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Abstract

Lung cancer is the second most common cancer worldwide, with the highest cancer
mortality. It is characterised by great heterogeneity and grouped by two types mainly; the small
cell lung cancer (SCLC) and the non-small cell lung cancer (NSCLC), which comprises 85% of
all cases. NSCLC exhibits a 5-year survival rate in approximately 15% of patients, with most of
the patients presenting metastasis or disease recurrence despite treatment with cytotoxic

chemotherapy regimens.

The immune system plays a crucial role in eliminating tumor cells. The adaptive
immunity, comprising of T and B cells, has a specific immune response. An effective anti-tumor
immune response is mainly determined by CD4" T helper cells that inhibit tumor cell
proliferation and survival through the stimulation of cytotoxic CD8" T lymphocyte mediated
cancer cell lysis, the release of effector cytokines and the activation of innate immune responses.
However, tumor cells are able to avoid tumor immunosurveillance and often set an

immunosuppressive environment, in a procedure called tumor immunoediting.

Activin-A is pleiotropic cytokine that regulates critical biological processes, such as,
haematopoiesis, embryonic development, stem cell maintenance and pluripotency, tissue repair
and fibrosis. Studies by our group and others have revealed that, activin-A exerts both pro- and
anti-inflammatory effects depending on the site of expression, the cell activation status and the

immunological context, a status that is being observed in lung cancer too.

Our hypothesis is that activin-A has an impact on patrolling T effector cells and as a
result, plays a crucial factor in the regulation of lung cancer initiation and progression. The aim
of our study is to decipher the in vivo effect of activin-A on T cell-mediated immune responses
in lung cancer and to explore whether activin-A enhances anti-tumor human T cell immune

responses in lung cancer patients.

To address our hypothesis regarding the mouse studies, we used CD4CreER™?/Acvrib™
mice and inoculated them with LLC cells. In brief, we disrupted Avcrlb expression on CD4* T
cells, using tamoxifen. Tumor infiltrated leukocytes were obtained from lung cancer tissues of
these mice, and were cultured upon antigen stimulation. CD4" T cells were isolated from the
tumor infiltrating leukocyte fraction and analysed using FACS and ELISA. Pertinent to the

human studies, we obtained primary human lung tumor tissue and adjacent lung healthy tissue



from NSCLC patients. Tumor infiltrating leukocytes (TILs), obtained from tissues, were
polyclonally stimulated with anti-CD3/anti-CD28 in the presence or absence of recombinant
activin-A. In some experiments, CD4* and CD8" T cells were isolated from TILs and cultured as
mentioned above. These cells, as well as, their culture supernatants were further analysed using
FACS, ELISA and LDH cytotoxicity assays.

Our studies revealed that disruption of activin-A’s signalling on CD4" T cells accelerates
lung tumor progression and decreases the overall survival of lung-tumor bearing mice
(CD4ALK4 KO mice). Notably, CD4* T cells from CD4ALK4 KO mice produced less IFN-y
and TNF-a, concomitantly with increased levels of the immunoregulatory cytokine IL-10,
compared to CD4* T cells from wild type mice, upon antigenic stimulation. In human lung
tissues, activin-A unveils different effects on CD4" T cells that infiltrate the lung tumors,
compared to CD4" T cells from the adjacent healthy lung tissue. In brief, CD4" T cells that
infiltrated the lung tumors produced increased levels of the effector cytokines TNF-a and IL-2
and decreased levels of the immunosuppressive cytokine IL-10, whereas CD4" T cells from the
adjacent health tissue produce less IFN-y and IL-2. Moreover, activin-A-treated human lung
tumor infiltrating CD4" T cells exhibited a less exhausted phenotype/profile and acquired a more
immunostimulatory capacity towards autologous CD4* responder T cells. Lastly, CD8" T cells
from the periphery supplemented with culture medium from act-A-CD4* T cell cultures were

more prominent in killing the targeted primary lung cancer cells.

Taking together our data uncover activin-A as an important orchestrator of anti-tumor T
cell responses. Importantly, this study will also set the bases for further exploitation of activin-
A’s utilization as a prognostic tool and a potential target for immunotherapy devoid of

potentially harmful side effects, in the setting of human lung cancer.



1. Introduction
1.1 Lung Cancer

Cancer is an accumulation of diseases which are driven by genetic and epigenetic
aberrations. Conventionally, when we refer to cancer pathogenesis, we mean the mutations
having an impact on proto-oncogenes and tumor suppressors. Nonetheless, that has proven rather
simplified, especially following the fact that host immune deregulation is now one of the
hallmarks in cancer pathogenesis. Lung cancer is the second most common cancer with the
highest cancer mortality rate between both sexes. There is significant lack of early detection
methodologies and this leads to poor prognosis. As a result, there is an urgent need to find early
screening tools or markers, as well as, improvising treatment strategies to target the disease, as
soon as, possible. Consequently, it comes as no surprise that lung cancer is characterised as one
of the most widely studied cancers in the field of immune—oncology (Saab et al., 2020). Lung
cancer is a major health problem worldwide, with about 2.1 million people being diagnosed
every year and 1.8 million dying. Lung cancer levels are rising globally, although, in some
Western countries a decrease in rates among males is observed. According to the National
Cancer Institute (NCI) lung cancer is estimated to cause 23.5% deaths compared to all other
cancer deaths (“National Institutes of Health (NIH) - Turning Discovery into Health,” n.d.).
Additionally, the American Cancer Society predicts that 1,806,590 new cancer cases and
606,520 cancer deaths would occur in the United States by 2020 (Siegel, Miller, & Jemal, 2020).

1.1.1 Types of lung cancer

Lung cancer is characterized by great heterogeneity either clinically or pathologically.
However, it is grouped by two types mainly; the non-small cell lung cancer (NSCLC), which
represents about 85% of lung cancers and the small cell lung cancer (SCLC), which represents
about 15% of lung cancers. Most lung cancer types are highly associated with tobacco smoking,
while adenocarcinoma is also found in never-smoker patients. The classification of lung cancer is
based on morphological, immunohistochemical (IHC) and molecular characteristics of the
samples analysed. The determination of stage is based on the 8" edition of the TNM (TNM
Classification of Malignant Tumors) Classification of Lung Cancer, developed and maintained
by the Union for International Cancer Control (UICC). T describes the size of the original
primary tumor and whether it has invaded in nearby tissue, N describes nearby (regional) lymph



nodes that are involved and M describes distant metastasis (spread of cancer from one part of the
body to another). Tumor stage is extremely important for prognosis and treatment [(Rodriguez-
Canales et al., 2004), (Pirker, 2020)]. Neuroendocrine features, characterized by microscopic
morphology and immunohistochemistry, are indications of the high-grade SCLC and large-cell

neuroendocrine tumors and of intermediate low-grade carcinoid tumors.

NSCLC can be easily distinguished histopathologically and clinically from SCLC
(Bhattacharjee et al., 2001). Evidence, given by molecular profiling of the NSCLC, permits
further classification of this cancer cell type into adenocarcinoma (ADC) and its variants,
squamous cell carcinoma (SqCC) and large-cell lung carcinoma (LCLC) (Rodriguez-Canales et
al., 2004). The majority of NSCLC is represented by ADC (38.5%), a malignant type of
epithelial tumor with glandular differentiation and mucin production. Mucin can be easily
detected by mucin staining using markers, such as, mucicarmin, pneumocyte marker expression
like napsin A or thyroid transcription factor 1 (TTF1). ADC is typically found at the periphery of
the lungs and can depict varied histological patterns. These patterns can be mixed in the same
tumor consisting of lepidic, acinar, papillary, micropapillary and solid patterns, with the last two
indicating a more aggressive phenotype (Rodriguez-Canales et al., 2004). Gene expression
patterns that characterize adenocarcinoma include thyroid transcription factor (TTF1), associated
with the regulation of surfactant gene expression, surfactant proteins B and C and pronapsin A, a
protease involved in surfactant pro-protein processing. The latter are correlated very strongly
with the expression of TTF1 and surfactant Al, a cluster of genes that comprise cyclin-

dependent kinase inhibitor p16 and many other genes (Garber et al., 2001).

SqCC represents the 20% of all lung cancers and is mainly detected in a central location,
arising in a main or lobar bronchus. As defined by the World Health Organization (WHO), SqCC
is as a malignant epithelial tumor that either shows keratinization and/or intercellular bridges or
expresses IHC markers of squamous cell differentiation. Keratinization is the major feature of
this type of lung cancer, although poorly differentiated SqQCC can have pseudoglandular
appearance, a characteristic that can be confused with pseudosquamous features of poorly
differentiated adenocarcinomas. SqQCC identification by IHC includes markers of squamous cell
differentiation, like p40 or 063 and cytokeratins 5/6. A discrete unit is the basaloid squamous cell
carcinoma, a weakly differentiated malignant tumor with no morphological features of squamous

cell differentiation that can easily be confused with SCLC. However, it is positive for immune
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markers of squamous cell differentiation including p40, p63, and cytokeratins 5/6, whereas TTF-

1 is negative.

LCLC represents only the 2.9% of all lung cancers. It is described as an NSCLC
carcinoma, which does not show histological or IHC evidence of squamous cell, glandular, or
small-cell differentiation. The diagnosis of LCLC requires extensive sampling of a surgical
resected specimen after ruling out SqCC, ADC or SCLC, and therefore, it cannot be made on
biopsies or cytology samples. There is also no detection of mucin by mucin staining. IHC
evidence shows that LCLC may be positive to cytokeratins, but negative to TTF-1 and p40
(Rodriguez-Canales et al., 2004). SCLC in never or former light smokers is rare and is
potentially a definite disease entity comprised of carcinomas that harbour oncogenic driver

mutations and are morphologically and/or clinically mimicking SCLC.

SCLC tumors consist of small, round-shaped cells with a meagre cytoplasm, fine granular
nuclear chromatin and recurrent nuclear shaping. The diagnosis is mainly based on histological
characteristics. Nevertheless, morphologic similarities with other types of carcinomas, including
large cell neuroendocrine carcinoma, basaloid squamous cell carcinoma, and “small round blue
cell tumors” including lymphoma, poorly differentiated melanoma and sarcomas, may contribute
to diagnostic errors and, as a result, the use of IHC to confirm the diagnosis is necessary. Some
neuroendocrine (NE) markers, such as, NCAM (CD56), chromogranin A, synaptophysin and
INSM1 are characteristically expressed in SCLC but are not exclusively specific. Recent studies
suggest that SCLC can be heterogeneous, consisting of both NE and non-NE cells, which may
need an alternative treatment approach. Recently, several researchers proposed that SCLC
without expression of classical NE markers can be defined by differential expression of YAP1
and POU2F3, highlighting the biologic heterogeneity of this morphologic entity and suggesting a
need for more comprehensive tumor profiling to better understand this heterogeneous disease
(Ogino et al., 2020).

1.1.2 Molecular profile

During the past years, new molecular alterations have been identified in NSCLC
including oncogenes and tumor suppressor genes, several of which could be used as novel
predictive biomarkers or targets for cancer therapy. An illustration of the relative frequencies of

molecular targets in NSCLC is shown in Fig. 1. The majority of molecular alterations are found



in genetic locus of the Epidermal Growth Factor Receptor (EGFR), reaching an overexpression
percentage of 40-80% in NSCLC and other epithelial cancers. The encoded protein is a
transmembrane glycoprotein which is a member of the protein kinase superfamily. Mutations in
this gene elevate the kinase activity of EGFR, resulting in hyperactivation of downstream pro-
survival signalling pathways. EGFR mutations are frequently found in tumors of female never-
smokers with the adenocarcinoma subtype. However, EGFR mutations can also be found in
patients with other clinicopathologic features, comprising of past and current smokers.
Moreover, rearrangements in the genetic locus of Anaplastic lymphoma kinase (ALK) have been
identified in nearly 3 to 7 % of lung tumors. The more common ALK fusion variants in the
NSCLC include parts of it with the echinoderm microtubule-associated protein-like 4 (EMLA4)
gene. EML4-ALK is an abnormal fusion gene that encodes a cytoplasmic chimeric protein with
constitutive kinase activity. EML4-ALK fusions are more frequently found in younger patients
who have never smoked or who have a history of light smoking and in patients with

adenocarcinomas with acinar histology and with signet-ring cells.

