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Editorial on the Research Topic
Tumor Microenvironment and Tumor Immune Microenvironment: New
Perspectives for Prognosis and Therapy

The success of tumor treatment is defined by a combination of factors that include the
cells that make up the tumor microenvironment (TME). TME studies have contributed to
illuminating the heterogeneity of tumors and has led to the discovery of potential targets
for cancer immunotherapeutics. New strategies are continually being based on these
studies are being approved for clinical use at a greater rate than compared in the past
decade. In the 2000s, the first studies of the effects of PD-1, PDL-1, and CTLA-4 inhibitors
started, and currently, there are dozens of promising immunotherapy targets in clinical
trials studies or already available in the clinical practice, including genetically modified
T cells expressing chimeric antigen receptors (CAR-T cells), anti-CD20 (Rituximab) for
treatment of non-Hodgkin’s B cell lymphoma, anti-CD52 (Alemtuzumab) for multiple
myeloma, anti-IL-6 (Siltuximab) and the anti-IL-6R (Tocilizumab) for multiple myeloma
and solid tumors, anti-LAG3 (Relatlimab) immune activating checkpoints in melanoma.
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Although great advances have been made in the
immunotherapeutic field, only about 30% of patients respond
to these treatments. In some cases, tumors acquire resistance to
immune checkpoint blockade (ICB) by losing neoantigen
expression or even presenting a low frequency of T cell
infiltration, or other unknown reason. Investigators still have
a long way to go to improve strategies against cancer that
including the discovery of new targets and strategies to
activate the immune system, the modulation of phenotype
and function of cells present in the TME, the re-education of
immune cell function, and the induction of immune -cell
migration to the tumor site.

This Research Topic presents a remarkable collection of
articles comprised of 9 Original Research, 2 Brief Research
Reports, 8 Reviews, and 2 Mini Reviews covering novel,
promising recent trends in the immune microenvironment
landscape and immunotherapy field (Figure 1).

The TME is a complex ecosystem where continuous
interactions sustain tumor development and growth. Recent
molecular biology and immunology findings have shown that
tumor-stroma communication promotes intense suppressive
signals in the microenvironment, contributing to therapy
failure. Tumor-stroma communication is not a unidirectional
process, driven only by cancer cells. Other resident cells, like
fibroblasts (CAFs),

cancer-associated macrophages,

Frontiers in Cell and Developmental Biology

lymphocytes, endothelial cells, and cancer stem cells, have
intense crosstalk with each other, with secreted factors and
components of the extracellular matrix (ECM). New
technologies have been emerging to map these ecosystems.
Machine learning (ML) is one of these promising technologies
that has revolutionized this area of research. Big data combined
with ML have changed many aspects of the experimental domain
and may ultimately support the clinical decision process in
cancer therapy.

In this context, Zhang et al. used bioinformatics approaches
to build a tumor-associated macrophage (TAM) prognostic risk
model. They generated a relevant gene model correlated with
clinical features and predictive risk scores and thereby
determined a central regulatory axis: LINC00324/miR-9-5p
(miR-33b-5p)/GAB3 (IKZF1), which may play a pivotal role
in regulating the risk and prognosis of TAM in patients with lung
adenocarcinoma (LUAD). Using a training and validation cohort
model with more than 900 patients from different databases,
Wang et al. constructed a score based on the cluster model. This
model was able to stratify lower-grade glioma (LGG) patients
into two groups concerning the chemokine-like factor (CKLF)-
like Marvel transmembrane domain-containing (CMTM) gene
family: low-risk score groups associated with high tumor purity
and reduced immune cell infiltration; and the high-risk score
group which exhibited a poor prognosis with higher grade wild-
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type isocitrate dehydrogenase (WT-IDH), high expression of
CMTM genes, and increased expression levels of PD-1, PD-L1,
and PD-L2.

