myeloid and NK cell compartments, our findings
suggest a novel and promising target for cancer immunotherapy
by reversing the conversion of non-Tregs to iTregs. Additionally,
the use of ActRIC-blocking antibodies holds promise for reducing
side effects due to the target’s unique expression profile on iTregs.



However, there is a risk of autoimmunity, and ActRIC’s presence
in adult tissues like the ovaries, breast, pancreatic islet beta-cells,
and adipose tissue>>”*"***" necessitates caution about effects on
the reproductive system and pancreas. Despite these concerns, this
approach may offer potential advantages in combating obesity.

Abbreviations
TGF-B transforming growth factor-3
ELISA enzyme-linked immunosorbent assay
Tregs regulatory T cells
iTregs induced regulatory T cells

FSH follicle-stimulating hormone

ActRIC activin receptor 1c

ActRIIB activin receptor 2b

Acvric gene name for murine ActRIC

ACVR1C gene name for murine ActRIC

ECD extracellular Domain

Alk7 activin receptor like kinase 7

TILs tumor-infiltrating lymphocytes

Foxp3 Forkhead box P3

DTR diphtheria toxin receptor

TCRa T cell receptor alpha chain

DLN draining lymph nodes

mLN mesentenric lymph nodes

SP(L) spleen (lymphocytes)
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