Human Epidermal Growth Factor Receptor 2 (HER2) belongs to the EGFR family and
has a significant role in cell growth, differentiation, and survival. HER2 is a proto-oncogene that
encodes a member of the epidermal growth factor (EGF) receptor family of receptor with
tyrosine kinase activity. The HER2 protein has no ligand-binding domain of its own and as a
result is unable to bind growth factors. Nevertheless, HER2 does bind forcefully to other ligand-
bound EGF receptor family members to form a heterodimer, stabilizing ligand binding and
increasing kinase-mediated activation of downstream signalling pathways. Activating mutations
in the tyrosine kinase domain of HER2 have recently been stated in less than 5 % of NSCLC.
ROS Proto-Oncogene 1 (ROS) is part of the tyrosine kinase insulin receptor gene family. It is a
type | integral membrane protein and its tyrosine kinase activity may function as a growth or
differentiation factor receptor. ROS1 reorganisations result in constantly active fusion proteins
and are reported in approximately 1-2 % of NSCLC. Ret Proto-Oncogene (RET) encodes a
tyrosine kinase which is implicated in cell proliferation, migration and differentiation. RET
rearrangements, most frequently, with the kinesin family member 5B (KIF5B) were found in
approximately 1-2 % of NSCLC.

Neurotrophic tyrosine kinase receptor, type 1 (NTRK1), also called tropomyosin receptor

kinase A (TrkA) or high-affinity nerve growth factor receptor, is a protein encoded by the gene
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NTRKZ1. The role of NTRK1 is to control the cell growth and differentiation through the MAPK,
phosphatidylinositol 3-kinase (PI3K) and PLC-c pathways when activated by the nerve growth
factor (NGF) ligand. NTRK1 fusions have been found in 3.3 % of cases with ADC histological
type (Rodriguez-Canales et al., 2004). MET (member of the receptor tyrosine kinase family of
proteins) gene encodes a receptor with tyrosine kinase activity. MET protein transduces signals
from the extracellular matrix into the cytoplasm by binding to hepatocyte growth factor/HGF
ligand. It regulates physiological processes, such as, proliferation, motility, invasion and
survival. MET alterations in NSCLC adenocarcinoma fluctuates from 2 to 20 %. Kirsten Rat
Sarcoma (KRAS) is another oncogene that encodes the KRAS protein and is involved in
regulating cell division. KRAS is part of the RAS/MAPK signalling pathway, and it transmits
signals from the outside of the cell to the cell’s nucleus. Activating KRAS gene point mutations
have been reported in approximately 15 to 25 % of patients with lung adenocarcinoma. B-Raf
(BRAF) is also a proto-oncogene and encodes BRAF, a serine/threonine kinase that participates
in transmitting chemical signals from the cell’s outside to the cell’s nucleus. The protein is part
of the RAS/MAPK signalling pathway, an important molecular cascade that regulates vital cell
functions, such as, proliferation, differentiation, migration and apoptosis. Mutations in the
genetic locus of BRAF have been found in 1-4% of lung cancers and especially, in
adenocarcinomas. Finally, there are other, less frequent, molecular alterations found in genes
encoding Neuroblastoma RAS Viral (V-Ras), Oncogene Homolog (NRAS), v-AKT Murine
Thymoma Viral Oncogene Homolog 1 (AKT1), Mitogen-Activated Protein Kinase 1 (MAP2K1)
and Phosphatidylinositol-4,5-Bisphosphate 3-Kinase, Catalytic Subunit Alpha (PIK3CA) that are
found in patients with lung cancer [(Collisson et al., 2014), (Rodriguez-Canales et al., 2004)].

ALK
7% HER2, 5%

ROS, 2%

‘ y/éﬁ?ﬁn

\ - BRAF, 4%

, _NRAS, 1%

PIKICA, 3% ./ MaP2K1, 1% - AKT1, 1%
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Fig. 1: Representation of the relative frequency of the main molecular targets in NSCLC (Rodriguez-Canales et al.,
2004).

SCLC has a strong association with tobacco consumption. Nonetheless, among SCLC
patients, 2-3% of them are never smokers, something that may be caused by molecular
aberrations. There are several studies that try to reveal these molecular alterations and point out
the exact responsible genes that may be used as potential targets for therapy, as SCLC is one of
the most challenging cancers to be cured. Coexistent inactivation of retinoblastoma protein
(RB1) and Tumor protein p53 (TP53) is nearly universal in SCLC (George et al., 2015). RB1
codes the protein pRB, which acts as a tumor suppressor. It also interacts with other proteins to
control cell survival, apoptosis and differentiation. TP53 codes a protein called tumor protein
p53, which is as a tumor suppressor. Other suspected driver mutations have also been detected in
several genes including PTEN, SLIT2, EPHA7, FGFR1, BRAF, KIT, PIK3CA, CREBBP, EP300
and MLL (Peifer et al. 2012, George et al. 2015). However, these driver mutations appear in low
frequency and are not suitable for clinical targets. One study by Cardona et al. revealed that
EGFR, MET and SMAD4 (codes for SMAD4 protein which is part of the TGF-f signalling
pathway) are more frequently mutated in never smokers. On the other hand, RB1, CDKN2A
(cyclin dependent kinase inhibitor 2A) which codes tumor-suppressors proteins that also stop cell
division in older cells and CEBPA (CCAAT enhancer binding protein alpha), a tumor-
suppressor, are more frequent in smokers (Cardona et al. 2019). NRAS, together with KRAS and
HRAS belongs to the RAS oncogene family and encodes a highly conserved small GTPase which
regulates cell growth, proliferation and differentiation. NRAS is mutated in roughly 1% of lung
cancers. Ogino et al. showed that other molecules, such as, BRCA1, a tumor-suppressor and ATM
that codes the ATM serine/threonine kinase which controls the growth and division rate of cells

are also implicated in lung cancer (Ogino et al., 2020).
1.1.3 Prognosis and Treatment

Tumor stage is important for prognosis and treatment. In general, 15-20% of patients
have a survival rate of five years. Among patients with NSCLC, these rates reach 90% for stage
1A1 but rates get less than 10% for stage 4. Among patients with SCLC, the rates are about 30%
for limited disease and below 10% for extensive disease. Treatment of patients with lung cancer
is relied on multidisciplinary co-operation based on surgery, radiotherapy, systemic treatments

(chemotherapy, targeted therapies and immune checkpoint inhibitors) and supportive care.
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Treatment is determined by tumor characteristics, tumor stage and other factors related to
patients (Pirker, 2020).

NSCLC

According to the American Cancer Society, the treatment options for NSCLC are based
mainly on the stage of the cancer, but also on other factors, like a person’s overall health and

lung function.

Stage 0: NSCLC is restrained only in the inner layer of airways and has not been expanded
deeper into the lung tissue or other areas. As a result, surgery alone is the cure, without the need

of radiation therapy or chemotherapy.

Stage I: Treatment at this stage is again restricted to surgery, either by lobectomy; taking out the
lobe of the lung with tumor or by segmentectomy; taking out a smaller piece of the lung. In some
rare cases, additional chemotherapy or radiation therapy is added to lower the risk of recurrence.

Stage Il: Healthy patients undergo surgery, either by lobectomy or sleeve resection or sometimes
by removing the whole lung (pneumonectomy). Usually, surgery is followed by chemotherapy
and radiation. Patients with serious medical problems may get only radiation therapy as their

main therapy.

Stage I1IA: Treatment at this stage is a combination of chemotherapy, radiation therapy and/or
surgery. Occasionally, people start with chemotherapy and radiation and only if it essential, they
proceed to surgery. In cases that nothing of the above is tolerable by patients, immunotherapy
with pembrolizumab (anti-PD1 humanized monoclonal antibody) may be defined as first

treatment.

Stage I11B: NSCLC has spread to the nearest lymph nodes or even to important structures of the
chest. As surgery is not the most effective treatment, chemotherapy and radiation therapy once
more, are the additional methods. If cancer insists after chemoradiation, the immunotherapy drug

durvalumab could be given for holding the cancer stable.

Stage IV: NSCLC at this stage is widely spread when diagnosed and is difficult to cure.
Treatment options are restricted to the spread site, the number of tumors and the overall health
state of the patient. Patients with good overall health state can be treated, but not cured, by

surgery, chemotherapy, targeted therapy, immunotherapy and radiation therapy. If cancer has
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spread to one other site, surgery, radiation therapy or chemotherapy are the treatment solutions,
depending on the spread site. On the contrary, if cancer has spread widely, targeted therapy is the
first treatment. Targeted therapy depends on the mutated genes of the cancer cells, such as,
EGFR, ALK, ROS1, or BRAF genes. More specifically, the treatments are:

for ALK gene mutation, an AKL inhibitor

for EGFR gene mutation, anti-EGFR drugs

for ROS1 gene mutation, drugs like crizotinib or ceritinib

for BRAF gene mutation, a combination of the targeted drugs dabrafenib (Tafinlar) and
trametinib (Mekinist)

for NTRK gene mutation, larotrectinib or entrectinib drugs

for high levels of PD-L1 protein tested, combined pembrolizumab (Keytruda) or atezolizumab

(Tecentriq) with chemotherapy, or pembrolizumab alone

For most other cancers that have spread, chemotherapy is usually at least part of the main
treatment. Sometimes it might be used in combination with other types of drugs (‘“Treatment

Choices for Non-Small Cell Lung Cancer, by Stage,” n.d.):

The immunotherapy drug pembrolizumab (Keytruda) might be used along with chemotherapy.
For people with non-squamous cell NSCLC, the targeted drug bevacizumab (Avastin) might be
given along with chemotherapy. Some people with squamous cell cancer might still be given
bevacizumab, as long as the tumor is not close to large blood vessels in the center of the chest.
The immunotherapy drug atezolizumab (Tecentriq) might be used along with bevacizumab and
chemotherapy in people with non-squamous cell type of NSCLC.

An option for people with squamous cell NSCLC is to get chemotherapy along with the targeted

drug necitumumab (Portrazza).
SCLC

Small cell lung cancer is very responsive to chemotherapy and radiotherapy. Despite
initial responses though, relapse is common and most patients in the end give in to the disease
(Cooper & Spiro, 2006). For SCLC, a five-year survival rate of 4-5% is estimated and the
common therapy treatment over the past decades is the platinum doublet chemotherapy (Ogino et
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al., 2020). Patients with advanced stage SCLC are treated with platinum, coupled with the drug
etoposide in combination with an immune checkpoint inhibitor. This alteration from
chemotherapy to chemoimmuntherapy is based on results from two phase 3 clinical trials where
patients with advanced stage SCLC exhibited increased overall survival when they received
chemotherapy plus atezolizumab or durvalumab compared to chemotherapy alone. Still, patients
with limited stage SCLC receive as first therapy cisplatin along with etoposide and thoracic
radiotherapy. Patients are also considered for prophylactic cranial irradiation. If the cancer
progresses, topotecan is considered as the standard therapy (Pirker, 2020).

1.2 The immune system in malignancies

The role of the immune system is to recognise, control and eliminate malignant cells,
either microbes or mutated self-cells, while maintaining homeostasis for normal tissue. This is
achieved by components of innate and adaptive immune system, which interact with each other.
First, components of the innate immune system are activated following antigen exposure,
produce non-specific cytolytic molecules and orchestrate the activation of the adaptive immune
system, composed of T and B cells, which is a specific immune response [(Liu & Zeng, 2012),
(Carbone et al., 2015)].

The up-to-date model proposes that activation of an adaptive host defence, mediated by
the components of the immune system, relies on “three-signal activation” between a T cell and
an antigen presenting cell (APC). The “signal one” interaction takes place between a CDS8 or
CD4 molecule on the surface of the cytotoxic and helper T cells, respectively, and the non-
peptide binding regions on the major histocompatibility complex proteins (MHC) class | or 1l
molecule, correspondingly. The T-cell receptor (TCR) also recognises the antigen presented on
the APC’s MHC molecule. The second signal includes the binding of CD28, the classical co-
stimulatory molecule on T cells, to either CD80 or CD86 on APCs. This signal then activates the
third signal, which is the production of an effector cytokine by the APC. The three signals permit
full activation of T cells and promote their clonal expansion. The three-signal is also the
underlying mechanism for our growing knowledge of tumor immune biology, immune evasion,

and the clinical highlights in cancer immunotherapy (Hanahan & Weinberg, 2011).