Considering the remarkable role of extracellular vesicles
(EVs) in cell-to-cell communication in the TME and the
emergent number of novel studies in literature, it is no
surprise that five articles in this thematic field were published
on this topic. EVs can originate from either endosomal
(exosome) or plasma membrane budding (microvesicles).
Some have been demonstrated to have a pro-tumoral activity
in the TME, impacting cancer cell proliferation, immune escape,
angiogenesis, invasion, pre-metastatic niche formation, and
metastasis. Based on these characteristics they may become
important therapeutic targets and prognostic biomarkers as
was discussed by Santos et al. in their review. Clerici et al.
demonstrated another aspect of colorectal cancer-derived EVs,
which reprogram fibroblasts, induce migration, and contribute to
the drug resistance phenotype.

Interestingly, Maia et al. show communication between bone
marrow CD11b+ and pancreatic tumor cells mediated by EVs.
This communication induces genetic alterations in the TME,
such as macrophage activation and expression of inflammatory
molecules. Zhou et al. show the predictive potential of tumor cell-
derived exosomal PD-L1+ as a marker of immunotherapeutic
efficacy, while Lobastova et al. show that CD30" EV's can increase
the treatment efficacy of Hodgkin’s lymphomas.

Kinker et al. in their comprehensive review of tertiary
lymphoid structures (TLS), highlighted the TLS structure in
the TME. The TLS provides an area of intense B cell antigen
presentation that induces T cell activation and effector B cell
generation, which induces the antibody-secreting plasma cells
and memory B cells differentiation. The TLS is a well-organized
non-encapsulated structure composed of immune and stromal
cells, which are associated with improved response to immune
checkpoint therapies. Evaluating patients with Oral Tongue
Squamous Cell Carcinoma, Sales de Sa et al. show that high
expression of CD3* T cells and B cells in TLS regions are
predictive of better overall survival and inflammatory response.

A number of articles discussed the participation of specific
molecules in tumorigenesis and cancer metastasis. Obermann
et al. reviewed the role of platelets in the formation of
micrometastases and the formation of the metastatic niche.
Indeed, metastatic niches seem to contribute exponentially to
tumor progression. Different niches present in the bone marrow
(BM) are altered during acute myeloid leukemia (AML)
development. These niches that support the development of
AML are also important targets for the development of future
therapies since these targets are involved in critical functions of
leukemia (Pimenta et al.). Pastor et al. described the involvement
of Interferon regulatory factor 2-binding protein 2 (IRF2BP2) in

Frontiers in Cell and Developmental Biology

10.3389/fcell.2022.971275

tumor development. The role of heparinase-1 in oral squamous
cell carcinoma tumor progression was investigated by Rodrigues
et al.

In the domain of the emerging therapies, Ramos et al.
provided a magnificent review of the new approaches of
Chimeric antigen receptor (CAR) engineering in solid tumor
treatment using CAR-myeloid cells. CAR therapy is an already
established technology used for T cells (CAR-T) and natural
killer cells (CAR-NK). In CAR T-cell therapies, whereby the
patient’s T-cells are genetically reprogramed to express a
chimeric antigen receptor thereby driving T cells to eliminate
tumors. CAR-T is used in hematologic tumors but has yet to
demonstrate overall efficacy in solid tumors. Thus, the use of
genetically modified macrophages and dendritic cells expressing
CAR (CAR-myeloid cells) may open new perspectives in treating
solid tumors.