Tumor immunosurveillance is defined by the ability of immune cells to recognise and

destroy cancerous cells (Aranda et al., 2018). Regardless of tumor immunosurveillance, tumors
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find ways to develop in the presence of an operative immune system, in a dynamic process called
immunoediting. The tumor immunoediting procedure is divided into three faces, elimination,
equilibrium, and escape (Fig. 2). The elimination phase is the same as described in tumor
immunosurveillance. The elimination phase can be complete, so all tumor cells are eradicated, or
incomplete, when only a portion of tumor cells is eliminated. In the case of partial tumor
elimination a temporary state of equilibrium can be developed between the immune system and
the growing tumor. Throughout this period, tumor cells either remain dormant or continue to
expand, acquiring further changes (such as, DNA mutations or changes in gene expression), that
can moderate the tumor-specific antigens. While this process continues, the immune system
utilizes a selective pressure by eliminating susceptible tumor clones where possible and this
pressure is enough to control tumor progression. However, if the immune response is still unable
to eliminate the tumor entirely, the process results in the selection of tumor cell variants that are
able to resist, avoid, or suppress the antitumor immune response, resulting in the escape phase.
During the escape phase the immune system is no longer able to control tumor growth, and a

gradually developing tumor results (Swann & Smyth, 2007).
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Fig. 2: Cancer immunoediting is considered a process of 3 phases: elimination, or cancer immune surveillance;
equilibrium, a phase of tumor dormancy where tumor cells and immunity enter into a dynamic equilibrium that
keeps tumor expansion in check; and escape, where tumor cells emerge that either display reduced immunogenicity
or engage a large number of possible immunosuppressive mechanisms to attenuate antitumor immune responses

leading to the appearance of progressively growing tumors (Swann & Smyth, 2007).

Tumor immunosurveillance is mediated by both the innate and adaptive immune system,
although the latter plays a more prominent role (Klingemann, 2014), due to the importance of
cancer-unique antigens. One such group is known as tumor associated antigens (TAA), which
can be found in healthy cells, but are also overexpressed in cancer cells [(Y. Li et al., 2018),
(Barfoed et al., 2000)] (CD19, PRAME, MAGE, ERBB2, p53, and L2A5) [(Barfoed et al.,
2000), (Kessler et al., 2001), (Wang et al., 2012), (llyas & Yang, 2015), (Lian et al., 2018),
(Weir et al., 2014), (C. Guo et al., 2013), (Vansteenkiste et al., 2016), (Butts et al., 2014), (Le et
al., 2015), (Oliveres et al., 2018)]. Another group of antigens, called tumor specific antigens
(TSA), are unique to tumors and are a result of accumulation of mutations in a tumor cell line
[(Y. Lietal., 2018), (Kelderman & Kvistborg, 2016)]. Neoantigens are a special category of this
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group and are present on MHC molecules (Sivanandam et al., 2019) (Fig. 3). It is important to
mention that neoantigens are unique to the patient and not to the tumor itself. As a result, tumor
neoantigens are appropriate targets for personalizing cancer vaccines and adoptive cell therapy
(ACT) [(Lee et al., 2018), (Smits & Sentman, 2016)]).

1.3 Immune Checkpoints

Immune checkpoints consist of receptors on the surface of activated T cells that can
change the ability of the immune system to recognize malignant cells [(Wei et al., 2018), (Shi et
al., 2019)]. Their role is to guarantee immune homeostasis and self-tolerance in normal
conditions, but they also contribute to tolerance against tumor cells, by blocking the immune
activation [(X. Li et al., 2018), (Jung & Choi, 2013)]. In malignancy, clinical inhibition of these
checkpoints, blocks their inhibitory action and re-activates the immune system to eliminate
tumor cells. Such immune checkpoints are LAG-3, TIM3, TIGIT, as well as programmed cell-

death receptor 1 (PD-1) and cytotoxic T lymphocyte associated protein- 4 (CTLA-4).

How tumor cells mediate the inhibition on T cell activation and thus on anti-tumor
immunity, can be described for CTLA-4, a B7 ligand and inhibitory homolog of CD28 (Ott et al.,
2017) (Fig. 3). After antigen presentation, CTLA-4 is upregulated [(Ott et al., 2017), (Wei et al.,
2018)]. It competes with CD28 for binding to CD80 (B7-1 ligand) or CD86 (B7-2 ligand), and
thereby lessens the T cell-mediated response, thus the malignant cells avoid the immune
destruction [(X. Li et al., 2018), (Ott et al., 2017)]. Under physiological situations, CTLA-4’s
expression on regulatory T cells (T regs) plays an important role in immune tolerance, a
regulatory mechanism that prevents the formation of self-reactive T cells, which can lead to

autoimmune diseases in the host (Knickelbein et al., 2008).

PD-1 engagement with its ligands (PD-L1 or PD-L2) represents a main immune
checkpoint axis that controls self-tolerance and contributes to the maintenance of immune
homeostasis (Sharma et al., 2019), [(Okazaki & Honjo, 2007)]. PD-1 is often expressed on the
surface of activated T cells, macrophages, B cells, and NK cells. Its expression is upregulated in
response to chronic antigen exposure as seen in cancer (Fig. 3). This upregulation indicates
immune adaptation to chronic stimulation and therefore leads to the decrease of the immune
response (Simon & Labarriere, 2018). Furthermore, it has been shown that PD-1 expression is

elevated upon the secretion of type | and type Il IFNs from the tumor stroma [(Alsaab et al.,
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2017), (Shi et al., 2016)]. PD-1’s engagement with its ligand PD-L1, found on tumor cells, TILs,
APC, endothelial, and epithelial cells, further lessens the apoptotic pathway, and induces anergy,
as well as, T cell depletion [(X. Li et al., 2018), (Buchbinder & Desai, 2016), (Pico de Coafa et
al., 2015), (O’Neill & Pearce, 2016), (Zhu et al., 2017), (Meyers et al., 2018)]. The expression of
PD-L2, another ligand for PD-1, is limited to dendritic cells (DCs) and macrophages [(X. Li et
al., 2018), (O’Neill & Pearce, 2016)]. Accumulating knowledge suggests that lung tumors
overexpress the immunosuppressive protein, PD-L1, and inhibiting this pathway has led to
durable benefit in a subset of advanced-stage NSCLC patients [(Meyers et al., 2018), (Azuma et
al., 2014)].
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Fig. 3: A proposed model for the malignant transformation of normal tissue with emphasis on the immune
microenvironment. The events underlying this process are explained in the text. Normal cells are in blue;
preneoplastic cells in violet; transformed cells in pink; and malignant cells in green. Upper panel: Normal cells
accumulate somatic mutations in driver genes leading to the formation of premalignant cells. Those preneoplastic
cells attract the immune system, wherein cells from both the innate and adaptive immune system infiltrate the tissue.
Certain tumor cells evolve several mechanisms to evade host immune-mediated surveillance and destruction.
Clinical inhibition of immune-checkpoints blocks checkpoint inhibitory action and re-activates the immune system to
launch an attack on tumor cells. Lower panel: Smoking induces an extensive mutational repertoire leading to the

formation of transformed cells. Many of the immune molecules and cells that participate in the elimination phase
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have been characterized, but future work is required to determine their exact sequence of action. In addition, further
studies are warranted to understand the sequence of events that render a subset of smokers more prone to develop

lung cancer compared to others who do not develop this malignancy throughout their lifetime (Saab et al., 2020).

1.4 Immunotherapies targeting lung cancer

There has been a progression in conventional and targeted therapies across different types of
cancer. However, lung cancer has still low survival rate, mostly because of the advanced stage at
the point of diagnosis. US Food and Drug Administration’s (FDA) has approved several
immunotherapies, some of which are first-line therapies, and are described below (Saab et al.,
2020).

1.4.1 Adoptive Cell Therapy

Adoptive cell therapy (ACT) is a “living” treatment because the administered cells can
proliferate in vivo and maintain their antitumor effector functions. In ACT, large numbers of
antitumor lymphocytes (up to 10!!) can be readily grown in vitro and selected for high-avidity
recognition of the tumor, as well as, for the effect or functions needed to cause cancer relapse. In
vitro activation allows such cells to be released from the inhibitory factors existing in vivo
(Rosenberg & Restifo, 2015). This is based on the fact that proliferation of tumor-reactive
lymphocytes is made possible when carried out away from the suppressive effects of the tumor
microenvironment (TME). Most of all lymphocytes used are tumor infiltrating lymphocytes
(TILs) which infiltrate the TME, detect cancer antigens and release pro-inflammatory cytokines
as a response. TILs extracted from surgically resected tumors are cultured ex vivo, screened for
the best antitumor activity and expanded before reinfusion (Saab et al., 2020). The ability of
TILs to trigger tumor regression is enhanced by administering chemotherapy to patients prior to
TIL infusion, which eliminates immune cells that mediate tolerance, while increasing the levels
of homeostatic cytokines like IL-15, IL-17, and perhaps IL-21 (Cohen & Vokes, 2001).

1.4.2 Adoptively Transferred Tumor Reactive T Cells

Adoptive transfer of TILs that are genetically engineered to respond to tumor-specific
mutational epitopes is also used for the enhancement of anti-tumor immunity (Rosenberg &

Restifo, 2015). In more details, peripheral T cells are engineered to express TCRs against
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specific tumor neo-antigens (tumor specific antigens) in highly mutated tumors, such as,
melanoma and lung cancer [(Carreno et al., 2015), (Kreiter et al., 2015), (Linnemann et al.,
2015), (Lu et al., 2014), (Ott et al., 2017), (Robbins et al., 2013), (Nienke van Rooij et al.,
2013)]. Many potential TCR targets are currently being investigated, as part of the engineered T
cell treatments in clinical trials for lung cancer, including NSCLC (NCT03778814) (Thomas et
al., 2018). A main limitation in the mechanisms of TCR engineered TILs, is the MHC
recognition, as in many tumors there is a down-regulation of the expression of MHC molecules.
In order to surpass this, chimeric antigen receptors (CAR) have been discovered (Gauthier &
Yakoub-Agha, 2017). CARs are artificial receptors that boost T-cell antitumor effector activity
(Zeltsman et al., 2017). A major disadvantage for solid tumors is the complex nature of the solid
TME that restricts the efficacy of CAR-T cell therapy and makes it difficult in finding ideal
target-antigens that are highly and selectively expressed on cancer cells, but are less or not
expressed on normal cells. Moreover, except from TILs, natural killer (NK) cells have been
recently introduced as the new CAR-engineered cells. There are significant advantages that
CAR-NK cells possess over CAR-T cells, reported in several pre-clinical reports, and those are:
decreased risk of overexpansion in patients, release of safer cytokines thereby
reducing/eliminating the risk of life the threatening cytokine release syndrome (CRS) (the most
known and severe side effect of CAR-T therapy) and avoiding the need for tumor-specific

surface receptors and autologous production (Klingemann, 2014).
1.4.3 Cancer Vaccines

Cancer vaccines target tumor-specific or tumor-associated entities and enhance T cell, or B
cell-mediated antitumor response, urging the microenvironment to attack the tumor. Tumor cell
vaccines could be either autologous, that is produced from the patient’s tumor cells, or
allogeneic, that is derived from human tumor cell lines. The vaccines are sorted into different
categories, depending on what they target, such as, cell-based vaccines (whole tumor vaccines),
genetic vaccines (DNA vaccines), protein vaccines, bacterial vaccines, small molecule vaccines,
and DC-based vaccines (Weir et al., 2014). Several tumor vaccines are now being assessed in
clinical trials for lung tumors that target mostly antigens or proteins, specific or highly abundant
in lung cancer. Some of these are 5T4, CEA, mesothelin, survivin, NY-ESO-1, telomerase, WT1,
EGFR pathway proteins, along with personalized neoantigens and tumor-associated antigens
(TAA) [(Oliveres et al., 2018), (Maemondo et al., 2010), (Grah et al., 2014)].
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1.4.4 Oncolytic Viruses

Oncolytic viruses (OV) are DNA or RNA viruses that are able to replicate and kill cancer
cells in a targeted and specific way, especially since they lack virulence against non-malignant
cells [(Bonaventura et al., 2019), (Cattaneo et al., 2008)]. Oncolytic viruses have been tested in
pre-clinical and clinical trials by intratumoral administration of viral particles delivered locally to
the tumor (Garofalo et al., 2018). Cancer cells infected with OVs self-destruct attract immune
cells, such as, TILs or neutrophils leading to the production of inflammatory mediators,
consequently eliminating the main tumor and potentially other tumors within the body. OVs are
also able to induce viral infection cascades known to elicit a type 1 interferon response thereby
stimulating cytokine release, cancer cell lysis, and apoptosis [(Dyer et al., 2019), (Musella et al.,
2017)]. The first OV that was approved by the FDA was Imlygic, a herpes simplex virus |
modified to preferentially kill cancer cells, which was approved in 2015 for the treatment of

advanced melanoma [(Sivanandam et al., 2019), (Pol et al., 2016)].
1.4.5 Targeted antibodies

Targeted antibodies are antibodies modified to identify particular cancer cell antigens. Along
with cancer-specific monoclonal antibodies (mAb), two effective modifications, antibody-drug
conjugates (ADCs) and bi-specific T cell-engaging antibodies (BiTES) are being evaluated as
anti-cancer immunotherapies [(Yu & Liu, 2019), (Smits & Sentman, 2016)]. ADCs are highly
efficient constructs of tumor-specific mAbs equipped with anti-cancer drugs which are effective
once internalized by a tumor cell (Yu & Liu, 2019). BIiTEs provide boosted efficacy and safety
by concurrently binding a cancer cell antigen and the CD3 of T cells, thus leading the host
immunity toward a T cell-driven cytotoxic antitumor immune response (Smits & Sentman,
2016). Antibody targets under assessment in lung cancer clinical trials include: cMET,
DLL/Notch, FGF/FGF-R, HER2, mesothelin, PDGFR-alpha, TROP2, and lastly EGFR and
VEGF/VEGFR, whose respective targeting antibodies necitumumab and bevacizumab, have
been approved for a subsets of patients with advanced NSCLC, including as a first-line therapy
[(Corraliza-Gorjon et al., 2017), (Hellstrom et al., 2007), (Okamoto et al., 2011), (Smith et al.,
2014)].
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1.4.6 Immune Checkpoint Blockers

Up until now, six immune checkpoint blockers (ICBs) have been FDA approved for the
treatment of liquid malignancies and some solid tumors. Two of the most extensively studied
ICBs include monoclonal Abs (mAbs) that block the immune checkpoint inhibitors PD-1 or
CTLA-4. Normally, the role of these immune checkpoint blockades is to inhibit proteins that
suppress the immune system. By blocking these inhibitors, the endogenous antitumor immunity
thereby is strengthening. When type | and Il IFNs are secreted by the tumor stroma, the PD-1
expression elevates. Consequently, PD-1 engages with its ligand PD-L1, found on tumor cells,
TILs, APC, endothelial and epithelial cells and this binding further reduces the apoptotic
pathway. It also induces anergy and depletion of T cells. T cell anergy is a tolerogenic
mechanism in which the lymphocyte is intrinsically functionally inactivated following an antigen
encounter, but remains alive for an extended period of time in a hyporesponsive state.
Accumulating knowledge suggests that lung tumors overexpress the immunosuppressive protein
PD-L1 and inhibition of this pathway has led to durable benefit in a subset of advanced-stage
NSCLC patients. For example, the two best-studied ICBs, anti-CTLA-4 and anti-PD-1 mADbs,
mediate distinct yet complementary antitumor responses despite both having a suppressive effect

on T cells (Saab et al., 2020).

Immune check point inhibitors (ICls) are a fundamental part of the systemic therapy for
metastatic NSCLC, in both first-line and later-line stages (Cohen & Vokes, 2001). In 2019, the
FDA approved pembrolizumab as first-line treatment of patients with stage 111 NSCLC, PD-L1-
positive and not able to undergo a surgery or chemo-radiation treatment. Furthermore,
nivolumab, an anti-PD1 ICB treatment, was approved in 2018 for metastatic SCLC patients
whose tumors progressed after treatment with platinum containing chemotherapy and at least one
other systemic therapy. Other PD-1/PD-L1 pathway-targeting ICBs approved for specific subsets
of NSCLC and SCLC cancer patients include atezolizumab including as a first-line therapy,
durvalumab (this agent represents a major improvement in treatment of stage 11l NSCLC), and
nivolumab (advanced NSCLC and a subset of metastatic SCLC as described above). Advanced
studies revealed that clinical efficacy of anti-PD-1 treatment was also achieved in a subset of
lung cancer patients, among which 15-40% have low or no tumor-specific PD-L1 expression.
The efficacy levels of targeting the PD-1/PD-L1 axis across multiple tumor types and among

patients with the same type of cancer depends on various factors, such as, gender, driver
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mutations, genomic instability (like translocations in ALK, KRAS, EGFRI in lung cancer

patients) and the degree of tumor metastases (Saab et al., 2020).
1.4.7 Combination ICB

Despite the fact that most of the patients treated with single-agent ICB show promising long-
time control of disease, sometimes they end up with patient relapse or tumor resistance to ICB,
as they are unable to activate an antitumor immune response [(Tumeh et al., 2014), (Ribas &
Wolchok, 2018)]. As a result, there is the possibility of combining two or more immunotherapies
in order to achieve synergistic effects, which may hold more advantages in terms of patients’
survival, in comparison to immunotherapy in some cancer types [(Pico de Coafia et al., 2015),
(Chae et al., 2018), (Curran et al., 2010), (Postow et al., 2015)]. The two most studied ICBs for
example, anti-CTLA-4 and anti-PD-1 mAbs, could serve complementary antitumor responses,
despite the fact that both have a suppressive effect on T cells [(Buchbinder & Desai, 2016),
(Baumeister et al., 2016), (Fife & Bluestone, 2008), (Sage et al., 2013)]. One major advantage
that combination therapy offers is the enhancement of TILs, which in turn leads to an increase in
effector cytokines that change the tumor microenvironment towards an immuno-active situation
[(Curran et al., 2010), (Duraiswamy et al., 2013)]. However, although some combinations were
showing less toxicities compared to single-agents, other immune-related adverse effects were
being addressed (Jiang et al., 2018). Combination ICB has a potential to shift immunologically
cold tumors into hot tumors and consequently it is worth being further investigated.
Supplementary approaches involve ICB combined with other immunotherapies (ACT, OVs,
cancer vaccines, mADbs), epigenetic modifiers, targeted therapies, or conventional therapies (e.g.,
radiotherapy and chemotherapy, such as, FDA-approved atezolizumab and chemotherapy for
SCLC) [(Marshall & Djamgoz, 2018), (Z. S. Guo & Bartlett, 2014), (Haanen, 2017)].

1.5 Activin-A

1.5.1 Structure

Activins are pluripotent cytokines that belong to the transforming growth factor-p (TGF-
B) superfamily which consists of more than 45 members, including TGFs, activins, NODAL,
bone morphogenetic proteins (BMPs), growth and differentiation factors (GDFs) and the
anti-Mdullerian hormone (AMH) (Wakefield & Hill, 2013). Activins are found either as
homodimers or heterodimers, consisting of BA or/and BB subunits connected with disulfide
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bonds. Therefore, there are three functional isoforms of activins: activin-A (BABA), activinB
(BBPB) and activinAB (BABPB) (Xia & Schneyer, 2009). All B subunits have as basic
characteristic the presence of a cysteine knot in their carboxyl-terminus. This cysteine knot is a
folding domain including nine conserved cysteines, which are crucial for the stabilization and
dimerization of the ligands (Mason et al., 1996). Specifically, cysteine number six is important
for the dimerization, whereas the other eight create intramolecular disulphide bonds. The three-
dimensional structure of activins is defined by this bond. Almost every human tissue has
transcripts of the BA and BB subunits and displays high expression in the reproductive system.
On the contrary, the BC and BE subunits are mainly expressed in the liver [(Woodruff et al.,
1998), (Morianos et al., 2019)].

Activin-A is the most studied protein among the family of activins. It is a cytokine of
approximately 25 kDa and was originally discovered as a gonadal protein that stimulates the
biosynthesis and secretion of the follicle-stimulating hormone from the pituitary (Hedger & De
Kretser, 2013). Activin-A is highly conserved among vertebrates, in a homology rate up to 95%
between species (Kariyawasam et al., 2011). Its role is to regulate basic biological processes,
such as, haematopoiesis, embryonic development, stem cell maintenance and pluripotency, tissue
repair and fibrosis (Kariyawasam et al., 2011), (W. Chen & Ten Dijke, 2016). Its importance in
developmental processes becomes evident as mice that lack the BA subunit die within 24 h after
birth due to severe craniofacial defects, while mice that lack the BB subunit display abnormal
development and reduced reproductive capacity (Matzuk et al., 1995). Activin-A is expressed
and secreted by a plethora of cell subsets of the immune system, such as, macrophages,
monocytes, dendritic cells, B and T cells, Natural Killer cells and neutrophils, in both humans
and mice. Its role is very important in the microbial (bacteria, parasites and viruses) host defence
and its effects on immune cells are variable and dependent on the cell type, activation state and
the status of the immune responses. A growing body of evidence underlies the important role that
activin-A plays in the pathophysiology of several diseases, such as, allergic asthma, multiple

sclerosis and cancer (Morianos et al., 2019).
1.5.2 Signalling

Activin-A signals through two type | and two type Il receptors which, upon ligand

binding, assemble the final receptor complex (Namwanje & Brown, 2016). Type | receptors
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include activin receptor type 1A (or Activin receptor Like Kinase2, ALK2), Activin receptor
type 1B (or ALK4) and Activin receptor type 1C (or ALKY7) (Fig. 4). Activin-A has a
“’preference’’ for ALK4 binding, whereas it has less affinity for ALK2 and ALK7. The type Il
receptors are the Activin receptor type A (ActRIIA) and Activin receptor type 11B (ActRIIB)
and are signified by constitutively-active serine/threonine kinase activity (Pangas & Woodruff,
2000). Strikingly, the Acvr2b gene (encoding for ActRIIB) produces four alternatively spliced
transcripts that exhibit discrete binding affinities for activin-A. Interestingly, crystallography
studies of the activin-A- ActRIIB receptor complex revealed that activin-A shows a different
binding pattern in comparison with the rest of the TGF- superfamily members. When activin-A
is bound to its type Il receptors, two type | receptors are recruited and become phosphorylated by
the type Il receptors. This leads to the activation of their kinase activity. Subsequently, type I
receptors phosphorylate the intracellular mothers against decapentaplegic homolog (SMAD) 2
and SMADZ3 signalling proteins at their carboxyl-terminal SSXS motif, which then form a
complex with co-SMADA4, translocate to the nucleus and activate or silence the expression of
gene-targets (Massagué & Chen, 2000) (Fig. 4). SMADG6 and SMAD?7 are the major inhibitory
SMAD (I-SMAD) proteins that prevent SMAD4 binding to the SMAD2/3 complex and disrupt
their transcriptional activity in response to activin-A (Namwanje & Brown, 2016).

Activin-A has the ability to activate alternative, non-canonical, intracellular signalling
pathways, comprising of the p38 mitogen activated protein kinase (MAPK), extracellular signal-
regulated kinases1/2 (ERK1/2) and c-Jun N-terminal kinases (JNKSs) which affect cell migration
and differentiation [(Xia & Schneyer, 2009), (Namwanje & Brown, 2016)]. Additionally,
activin-A, can activate the canonical Wnt signalling pathway, through SMAD2 activation
(Tsuchida et al., 2009) (Fig. 4). Remarkably, SMAD proteins contain a connecting domain,
comprised of regulatory sites. Among these, there are sites for ERK and calcium-regulated
kinases. SMAD nuclear translocation and transcriptional activity are inhibited by
phosphorylation at this area, suggesting a complicated regulation of activin-A signal transduction

that is characterized by spatiotemporal and cell type dependence (Massagué & Chen, 2000).
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Fig. 4: The signaling pathways of activin-A. Activin-A signals through a heterotetrameric receptor complex.
Initially, activin-A binds to the constitutively active ActRIl (ActRIIA or ActRIIB). This interaction leads to the
recruitment and phosphorylation of the ActRI (ALK4, ALK7 or ALK2). Activated ActRl phosphorylate the
intracellular mediators SMAD2/3, which then form a complex with SMAD4 and translocate to the nucleus, where
they regulate the transcription of target genes in cooperation with transcription co-factors (e.g CBP/p300 or
transforming growth interacting factor (TGIF). In the non-canonical activin-A signal transduction pathway, ActRI
activates the ERK, p38 and/or JNK kinases which in turn regulate the transcription of target genes. In addition,
activin-A, through SMAD?2 activation, can act as a co-activator of the canonical Wnt signaling pathway (Morianos
etal., 2019).