We are confident that our Tumor Microenvironment (TME)
and Tumor Immune Microenvironment (TIME): New
Perspectives for Prognosis and Therapy Research Topic has
highlighted important aspects of tumor microenvironment
heterogeneity, new therapeutic and prognostic targets,
interactions in TEM, new technologies for the study of cancer,
and more importantly, and also indicated that there is yet a long
path forward to provide robust cancer prognoses and therapies in
cancer.
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As a classical immune checkpoint molecule, PD-L1 on the surface of tumor cells plays
a pivotal role in tumor immunosuppression, primarily by inhibiting the antitumor activities
of T cells by binding to its receptor PD-1. PD-1/PD-L1 inhibitors have demonstrated
unprecedented promise in treating various human cancers with impressive efficacy.
However, a significant portion of cancer patients remains less responsive. Therefore,
a better understanding of PD-L1-mediated immune escape is imperative. PD-L1 can
be expressed on the surface of tumor cells, but it is also found to exist in extracellular
forms, such as on exosomes. Recent studies have revealed the importance of exosomal
PD-L1 (ExoPD-L1). As an alternative to membrane-bound PD-L1, ExoPD-L1 produced
by tumor cells also plays an important regulatory role in the antitumor immune response.
We review the recent remarkable findings on the biological functions of ExoPD-L1,
including the inhibition of lymphocyte activities, migration to PD-L1-negative tumor
cells and immune cells, induction of both local and systemic immunosuppression, and
promotion of tumor growth. We also discuss the potential implications of ExoPD-L1
as a predictor for disease progression and treatment response, sensitive methods for
detection of circulating ExoPD-L1, and the novel therapeutic strategies combining the
inhibition of exosome biogenesis with PD-L1 blockade in the clinic.

Keywords: exosomal PD-L1, tumor microenvironment, immune escape, antitumor immune memory, abscopal
effect, biomarker, detection method, immunotherapy

INTRODUCTION

Programmed cell death protein-ligand 1 (PD-L1) is an immune checkpoint molecule that interacts
with programmed cell death protein-1 (PD-1) to mediate immunosuppression (Ribas and Hu-
Lieskovan, 2016; Alsaab et al., 2017; Sun et al., 2018; Han et al., 2020). Binding of PD-L1 to PD-1
conveys a regulatory signal to T cells and an antiapoptotic signal to tumor cells, resulting in T cells
exhaustion and tumor cell survival (Dong et al., 2002; Jiang X. et al., 2019; Jiang Y. et al., 2019). It is
known that, as a membrane-bound molecule, PD-L1 is expressed on the cell surface of many tumor
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types and the PD-1/PD-L1 pathway is considered to be a
critical mechanism for immune escape and tumor progression
(Quail and Joyce, 2013; Yu et al, 2016; Kakavand et al,
2017; Kythreotou et al,, 2018; Cha et al., 2019). Therefore,
anti-PD-1/PD-L1 inhibitors are able to induce durable tumor
regression and represent a unique therapeutic strategy for
patients with advanced cancers (Couzin-Frankel, 2013; Mahoney
et al,, 2015; Ribas et al., 2016; Yaghoubi et al., 2019). However,
the effective rate of anti-PD-1/PD-L1 immunotherapy remains
low (Xu-Monette et al., 2017; Chamoto et al., 2020; Hatae
et al.,, 2020). Furthermore, patients exhibiting negative PD-L1
expression can also benefit from anti-PD-1/PD-L1 blockade
(Patel and Kurzrock, 2015; Shukuya and Carbone, 2016; Shen
and Zhao, 2018). Thus, neither the expression pattern of PD-L1
on the tumor cell surface alone is sufficient to account for the
mechanism of tumor immune escape nor accurate for predicting
the response to anti-PD-1/PD-L1 treatment, although tumor
tissue PD-L1 is the only indicator authorized by the FDA (Festino
etal., 2016; Wang Q. etal., 2017; Li et al., 2019¢; Martinez-Morilla
et al., 2020). Therefore, as an alternative to membrane-bound
PD-L1, exosomal PD-L1 (ExoPD-L1) that is associated with
exosomes secreted by tumor cells has been investigated recently.