1.5.3 Regulation

Considering the vital roles of activin-A in several biological processes, its mode of action
is highly regulated by a great number of molecules, both at the extracellular and intracellular
level. Follistatin (FS) represents the main inhibitor of activin-A as it binds to activin-A with high
affinity and neutralizes its functions by preventing activin-A’s interaction with its type II
receptors (Fig. 5). Alternative splicing results in the creation of two isoforms of FS; the FS288

isoform binds heparin sulphate proteoglycans with high affinity and is considered as a local
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regulator of activin-A functions, while the FS315 isoform neutralizes circulating activin-A. FS
does not inhibit the effects of activin-A only as it neutralizes the functions of all activins, some
BMPs and myostatin. Inhibins represent soluble heterodimeric proteins and contain the inhibin o
subunit and the activin BA (inhibin A, apA), or BB subunit (inhibinB, afB). Inhibins compete for
binding to the type Il receptors but can also bind straightforward to activins with variable
affinities (Fig. 5). Beta glycan is another protein that binds inhibins and makes their affinity for
ActRII stronger, leading to the inhibition of the interaction between activins and the type Il
receptors (Fig. 5). The pseudoreceptor BMP and activin membrane-bound inhibitor homolog
(BAMBI) restricts activin-A's signalling by interacting with the type | receptors and inhibiting
the formation of the receptor signalling complex. Moreover, overexpression of Cripto, the co-
receptor for nodal ligands inhibits activin-A's signalling, while enhancing nodal signalling by
binding to nodal and activin-A receptors (Harrison et al., 2005) (Fig. 5). As mentioned above,
activin-A functions are also controlled at the intracellular level. More specifically, the inhibitory
I-SMADs bind to the type I receptors and diminish the recruitment and phosphorylation of
receptor-regulated SMADs (R-SMADs) (Fig. 5). I-SMADs also promote the binding of the
SMAD ubiquitin regulatory factors 1 and 2 to activin-A receptors provoking their ubiquitin-
dependent degradation [(Afrakhte et al., 1998), (Morianos et al., 2019)].
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Fig. 5: Regulation of activin-A functions. Activin-A signals through a heterotetrameric receptor complex. Initially,
activin-A binds to the constitutively active ActRIl (ActRIIA or ActRIIB). This interaction leads to the recruitment and
phosphorylation of the ActRI (ALK4, ALK7 or ALK2). Inhibitory SMADs (I-SMADs), SMAD-6 and SMAD-7, are
upregulated upon activin-A binding to its receptors and bind to the activated ActRlI, inhibiting signal propagation
intracellularly. Follistatin (FS) is one of the major inhibitors of activin-A which neutralizes its actions by binding
with high affinity to activin-A and preventing its interaction with its type Il receptors. Inhibins compete for binding
to the type Il receptors but can also bind directly to activins with variable affinities. Betaglycan binds inhibins and
enhances their affinity for ActRIl, leading to the inhibition of the interaction between activins and the type Il
receptors. Furthermore, Cripto the co-receptor for nodal ligands, inhibits activin-A signaling by binding to activin-

A receptors (Morianos et al., 2019).

1.5.4 Activin-A and cancer

Activin-A’s role in the different aspects of cancer development and progression is cancer-
type dependent. In a non-melanoma skin cancer model, where tumors were generated by topical
treatment with 7,12-dimethylbenz[a]anthracene (DMBA) and 12-O-tetradecanoylphorbol 13-
acetat (TPA), activin-A inhibited responses mediated by dendritic epidermal yd T cells (DETCs),
cells that provide protection against the development of skin tumors in mice (Ferrarini et al.,
2002). Particularly, activin-A suppressed the proliferation of DETCs and transgenic animals that
overexpress activin-A in keratinocytes showed decreased frequencies of DETCs upon
DMBAJ/TPA-induced skin carcinogenesis (Fig. 6). Concurrently, the frequency of CD4"Foxp3*
Treg cells infiltrating the epidermis was enhanced in activin-A-overexpressing animals
developing skin cancer, whereas the percentages of activated CD86" Langerhans cells remained
unchanged (Antsiferova et al., 2011) (Fig. 6).

In another model of skin cancer, caused by the human papillomavirus (HPV) 8,
heightened levels of activin-A induced a pro-tumorigenic program on macrophages which
consequently enabled the progression of skin carcinogenesis (Antsiferova et al., 2017). In this
model, yo T cell-infiltration was restrained in the ear epidermis of mice overexpressing activin-A
in keratinocytes, resulting in increased tumor development. However, CD4" T effector cells and
CD4*Foxp3* Treg cells accumulated in the ear epidermis (Fig. 6). Moreover, activin-A
overexpression promoted the accumulation of CD206" macrophages in the skin, independently
of HPV8 expression and tumor induction, due to enhanced migration of CCR2+ monocytes

towards increased activin A concentrations (Fig. 6). Gene expression analyses further revealed
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that skin macrophages expressed Acvrl, Acvrlb, Acvr2a and Acvr2b and responded to activin-A
by exhibiting the signature of M1 type macrophages. Still, Argl (encoding arginase 1), a
characteristic M2 marker, was also upregulated in these macrophages (Weber et al., 2016). The
depletion of macrophages in HPV8-infected, activin-A-overexpressing mice resulted in a
significant delay in the spontaneous formation of skin tumors, signifying that activin-A pro-
tumorigenic effects were predominantly mediated by the induction of tumor-promoting

macrophages (Antsiferova et al., 2017).

In a mouse melanoma model induced by the intradermal injection of the B16F1
melanoma cell line, lentiviral-induced activin-A overexpression by melanoma cells reduced
tumor infiltration by CD8* cytotoxic T-lymphocytes (Fig. 6). Furthermore, the TCGA Skin
Cutaneous Melanoma database showed that, among melanoma patients those with the highest
levels of activin-A, exhibited reduced infiltration of cells of the lymphocytic and the myeloid
lineage (Donovan et al., 2017). In another study, using the B16 mouse melanoma model,
blocking the effects of activin-A either through the use of a neutralizing antibody or disrupting
its signalling through ALK7 decreased the frequencies of CD4*Foxp3* Treg cells infiltrating the
tumors, concurrent with increased tumor infiltration by IFNy-producing CD8" and CD4™ T cells
and slower melanoma tumor growth (Ni et al., 2018). In sharp contrast, in other studies using the
B16 mouse model of melanoma and the Lewis Lung Carcinoma (LLC) model of lung cancer, in
vivo administration of DCs, previously exposed to activin-A, enhanced tumor-specific cytotoxic
CD8" T cell responses, inhibited tumor growth and prolonged the overall survival of mice (Fig.
6). These effects were mediated by the expression of the cytokines BAFF and APRIL by activin-
A-treated DCs, as knockdown of these genes deteriorated DC anti-tumor potential (Shurin et al.,
2016).

In the context of pancreatic ductal adenocarcinoma, in vitro studies demonstrated that
cancer stem cells secreted activin-A which, in turn, induced the expression of the anti-microbial
peptide LL-37 by human M1-polarized, monocyte-derived macrophages (Fig. 6). In particular,
when M1-polarized macrophages were treated with conditioned media obtained from cancer
stem cells, they were polarized towards a M2 cell phenotype, accompanied by increased LL-37
MRNA and protein levels, dependent on activin-A signalling. Remarkably, LL-37 secreted by

macrophages sustained pancreatic ductal adenocarcinoma growth, establishing a pro-tumorigenic
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link between cancer stem cells and macrophages that was partly mediated by activin-A (Sainz et
al., 2015).

@ CD8' T cell
‘ CD4* T cell

. Regulatory T cell

@ vaT cell ( - 10

growth

*Dondrmc cell ppresses roliferation and infiltration
’ Macrophage

Fig. 6: Pro and anti -tumorigenic functions of activin-A in cancer. Activin-A exerts both pro-tumorigenic functions,
promoting immunosuppressive activities of macrophages and Treg cells and anti-tumorigenic effects boosting
CD4+ and CD8+ T effector responses and DC antigen presenting functions. These divergent effects of activin-A
depend on the type of cancer and the context of the immune response and are summarized in the figure (Morianos et
al., 2019).

1.5.5 Activin-A and lung cancer

Activin-A has also a dual role in lung cancer as in many other forms of cancer mentioned
above, independently of the lung cancer type. Several human and mouse studies have revealed
both pro- and anti- tumorigenic properties of activin-A in the development and progression of
lung cancer. As a result, there is no standard implication of activin-A in lung cancer, although
scientists are trying to assess its different roles in each type of lung cancer and evaluate its

potential biomarker activity.

Notably, lung cancer patients with high levels of circulating activin-A displayed
decreased overall survival, independently of the tumour stage. These patients also exhibited
higher prevalence of low muscularity and skeletal mass density, properties that are also linked to

decrease overall survival and poor prognosis (Loumaye et al., 2017). In line with the
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aforementioned studies, Hoda et al., showed that in patients with lung adenocarcinoma (LADC),
higher serum activin-A levels were linked to more advanced disease stage, organ metastases and
poor prognosis. The authors also proposed that activin-A could be used as a biomarker for
identifying LADC patients with metastatic disease (Hoda et al., 2016). Furthermore, another
study revealed that INHBA mRNA and protein levels are overexpressed in primary lung
adenocarcinoma (AD) compared to normal lung tissue. Kaplan-Meier analysis unravelled that
the level of INHBA mRNA expressed by primary ADs inversely correlates with patient survival
in stage | disease. Interestingly, activin-A administration induced the proliferation of the
adenocarcinoma cell lines H460 and SKLUL in vitro, an effect that was abolished upon
follistatin treatment and INHBA-targeting siRNA treatment of AD cell lines (Seder et al., 2009).
This finding is highly correlated with a very interesting study which displayed INHBA as a
significantly mutated gene in lung adenocarcinoma (Ding et al., 2009).

Moreover, Wamsley and colleagues reported that TGFb/TNF-induced epithelial-
mesenchymal transition (EMT) activates NF-kB to upregulate INHBA/Activin, which is
necessary to maintain cancer-initiating cells’ (CICs) properties and promote NSCLC metastasis.
They also declared that the stimulation of EMT in A549 cells could promote the development of
CICs, which are highly metastatic and, without the need for hypodermic tumor growth
[(Meuwissen & Berns, 2005), (Cai et al., 2008)]. The same group also reported that A549.C and
A549.A spheroid cultures treated in vitro with cytokines, when injected subcutaneously into
nude mice led to the formation of lung surface metastases. However, the knockdown of activin-A
in these A549.C and A549.A spheroid cultures, decreased their metastatic ability (Wamsley et
al., 2015). In another study, whole-genome synthetic lethal small interfering RNA (SiRNA)
screen in A549 cells was performed, and the researchers observed that activin-A and the
associated ligand growth differentiation factor 11 (GDF11) activate the TGFp-activated kinase 1
(TAK1), a SMAD-independent element of TGFp signalling known to be a significant regulator
of cell death. They also showed that activin-A’s signalling was responsible for the resistance to
platinum chemotherapy observed in lung adenocarcinoma’s patients. The aforementioned
findings were further supported by the fact that inactivation of activin-A’s signalling using a
small molecule inhibitor or the endogenous activin/GDF11-binding protein follistatin (FST)
overcame innate platinum resistance in vivo. This finding is also important as it has the potential

to improve the safety and efficacy of chemotherapy in lung cancer patients (Marini et al., 2018).
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Kalli et al. showed in their study that activin-A signalling may promote tumorigenesis,
migration and lung metastasis of basal-like breast cancer (BLBC), by inducing directly or
indirectly interleukin 13 receptor alpha 2 (IL13Ra2) expression, found overexpressed in BLCB
and linked to poor distant metastasis-free survival (DMFS). They used previously published gene
expression microarray data from the non-tumorigenic MCF10A (MI) mammary epithelial cell
line and a meta-analysis of breast cancer patients and revealed that INHBA ablation
downregulates 1L13Ra2 expression in metastatic breast cancer cells, while treatment with
activin-A in non-metastatic cells enhances its expression levels. They also showed that activin-A
stimulated Smad2 phosphorylation and that activin-A-mediated upregulation of IL13Ra2 was
Smad2-dependent. Their data revealed that knocking down INHBA levels in breast cancer cells
delayed primary tumor growth, suppressed migration in vitro and inhibited the formation of lung
metastases in vivo (Kalli et al., 2019). In support of the studies mentioned above, another group
showed that IL-6, G-CSF and activin-A released by murine stromal fibroblasts trigger lung
carcinoma cells’ dedifferentiation and cancer stem cells (CSC) formation (Rodrigues et al.,
2018).

Nevertheless, another set of studies suggest that activin-A has anti-tumorigenic effects.
Specifically, Chen and colleagues showed that follistatin was significantly increased in the serum
of patients with LADC and its levels positively correlated with disease stage and the
differentiation of cancer cells. The authors also showed that activin A inhibited the proliferation
of lung adenocarcinoma A549 cells and also induced their apoptosis (F. Chen et al., 2014). In
line with the above, one more group demonstrated that activin-A-mediated A549 cells’ apoptosis
was associated with the up-regulation of the pro-apoptic molecules Bax, Bad and Bcl-Xs and
down-regulation of the anti-apoptotic factor Bcl-2. In addition, activin-A administration
increased the expression of its type Il receptors, activated ERK signalling and caspase 3 in A549
cells. These results clearly show that the induction of apoptosis by activin-A involves multiple
cellular and molecular pathways and strongly suggest that pro- and anti-apoptotic Bcl-2 family
proteins and caspase 3 participate in activin A-induced apoptotic process in A549 cells. On the
other hand, activin-A treatment had little effect on primary human small airway epithelial cells
(SAECs) (Wang et al., 2009).

An additional anti-cancer action of activin-A is that it elicits SMAD2 and ERK1/2

pathways in dendritic cells (DC) expressing type | and Il activin receptors and upregulates the
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production of the TNFa family cytokines BAFF and APRIL. Consequently, BAFF and APRIL,
upregulate the proliferation and survival of T cells. Activin-A significantly increased the ability
of DC to inhibit tumor growth in melanoma (B16) and lung carcinoma (LLCs) models. The
inhibition of tumor growth by activin-A-treated-DCs was linked with animal survival and

generation of tumor-specific IFNg-producing T cells (Shurin et al., 2016).

2. Hypothesis and Aims

Our hypothesis is that activin-A restrains the initiation and propagation of lung cancer through

the enhancement of T cell-driven anti-tumor responses.

The aim of this thesis is to elucidate the effects of activin-A in the development of lung cancer
by studying its role on CD4" T cells, using a well-established mouse model of this particular
cancer. In a translational approach we will further explore the role of activin-A in the

enhancement of anti-tumor immune responses in human lung cancer patients.

Objective 1: To decipher the in vivo effect of activin-A on T cell-mediated immune responses in

lung cancer. To address this, we will disrupt activin-A’s signalling specifically on CD4" T cells
using an inducible model of CD4" T cell-specific knockout of the ALK4 receptor
(CD4ERZCre/Acyr1b™™). These mice will be subsequently inoculated with Lewis Lung

Carcinoma (LLC) cells to induce primary lung tumors.

Objective 2: To explore whether activin-A enhances anti-tumor human T cell immune responses

in lung cancer patients. To address this, we will obtain lung cancer specimens from patients with

NSCLC, isolate tumor infiltrating CD4" T cells and stimulate them polyclonally with antibodies

against CD3/CD28 in the presence or absence of activin-A.
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3. Materials and Methods

3.1 Human Subjects

Primary human lung tumor tissue, as well as part of the adjacent healthy lung tissue, were
obtained from NSCLC patients who fulfilled the criteria to undergo surgery for therapeutic
purposes at the thoracic surgical clinics of Athens Chest Hospital “Sotiria” (n =30-40). Written
informed consent was obtained from all patients, and the study protocol was approved by the
Institutional Review Board of the Athens Chest Hospital “Sotiria”.

3.2 Mice

C57BL/6 and CD4CreERT2 mice (in C57BL/6 background) were purchased from The Jackson
Laboratory. Acvrlb™ mice (in C57BL/6 background) were kindly provided by Dr P. Bertolino
(Inserm - Cancer Research Centre Lyon). CD4” mice (C57BL/6 background) were purchased
from The Jackson Laboratory and kindly provided by Dr K. Karalis (BRFAA). All mice were
maintained at BRFAA’s animal facility. For our experiments, we used 8-12 weeks old male mice
(n=25-30/group). Mice from different experimental groups, including knockout and their WT
counterparts, were housed in the same cage to limit the impact of inter-individual microbiota on
the variability of the experimental outcome. Animal handling and procedures are in accordance
with US National Institutes of Health Statement of Compliance (Assurance) with Standards for
Humane Care and Use of Laboratory Animals (#A5736-01) and with the European Union
Directive 86/609/EEC on protection of animals used for experimental purposes.

3.3 Cell lines

The ovalbumin (OVA) expressing Lewis Lung Carcinoma (LLC-OVA) cell line was kindly
provided by Dr M. Tsoumakidou (BSRC Al. Fleming). The cell line was negative for
Mycoplasma spp., tested by PCR. Lewis Lung Carcinoma cells (LLC) are immunologically
compatible with C57BL/6 mice and are known to metastasize to lungs and form solid tumors
when injected into their tail vein. LLC cell line was maintained 1-2 weeks ahead of injection in
DMEM culture medium at 37°C. We administrated 5*10° cells/150 pl PBS LLC cells (day 0) to
8-10 weeks old mice intravenously (n=25-30/group). LLC cells colonize the lungs and lead to

the formation of pulmonary tumors. After 20-21 days, mice were sacrificed.
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3.4 In-vivo disruption of activin-A’s signalling in LLC lung tumor model

CDA4CreER™ mice were crossed to Acvrlb™ mice to generate CD4CreER™?/Acvrib™ mice,
where administration of tamoxifen induces the expression of Cre recombinase under the control
of the mouse Cd4 promoter. Disruption of Avcrlb expression on CD4* T cells was induced right
before LLC cell inoculation in order to rule out any previously established effect of endogenous
activin-A on CD4" T cells. For this, 3 mg/mouse/day of tamoxifen (Sigma Aldrich) were
administrated daily to 8-10 weeks old CD4ER2Cre/ Acyrib™ mice (n=25-30/group) by
intraperitoneal injection for 5 consecutive days (days -4 — 0 & 7). Between days 18-23 the
animals were euthanized and cells were collected from the lungs and mediastinal lymph nodes

for downstream analysis.
3.5 Murine cell cultures

Lung tissues from mice bearing either LLC lung tumors were collected and minced. Single-cell
suspensions were prepared by passing the minced tissues through 70um cell strainers. Cells were
resuspended in 40% percoll, laid over equal volume of 80% percoll and centrifuged at 600g for
25min without deceleration. The tumor infiltrating leukocyte cell fraction was collected at the
interface between 40% and 80% discontinuous percoll gradient. Activation of tumor infiltrating
T cells from LLC-OVA-tumor bearing mice was induced with the addition of 50ug/ml OVA in
the presence of recombinant activin-A (50ng/ml, R&D Systems) or PBS for 3-5 days.

For the measurement of proliferation, CD4* T cells were isolated from the tumor infiltrating
leukocyte fraction using commercially available kits (Biolegend), labelled with CellTrace CFSE
(1um) and cultured in the presence of 50ug/ml OVA and mitomycin-C-treated (Sigma Aldrich)
splenic APCs for 4 days. Culture media (CM) were collected and stored at -80°C for further

experimentation and CD4* T cell proliferation was measured via flow cytometry.
3.6 Human cell cultures

Primary human lung tumor tissue and adjacent lung healthy tissue were obtained from NSCLC
patients undergoing surgical resection. Tissues were minced and incubated with 0.14 WAYansch
units/ml Liberase TL (Sigma Aldrich) and 0.1mg/ml DNase | (Sigma Aldrich) in 37°C for 1h.
Single-cell suspensions from lung cancer and healthy tissues were prepared by passing the

minced tissues through 70um cell strainers and tumor infiltrating leukocytes versus the tumor
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cell fraction were separated using percoll density-gradient centrifugation (GE Healthcare Bio-
Sciences AB). In brief, cells were resuspended in 40% percoll, laid over equal volume of 80%
percoll and centrifuged at 600g for 25min without deceleration. Tumor or healthy lung
infiltrating T cells were activated with 2pug/ml soluble anti-human CD3 (OKT3; Biolegend) and
2ug/ml anti-human CD28 (CD28.2; Biolegend) in the presence of recombinant activin-A
(50ng/ml, R&D Systems) or PBS for 3-5 days.

Activin-A or PBS-treated CD4" T cells were isolated using commercially available Kits
(ThermoFischer Scientific; Dynabeads® CD4 Positive Isolation Kit) and further stimulated with
soluble anti-human CD3/CD28 (2ug/ml both) for 3-5 days. In brief, Dynabeads® were mixed
with the prepared sample in a tube. The Dynabeads® were incubated with the cells of interest for
20 minutes and afterwards the bead-bound cells were separated by a magnet. The positively
isolated cells were washed and the appropriate amount of DETACHaBEAD® was added so as

for the cells to be released from the beads.

Autologous CD8" T cells were isolated from Peripheral blood mononuclear cells (PBMCs) using
commercially available kits (Biolegend; MojoSort™ Human CD8 T Cell Isolation Kit) and
cultured overnight with recombinant human IL-2 (100 U/ml). In brief, non CD8" T cells were
depleted by incubating the sample with the biotin antibody cocktail followed by incubation with
magnetic Streptavidin Nanobeads. The magnetically labelled fraction was retained by the use of
a magnetic separator. The untouched CD8" T cells were collected by decanting the liquid in a
clean tube. Culture media (CM) were collected and stored at -80°C for further experimentation.

For the in vitro suppression assays, activin-A or PBS-treated CD4" T cells isolated from primary
lung tumors (effectors) were labelled with CellTracker Red CMTPX (Invitrogen) (1um, 15
minutes, 37°C) and co-cultured with CellTrace (Invitrogen) CFSE-labelled autologous CD4"
responder T cells isolated from the peripheral blood (5um in DMSO, 15 minutes, 37°C) at a ratio
2:1 (responders:effectors). CD4" T cells were stimulated with soluble anti-human CD3 (2ug/ml;
OKT3; Biolegend) and soluble anti-human CD28 (2pug/ml; CD28.2; Biolegend) and the
proliferation of responder cells was assessed on days 3-5 via flow cytometry.

For cytotoxicity assays, autologous CD8" T cells isolated from PBMCs, were pre-treated for 14-
16h with 100U/ml recombinant IL-2 (Peprotech) in the presence or absence of CM from CD4" T

cell cultures, as described above. In parallel, single cell suspensions collected after the
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mechanical and enzymatic digestion of primary lung tumors, were subjected to negative
selection of cancer cells (CD45" cells) by depleting the CD45" cell fraction, using commercially
available kit (Biolegend). The isolation is based on the biotin antibody cocktail followed by
incubation with magnetic Streptavidin Nanobeads. The magnetically labelled fraction is retained
by the use of a magnetic separator. The untouched CD45 cells are collected by decanting the
liquid in a clean tube. Primary lung cancer cells were seeded in different densities, in order to
facilitate cell adherence. The following day, human CD8" T cells were co-cultured with primary
lung cancer cells at different ratios (5:1-40:1) for 4-6h and CD8" T cell mediated cytotoxicity
was measured using the LDH Cytotoxicity Detection Kit (Takara), as long as using the
NucView® 488 Caspase-3 Assay Kit (Biotium). The LDH Cytotoxicity Detection Kit uses LDH,
a stable cytoplasmic enzyme that is present in large amounts in most cells. LDH is released into
the cell culture supernatant during cytoplasmic membrane damage and can be easily measured
using standard reagents. The NucView® 488 Caspase-3 Assay Kit provides a convenient tool for

profiling apoptotic cell population based on caspase-3/7 activity using flow cytometry.
3.7 Lung histology

Paraffin-embedded sections (4um) were stained with hematoxylin & eosin (H&E) to evaluate
lung infiltration. Hematoxylin stains nucleic acids and eosin stains proteins nonspecifically. In a
typical tissue, nuclei are stained blue, whereas the cytoplasm and extracellular matrix have

varying degrees of pink staining.
3.8 ELISA

The levels of the cytokine and chemokine release of human and mouse IL-10, IL-2, IFN-y and
TNF-a, (R&D systems) were evaluated by the enzyme-linked immunosorbent assay (ELISA)
kits. For the evaluation, we used serum of patients and mice, mouse lungs homogenates, as well
as supernatants taken by all different kinds of cell cultures. The results were then analysed in
GraphPad Prism 6 program.