Extracellular vesicles (EVs) are membrane-enveloped particles
produced by almost all cell types and are classified into
three subgroups: microvesicles, apoptotic bodies, and exosomes,
according to their biogenesis, cellular source and biological
properties (Gould and Raposo, 2013; Colombo et al., 2014; Yanez-
Mo et al., 2015; Xu et al., 2016; Hessvik and Llorente, 2018; van
Niel et al.,, 2018; Margolis and Sadovsky, 2019). Microvesicles
and apoptotic bodies are large EVs (normally 100—1000 pwm)
and are shed directly from the plasma membrane (Gould and
Raposo, 2013; van Niel et al., 2018; Margolis and Sadovsky, 2019).
Exosomes are small EVs (typically 30—100 pwm) generated by
the endocytic pathway (Thery et al., 2006; Kowal et al., 2014;
Lobb et al., 2015; Kalluri, 2016; Tkach and Thery, 2016; Tkach
et al., 2018). After the fusion of endosomal multivesicular bodies
(MVBs) with the plasma membrane, exosomes are secreted
extracellularly (Carlton, 2010; Stoorvogel, 2015; Ha et al., 2016).
Neutral sphingomyelinase type 2 (nSMase2) and Rab27a are
two key enzymes in the biogenesis of exosomes (Hessvik and
Llorente, 2018). They are involved in the inward budding of
MVBs to form intraluminal vesicles (ILVs), the intracellular
precursors of exosomes, and the transportation and fusion of the
MVBs to the plasma membrane, respectively (Trajkovic et al.,
2008; Ostrowski et al., 2010; Lallemand et al., 2018). Genetic
and pharmacological manipulation of these enzymes offers an
approach to determine the various roles of exosomes in vitro
and in vivo. Increasing evidence indicates that exosomes derived
from tumor cells can regulate the tumor microenvironment
and promote cancer progression via their cargos, which include
proteins, lipids, and nucleic acids (Anastasiadou and Slack, 2014;
Lazaro-Ibanez et al., 2019; Zhang and Yu, 2019; Raimondo et al,,
2020; Sahebi et al., 2020). Recent studies have demonstrated
that PD-L1 also exists on the surface of exosomes generated by
their parental tumor cells (Chen G. et al.,, 2018; Lubin et al.,
2018; Ricklefs et al., 2018; Theodoraki et al., 2018b; Yang et al,,
2018; Fan et al,, 2019; Kim et al, 2019; Poggio et al, 2019;

Cordonnier et al., 2020; Huang et al., 2020). Moreover, ExoPD-
L1 can function as efficiently as PD-L1 on the tumor cell surface
through direct ligation to PD-1 on the surface of lymphocytes
in tumor foci (Chen G. et al., 2018; Lubin et al., 2018; Ricklefs
et al,, 2018; Theodoraki et al., 2018b; Yang et al., 2018; Fan et al,,
2019; Kim et al., 2019; Poggio et al., 2019; Cordonnier et al., 2020;
Huang et al., 2020). Surprisingly, although the cell-surface PD-
L1 is low or absent, the ExoPD-L1 may be highly secreted by
its parental tumor cells that are resistant to anti-PD-L1 therapy
(Poggio et al., 2019). Overall, ExoPD-L1 plays a pivotal role in
immunosuppression and tumor progression.

In this review, we summarize the various functions of ExoPD-
L1 secreted by tumor cells, focusing on the recent findings
regarding their expression heterogeneity, the impact on local and
systemic immune response, and tumor growth. Moreover, we
also discuss the clinical implications of circulating ExoPD-L1
as a non-invasive biomarker to predict tumor progression and
immunotherapeutic response, and as a novel target to develop
more effective antitumor strategies.

THE EXPRESSION PATTERN OF TUMOR
ExoPD-L1

It is well known that the PD-L1 protein is abundantly expressed
on the cell surface of various cancers (Cimino-Mathews et al.,
2016; Nduom et al., 2016; Brody et al., 2017; Sunshine et al., 2017).
Recent studies have shown that tumor cells can secrete PD-L1 in
EVs, particularly in exosomes, which are generally present in the
pellet obtained by ultracentrifugation (Chen G. et al., 2018; Yang
et al,, 2018; Kim et al,, 2019; Poggio et al., 2019). Colocalization
of PD-L1 and exosomal marker CD63 in MVBs is observed in
human breast cancer tissues by immunohistochemical staining
(Pols and Klumperman, 2009; Khushman et al., 2017; Farooqi
et al., 2018; Yang et al., 2018). Furthermore, human ExoPD-
L1 was found in the circulation of nude mice bearing human
melanoma xenografts (Chen G. et al, 2018). Thereby, both
human and murine tumor cells can secrete ExoPD-L1 both
in vitro and in vivo.