3.9 Flow-Cytometry analysis

The composition of activin-A- or PBS-treated tumor-infiltrating leukocytes was analyzed by
flow cytometry. Cells were stained with fluorescently-labelled antibodies to mouse CD45, CD3,
CD4, CD8 (ThermoFischer Scientific), PD-1, CTLA-4, LAG-3, Tim-3, perforin, granzyme-b
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(Biolegend) and to human CD45, CD69 (Thermo Scientific), PD-1, CTLA-4 and LAG-3
(Biolegend). For intracellular cytokine staining, cells were re-stimulated with 10ng/ml PMA
(Sigma-Aldrich), 250ng/ml ionomycin (Sigma-Aldrich) and 21ul/ml medium Golgi-Stop
(brefeldin) (BD Biosciences) and stained with antibodies against mouse or human IL-10 and
IFN-y (eBiosciences), according to the manufacturer’s instructions. Foxp3 staining was
performed according to the manufacturer’s instructions (eBiosciences). FACS acquisition was
performed with the cytometer Cytomics FC500 (Beckman Coulter) and the cytometer BD
FACSAria Il (Becton Dickinson) and the data were analyzed using the FlowJo X software 8.7
(Tree Star, Inc).

3.10 Statistical analysis

The number of independent experiments, biological replicates and donors analyzed are stated in
each figure legend. Graph Pad Prism 7 (Graph Pad Software Inc.) was used for all statistical
analyses. All data are presented as mean + SEM. The comparison of survival curves was
performed using Gehan-Breslow-Wilcoxon test. To calculate differences between groups, we
used Student’s t test, the Mann-Whitney test and the Wilcoxon matched-pairs signed rank test as
appropriate. We considered any difference with a p value of 0.05 or less to be statistically
significant (*p < 0.05, **p <0.01 and ***p < 0.001).
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4. Results
4.1 Administration of activin-A in vivo restrains the development of lung tumors

The first part of our work was to examine the in vivo role of activin-A in the
establishment of T-cell mediated anti-tumor immune responses in the airways using the
syngeneic Lewis Lung Carcinoma (LLC) mouse lung cancer model. To investigate this, LLC
cells were inoculated intravenously to C57BL/6 mice (day 0). Mice were sacrificed between days
18-22 (Fig. 7A). Several studies have shown that activin-A’s expression is increased in the serum
and biopsies of lung cancer patients. In accordance with the human studies, we also observed
that activin-A was elevated in the serum and lung homogenates of LLC-bearing mice compared
to healthy mice (Fig. 7B).
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Fig. 7: (A) Experimental protocol utilized. (B) Activin-A levels in serum and lung homogenates from healthy and
LLC tumor-bearing mice. Data are mean + SEM of triplicate wells and are representative of 6 independent

experiments. Data are representative of 4-7 independent experiments. Statistical significance was obtained by
unpaired Student’s t-test; *P < 0.05 and **P < 0.01.
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4.2 Disruption of activin-A’s signalling on CD4* T cells accelerates lung tumor progression

Since activin-A was overexpressed during lung tumor formation in the LLC model, we
subsequently examined the effects of endogenous activin-A specifically on CD4* T cells. For this
purpose, we used an inducible model of CD4" T cell-specific knockout of ALK4, activin-A’s
major type | receptor (CD4CreER™*-/Acvrib™™ hereafter CD4/ALK4-KO). In brief,
CDA4CreER™ mice were crossed to Acvrlb™ mice to generate CD4CreER™?/Acvrlb™ mice. We
administrated 5*10° cells/150 ul PBS LLC cells (day 0) to 8-10 weeks old CD4/ALK4-KO mice
and their wild-type littermates (CD4CreER™>//Acvrib™™, hereafter WT) intravenously in order
to induce pulmonary tumors. Tamoxifen was administrated daily by intraperitoneal injection for
5 consecutive days (days -4 — 0 & 7), right before LLC cell inoculation. Between days 18-23
mice were euthanized (Fig. 8A).

We first examined the overall survival between CD4/ALK4-KO and WT mice. Notably,
LLC-inoculated CD4/ALK4-KO mice exhibited decreased overall survival compared to WT
mice, as shown in Fig. 8B. In order to further evaluate disease onset and progression, paraffin-
embedded sections (4um) of the lungs of CD4/ALK4-KO and WT mice were stained with
hematoxylin & eosin (H&E) and microscopic observations exhibited accelerated formation of
peribronchial and perivascular tumors in WT mice, compared to CD4/ALK4-KO (Fig. 8C).
Moreover, macroscopic observations revealed increased formation of superficial lung tumors,
and as a result heightened lung weights in CD4/ALK4-KO, compared to WT mice (Fig. 8D).
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Fig. 8: Disruption of activin-A4’s signalling on CD4* T cells accelerates lung tumor progression. (A) Experimental
protocol utilized. (B) Survival plot of WT and CD4/ALK4-KO LLC-tumor bearing mice (n=12). (C) Representative

macroscopic images of lung lobes. (D) Representative photomicrographs of H&E-stained lung sections (scale bars:
100um).

4.3 Disruption of activin-A’s signalling on CD4* T cells does not influence the infiltration of
leukocytes in the airways of mice

We next assessed the infiltration of leukocytes in the airways of CD4/ALK4-KO mice,
compared to their WT littermates. For this purpose, we performed FACS staining for CD45*
leukocytes, CD3*CD8* and CD3"CD4* T cells infiltrating the lung tumors of both LLC-bearing
mice groups (WT and CD4/ALK4-KO). Disruption of activin-A’s signalling on CD4" T cells
had no impact on either CD45" total leukocytes nor CD3*CD8" and CD3*CD4" T cells

infiltrating the lung tumors of LLC-bearing mice of both groups (WT and CD4/ALK4-KO) (Fig.
9A-C).
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Fig. 9: Lung tumor cells’ infiltration. (A) Representative flow cytometry plots (left) and cumulative percentages of
CD45* lung tumor infiltrating cells (right). (B) Representative flow cytometry plots (left) and cumulative
percentages of CD3*CD8* T cells among CD45" lung tumor infiltrating cells (right). (C) Representative flow
cytometry plots (left) and percentages of CD3*CD4* T cells among CD45" lung tumor infiltrating cells (right). Data
are representative of 4-7 independent experiments. Statistical significance was obtained by unpaired Student’s t-
test; *P < 0.05 and **P < 0.01.
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4.4 Disruption of activin-A’s signalling on CD4* T cells alters the profile of infiltrating
CD4* T cells

Despite the fact that there was no alteration in the cells infiltrating the lung tumors of
LLC-bearing mice in both groups (WT and CD4/ALK4-KO), we observed that CD4" T cells
isolated from the TILs of CD4/ALK4-KO mice produced significantly less IFN-y and TNF-a
concomitantly with increased levels of IL-10 upon ex vivo antigenic stimulation, compared to
CD4* T cells from WT mice (Fig. 10A). These findings were further strengthened by the fact
that CD4" T cells from lung tumors of CD4/ALK4-KO mice demonstrated an exhausted profile,
exemplified by higher levels of PD-1, CTLA-4 and LAG-3 compared to WT mice (Fig. 10B). In
addition, FACS analysis revealed significantly increased percentages of Foxp3-expressing
regulatory T cells concomitantly with fewer IFN-y-expressing CD4* T cells infiltrating the lung
tumors of CD4/ALK4-KO mice compared to WT mice (Fig. 10C and 10D). Importantly, in order
to examine the proliferation capacity of CD4" T cells, we used CFSE analysis and observed that
CD4* T cells from CD4/ALK4-KO mice appeared to be less capable to respond to antigenic

stimulation in comparison to CD4" T cells from WT mice (Fig. 10E).
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Fig. 10: Disruption of activin-A’s signalling on CD4* T cells alters the profile of infiltrating CD4* T cells. (A)

Cytokine levels in supernatants of lung tumor infiltrating leukocyte cultures. Data are mean + SEM of triplicate

wells and are representative of 5 independent experiments. (B) Representative flow cytometry plots (left) and
cumulative percentages of PD-1, CTLA-4 or LAG-3-expressing cells among CD3*CD4* T cells infiltrating lung

tumors (right). (C) Representative flow cytometry plots (left) and cumulative percentages of Foxp3-expressing cells

among CD3*CD4* T cells infiltrating lung tumors (right). (D) Representative flow cytometry plots (left) and

cumulative percentages of IFN-y-expressing cells among CD3*CD4* T cells infiltrating lung tumors (right). (E)

Representative flow cytometry plot (left) and cumulative percentages of CD3*CD4*CFSE low T cells isolated from

lung tumors (right). Data are mean + SEM and are representative of 7 (A-D) and 4 (E) independent experiments.

Statistical significance was obtained by Log-rank (Mantel-Cox) test and unpaired Student’s t-test; *P < 0.05, **P <

0.01 and ***P < 0.001
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4.5 Activin-A unveils different effects on human T cells that infiltrate the lung tumors

A major limitation in the use of preclinical mouse models in most types of cancer is that
they fail to recapitulate the complexity of the malignancy, as well as, the immune contexture
within the tumor microenvironment. For this, we next explored the potential anti-tumorigenic
effects of activin-A in patients with NSCLC. For this purpose, we obtained primary human lung
tumor tissues, as well as part of the adjacent healthy lung tissue of NSCLC patients. Initially,
lung tumor infiltrated leukocytes (hereafter TILs) and healthy lung leukocytes were isolated and
cultured under polyclonal stimulation (anti-human CD3 and anti-human CD28) in the presence
of activin-A or PBS. Elevated levels of TNF-o and IL-2 were detected concomitantly with
decreased secretion of IL-10 after 3-days of culture in the supernatants of TILs treated ex vivo
with activin-A compared to PBS, while there was no difference on the secretion of IFN-y
between the two groups (Fig. 11A). Interestingly, supernatants from healthy lung leukocytes
exhibited reduced levels of IFN-y and IL-2 upon ex vivo activin-A administration, but had no

differences on TNF-a and IL-10 levels.
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Fig. 11: Activin-A unveils different effects on T cells that infiltrate the lung tumors (A) Primary lung tumor
infiltrating leukocytes were isolated from lung cancer patients and stimulated with antibodies against CD3/CD28 in

the presence of activin-A or PBS. Cytokine levels in culture supernatants of PBS- or activin-A-treated lung tumor
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infiltrating leukocytes (n= 20-25 donors). Data are mean + SEM of triplicate wells. (B) Primary lung infiltrating
leukocytes were isolated from, adjacent to tumors, healthy tissues form lung cancer patients and stimulated with
antibodies against CD3/CD28 in the presence of activin-A or PBS. Cytokine levels in culture supernatants of PBS-
or activin-A-treated lung tumor infiltrating leukocytes (n= 20-26 donors). Data are mean + SEM of triplicate wells.

Statistical significance was obtained by Wilcoxon matched-pairs signed rank test; *P < 0.05 and **P < 0.01.

4.6 Activin-A-treated human lung tumor infiltrating CD4" T cells exhibit a less exhausted
phenotype/profile

Next, we characterized the profile of human CD4" T cells infiltrating the lung tumors,
upon ex vivo activin-A administration. Notably, we observed that activin-A-treated CD4* T cells
(act-A-CD4" T cells) displayed heightened expression of the activation marker CD69 along with
reduced expression of the immune checkpoint inhibitory molecules PD-1, CTLA-4 and LAG-3
compared to PBS-treated CD4" T cells (PBS-CD4" T cells) (Fig. 12A). In line with the
aforementioned results, act-A-CD4" T cells demonstrated reduced expression of the transcription

factor Foxp3 (Fig. 12B).
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Fig. 12: Activin-A-treated human lung tumor infiltrating CD4* T cells exhibit a less exhausted phenotype/profile.
(A) Cumulative percentages of CD69, PD-1, CTLA-4 or LAG-3-expressing cells among human lung tumor
infiltrating CD4* T cells cultured as in Fig.5A (n= 12 donors). (B) Representative flow cytometry plots (left) and
cumulative percentages (right) of Foxp3-expressing cells among human lung tumor infiltrating CD4* T cells
cultured as in Fig.11A (n= 9 donors). Statistical significance was obtained by Wilcoxon matched-pairs signed rank
test; *P < 0.05 and **P < 0.01.

4.7 Activin-A-treated human lung tumor infiltrating CD4* T cells display enhanced
immunostimulatory capacity

Despite the fact that act-A-CD4" T cells seemed to have acquired a more activated
phenotype compared to PBS-CD4" T cells, both populations exhibited similar capacity to
proliferate upon ex vivo polyclonal stimulation (Fig. 13A). Next, in an attempt to evaluate the
immunostimulatory capacity of act-A-CD4* T cells in comparison to PBS-CD4* T cells, we
cultured them along with autologous CD4" T cells obtained from the periphery (PB CD4" T
cells). Notably, we observed that CD4* T responder cells cultured along with act-A-CD4" T cells
demonstrated increased proliferative capacity compared to those cultured with PBS-CD4* T cells
(Fig. 13B). This observation was complemented by the detection of heightened levels of IFN-y

and lower levels of IL-10 in culture supernatants (Fig. 13C).
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Fig. 13: Immunostimulatory capacity of CD4* T cells. (A) PBS- or activin-A-treated human lung tumor infiltrating
CD4* T cells were stimulated as in Fig.5A and labelled with CellTrace-CFSE. Cumulative data of CD4* T cell
proliferation, measured by flow cytometry are depicted (n= 9 donors). (B) PBS- or activin-A-treated human lung
tumor infiltrating CD4* T cells, generated as in Fig.6A, were CellTracker Red-labelled and co-cultured with
CellTrace-CFSE-labelled autologous peripheral blood CD4* T responders. Representative flow cytometry plots
showing T responder cell proliferation (left) and cumulative data (right) (n= 9 donors). (C) Cytokine levels in co-
culture supernatants as described in Fig.7B (h= 8 donors). Data are mean + SEM of triplicate wells. Statistical

significance was obtained by Wilcoxon matched-pairs signed rank test; *P < 0.05 and **P < 0.01.

4.8 CD8" T cells from the periphery supplemented with CM from act-A-CD4* T cell
cultures were more prominent in killing the targeted primary lung cancer cells

Having observed that act-A-CD4* T cells were able to enhance the proliferation of
autologous PB CD4" T cells compared to PBS-CD4* T cells, we sought to investigate whether
these cells could also directly affect the cytotoxic capacity of autologous PB CD8" T cells. For
this purpose, we used LDH cytotoxicity assays, where CM from act-A- or PBS-CD4" T cell
cultures was supplemented overnight into CD8* T cell cultures from the periphery of the same
patient (PB CD8" T cell cultures). Afterwards, they were co-cultured with autologous CD45
lung cancer cells. Notably, PB CD8" T cells supplemented with CM from act-A-CD4" T cell
cultures were more prominent in killing the targeted primary lung cancer cells, compared to PB
CD8" T cells supplemented with CM from PBS-CD4" T cell cultures (Fig. 14A). These results
were further supported by NucView assay, using FACS analysis (Fig. 14B).
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Fig. 14: (A) CD45 lung cancer cells were co-cultured with autologous PB CD8* T cells pre-treated with CM from
act-A- or PBS-CD4* T cell cultures. Cumulative data of cytotoxicity, assessed by LDH measurement in cell culture
supernatants (n=6). (B) CD45 lung cancer cells were co-cultured with autologous PB CD8* T cells pre-treated with
CM from act-A- or PBS-CD4* T cell cultures. Representative flow cytometry plot (left) and cumulative percentages
(right) depicting caspase-3 activity of CD45" lung cancer cells (n=6). Cumulative data of cytotoxicity, assessed by
LDH measurement in cell culture supernatants (n=6). Statistical significance was obtained by Wilcoxon matched-
pairs signed rank test; *P < 0.05 and **P < 0.01.
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5. Discussion

Lung cancer is currently the leading cause of cancer in western societies with an
approximate 5-year survival rate of 15%. It is characterized by high mortality rates and is
responsible for nearly 20% of cancer-related deaths. During the last decade, translational
research advances have achieved major breakthroughs in the understanding, diagnosis and
management of lung cancer, particularly for the more common NSCLC. Unfortunately, the
majority of lung cancer patients are diagnosed with advanced disease (stage I11/IV), and for these
patients, conventional treatment options including surgery, chemotherapy, and radiation are
unlikely to result in cure. Therefore, there is an unmet need for the development of new and
effective therapeutic interventions that can lead to durable tumor regression in lung cancer

patients.

A principal pathogenetic process in cancer is that transformed cells proliferate incessantly
and often exhibit low immunogenicity, thus managing to escape immune surveillance. Although,
lung cancer was once thought of as a type of cancer that was poorly recognized by the immune
system, recent trials have emerged it as a plausible target of immune-based therapies. Current
breakthroughs in cancer immunotherapy have focused on blocking the function of T cell
inhibitory receptors, known as immune checkpoints (Lesokhin et al., 2015). However, immune
checkpoint therapy can lead to severe side effects, such as toxicities, and aberrant immune cell
activation, inducing autoimmunity (Michot et al., 2016). Moreover, there is a significant cohort
of lung cancer patients that remain unresponsive to immune checkpoint therapies. Thus, the
imperative need to identify novel immune pathways that can be targeted more specifically has
turned the attention of the scientific community towards attractive alternatives. Indeed, certain
lung cancer patients have benefited from immunotherapies targeting the checkpoint inhibitors
CTLA-4 and PD-1 and experienced durable remissions and prolonged survival. Nevertheless,
novel immunotherapies have been also associated with serious adverse effects of inducing overt
immune cell activation and autoimmunity. Additionally, a significant number of patients fails to

respond to checkpoint immunotherapies.

Our group has extensively studied the role of activin-A in the regulation of T cell-
mediated immune responses generated in lung airways, during inflammatory conditions. Activin-

A signalling is initiated through binding to ActRII/IIB, which recruits ALK4, its major type |
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receptor, forming a signal transducing heterodimer (X. Li et al., 2018). Pertinent to cancer, there
is a growing body of evidence emphasizing the contrasting context- and cell type-dependent
effects of activin-A in cancer pathogenesis. In addition to its direct inhibitory effects on cancer
cells, activin-A restrains tumorigenesis by altering the tumor microenvironment. Studies by our
group and others have shown that activin-A inhibits VEGF-induced human pulmonary
endothelial cell proliferation in vitro and enhances the expression of the anti-angiogenic factors,
VEGFRL1 and IL-18 (Kaneda et al., 2011; Samitas et al., 2016). However, the precise role for
activin-A on the development and enhancement of anti-tumor immune responses, in the context

of lung cancer, remains elusive.

Preliminary studies by our group revealed, for the first time to our knowledge, that
administration of activin-A in vivo in lung tumor-bearing mice leads to a striking regression in
lung tumor formation. In line with the observations from lung cancer patients where activin-A is
increased in the serum, we also observed, heightened levels of activin-A in the serum and lung
homogenates of lung-tumor bearing mice in comparison to tumor-free mice. Considering that
activin-A restrains the development of lung cancer, we sought to decipher the in vivo effect of
endogenous activin-A on T cell-mediated immune responses in lung cancer. Disruption of
activin-A’s signalling had no impact on the either CD45" total leukocytes nor CD3"CD8* and
CD3*CD4* T cells infiltrating the lung tumors of LLC-bearing mice. Nevertheless, disruption of
activin-A’s signalling, specifically on CD4" T cells, restrained the development of effective anti-
tumor immune responses, as CD4" T cells isolated from the lung tumors of CD4/ALKA-KO
mice secreted significantly less IFN-y and TNF-a, but increased levels of the immunosuppressive
cytokine IL-10 upon ex vivo antigenic stimulation, compared to CD4" T cells from WT mice.
Through the disruption of activin-A’s signalling on CD4" T cells we observed deteriorated T
cell-mediated anti-tumor responses and augmented lung tumor growth in vivo. Moreover, CD4*
T cells from lung tumors of CD4/ALKA-KO mice exhibited an exhausted profile exemplified by
higher levels of PD-1, CTLA-4 and LAG-3 compared to WT mice, in addition to increased
percentages of Foxp3-expressing regulatory T cells and IFN-y-expressing CD4" T cells
infiltrating the lung tumors of CD4/ALKA-KO mice compared to WT mice. Importantly, CD4*
T cells from CD4/ALKA-KO mice appeared to be less capable to respond to antigenic

stimulation in comparison to CD4™ T cells from WT mice.
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We further explored whether ex vivo administration of activin-A could enhance anti-
tumor human T cell immune responses. For this purpose, we obtained primary lung cancer
specimens, as well as part of the adjacent healthy lung tissue from NSCLC patients, isolated
tumor infiltrated CD4" T cells and cultured them in the presence or absence of activin-A. We
observed elevated levels of the effector cytokine TNF-o and decreased secretion of IL-10 in
culture supernatants of TILs treated ex vivo with activin-A compared to PBS, while there was no
difference on the secretion of IFN-y between the two groups. Interestingly, culture supernatants
from healthy lung leukocytes exhibited reduced levels of IFN-y upon ex vivo activin-A
administration and no differences in TNF-a and IL-10 levels, indicating that activin-A unveils
different effects on T cells that infiltrate the lung tumors compared to those found in the adjacent

healthy lung tissue.

We next sought to characterize the profile of human CD4" T cells infiltrating the lung
tumors, upon ex vivo activin-A administration. We observed that act-A-CD4" T cells displayed
heightened expression of the activation marker CD69 and reduced expression of the immune
checkpoint inhibitory molecules PD-1, CTLA-4 and LAG-3 compared to PBS-CD4" T cells. In
line with the aforementioned results, act-A-CD4" T cells demonstrated reduced expression of the
transcription factor Foxp3, suggesting that activin-A renders human CD4" T cells that infiltrate
the lung tumors with a less exhausted/suppressive phenotype. Despite the fact that act-A-CD4" T
cells seemed to have acquired a more activated phenotype compared to PBS-CD4" T cells, both
populations exhibited similar capacity to proliferate upon ex vivo polyclonal stimulation.

Next, in order to evaluate the immunostimulatory capacity of act-A-CD4" T cells in
comparison to PBS-CD4* T cells, we cultured them along with autologous CD4* T cells obtained
from the periphery (PB CD4+ T cells). Notably, we observed that CD4" T responder cells
cultured along with act-A-CD4" T cells demonstrated increased proliferation, compared to those
cultured with PBS-CD4" T cells. This observation was accompanied by the detection of
heightened levels of IFN-y and lower levels of the immunosuppressive cytokine IL-10 in these
culture supernatants. Subsequently, we explored whether these cells could also directly affect the
cytotoxic capacity of autologous PB CD8" T cells. For this purpose, CM from act-A- or PBS-
CD4" T cell cultures were supplemented overnight into PB CD8" T cell cultures which were
subsequently co-cultured with autologous CD45™ lung cancer cells. Notably, PB CD8+ T cells

supplemented with CM from act-A-CD4" T cell cultures were more prominent in killing the
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targeted primary lung cancer cells, compared to PB CD8" T cells supplemented with CM from
PBS-CD4" T cell cultures. To conclude, in a translational approach, we demonstrate that ex vivo
activin-A administration drives human lung tumor infiltrating CD4" T cells towards a less
exhausted phenotype and endows them with enhanced immunostimulatory capacity towards
autologous CD4" and CD8" T cells, mimicking its anti-tumorigenic effects observed in our

mouse models.

There is an imperative need to identify novel and more effective cancer immunotherapies
that can boost specific aspects of the T cell response, without the adverse risk of inducing overt
immune cell activation and autoimmunity. Taking together, our data uncover activin-A as an
important orchestrator of anti-tumor T cell responses. Importantly, this study will also set the
bases for further exploitation of activin-A’s utilization as a prognostic tool and a potential target
for immunotherapy devoid of potentially harmful side effects, in the setting of human lung
cancer. We hope that these findings will shed new light into the mechanisms involved in the
regulation of T cell responses in the tumor microenvironment, advance our understanding of the

disease and enhance our alternatives towards novel immunotherapeutic approaches.
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