The expression of ExoPD-L1 is highly heterogeneous in
tumor cells. The variability in the levels of ExoPD-L1 is quite
significant between different tumor types and even between
different cell lines of the same type (Table 1). In addition,
it appears that ExoPD-L1 levels are consistent with the levels
of PD-L1 expressed in their parental tumor cells (Chen G.
et al, 2018; Ricklefs et al., 2018; Fan et al, 2019; Kim
et al, 2019). However, an exception is observed in prostate
cancer. These tumor cells produce high levels of PD-L1-
containing exosomes, but are devoid of PD-L1 on the tumor
cell surface, despite expressing constitutively high levels of PD-
L1 mRNA (Poggio et al., 2019). Considering the discordance
between exosomal and cell-surface PD-L1 expression, the
expression pattern of ExoPD-L1 from tumor cells, especially
that of low or undetectable cell-surface PD-L1, should not
be neglected. In addition, interferon-y, a typical inflammatory
cytokine, upregulates ExoPD-L1 production by melanoma, breast
cancer, prostate cancer, glioblastoma, and non-small cell lung
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TABLE 1 | Expression of ExoPD-L1 secreted by human and mouse tumor cell lines.

Tumor High Low Negative References
Breast cancer MDA-MB-231# Chen G. et al., 2018; Yang et al., 2018
BT549, 4T1* MCF-7 Yang et al., 2018
HCC19544#, 67NR*#, SKBR& Monypenny et al., 2018
Colon cancer RKO Yang et al., 2018
MC38* Poggio et al., 2019
Gastric cancer  MKN74 SGC7901, BGC823, NCI-N87, KATOIll, AGS, MGC803 Fanetal., 2019

NUGC4, MKN45

Glioblastoma G34, G35, CT2A* G44#, G157# Ricklefs et al., 2018
Melanoma WMO#, WM1644#, UACC-903 WM1552C, WM35, WM793, WM902B  MEL624 Chen G. et al., 2018
SK-MEL-28 Poggio et al., 2019
B16-F10* Chen G. et al., 2018; Cordonnier et al., 2020
SK-MEL-2 Cordonnier et al., 2020
A375 Chen G. et al., 2018; Huang et al., 2020
A375 Yang et al., 2018
NSCLC H12994#, H3584#, H1264# Chen G. et al., 2018
H460, H1975 A549 LLC-1* Kim et al., 2019
HCC827 Yang et al., 2018
A549 Cordonnier et al., 2020
Prostate cancer PC3#, TRAMP-C2*# LNCaP Poggio et al., 2019

*, murine; #, IFN-y inducible PD-L1 expression; &, IFN-y non-inducible PD-L1 expression.

carcinoma (NSCLC) (Chen G. etal,, 2018; Monypenny et al,
2018; Ricklefs et al., 2018; Poggio et al, 2019). However, the
mechanism regulating ExoPD-1 release is not fully understood.
Thus, endeavors to further explore the molecular mechanisms
regulating ExoPD-L1 expression are warranted.

THE IMMUNOSUPPRESSIVE EFFECTS
OF ExoPD-L1

The modulatory effect of tumor cell PD-L1 occurs through
binding to PD-1. PD-L1 is a typical transmembrane protein
(Dong et al.,, 1999, 2002). Recent studies reveal that ExoPD-
L1 displays the same extracellular domain topology as its cell-
surface counterpart (Chen G. et al., 2018). Therefore, ExoPD-L1
may exert a similar function as tumor cell-surface PD-L1 by
engaging with PD-1.

The Interaction Between ExoPD-L1 and

PD-1on T Cells

ExoPD-L1 Directly Binds to PD-1 on T Cells

In vitro binding assays showed that PD-L1 on melanoma-derived
exosomes is able to ligate to soluble PD-1 molecules in a
concentration-dependent manner (Chen G. et al., 2018; Ricklefs
et al., 2018; Yang et al., 2018). Consistently, both PD-L1 and
PD-1 blocking antibodies can disrupt the ligation in a dose-
dependent manner (Chen G. et al., 2018; Ricklefs et al., 2018).
The physical combination of melanoma exosomes and T cells
was confirmed by using confocal microscopy, flow cytometry and
enzyme linked immunosorbent assay (ELISA) (Chen G. et al,,
2018; Ricklefs et al., 2018). The binding of melanoma-derived
exosomes to CD8™ T cells is increased when the levels of either

PD-1 on CD8" T cells or ExoPD-L1 are upregulated (Chen G.
etal., 2018). Studies on glioblastoma-derived exosomes also show
that ExoPD-L1 binds to CD4" and CD8% T cells (Ricklefs et al.,
2018). Furthermore, the in vivo colocalization of ExoPD-L1 to
tumor-infiltrating lymphocytes (TILs) in mouse glioblastoma
tissues was visualized (Ricklefs et al., 2018). Thus, ExoPD-L1 can
ligate to PD-1 on T cells, which is an alternative pathway to
membrane-bound PD-L1 interacting with its receptor PD-1.

ExoPD-L1 Interacts With PD-1 on T Cells After
Migration to PD-L1-Negative Tumor Cells

It has been demonstrated that exosomes can transfer specific
proteins, nucleic acids, and lipids from donor cells to recipient
cells, thereby influencing the phenotype of the recipient cells
(Milane et al., 2015; Ruivo et al., 2017; Wan et al., 2018; Lazaro-
Ibanez et al,, 2019). Recent studies found that tumor-derived
exosomes can transport PD-L1 from PD-L1-positive tumor cells
to PD-L1-negative tumor cells (Yang et al., 2018). After a 24 h
incubation with ExoPD-L1 derived from breast cancer cells
with constitutive PD-L1 expression, high levels of PD-L1 were
detected in breast cancer cells with PD-L1 knockdown or low
PD-L1 expression (Yang et al., 2018). Notably, the ExoPD-L1
migration to PD-L1-negative tumor cells was detectable in tumor
masses of mice 5 days after coinjection of ExoPD-L1 (Yang et al.,
2018). Furthermore, ExoPD-L1 can be transported to immune
cells, including human macrophages and dendritic cells in vitro
and murine tumor-infiltrated macrophages in vivo (Yang et al.,
2018). More importantly, results obtained from flow cytometric
analysis demonstrated that the ExoPD-L1, which settled on the
surface of the PD-L1-negative tumor cells, is capable of binding
to the PD-1 Fc fragment (Yang et al., 2018). Thus, the ExoPD-L1
that migrates to the surface of recipient cells from PD-L1-positive
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tumor cells still maintains its ability to bind to PD-1 on T cells
(Yang et al., 2018).

Notably, CD80 is also a binding partner of PD-L1 and
competes with PD-1 for engaging PD-L1 (Butte et al., 2008;
Park et al, 2010; Chen and Flies, 2013). The interaction of
PD-L1 on tumor cells and CD80 on T cells suppresses T cell
activation and survival, suggesting that dual blocking PD-1 and
CD80 interaction with PD-L1 might be more favorable for
improving the immunotherapy efficacy compared with single
PD-1 blockade (Butte et al., 2007; Rollins and Gibbons Johnson,
2017). In addition, PD-L1 can interact in cis with CD80 on the
same cell (Chaudhri et al.,, 2018). The cis-heterodimer of PD-
L1 and CD80 on antigen presenting cells is able to restrict PD-1
function and is the requirement for triggering T cell responses
(Sugiura et al., 2019; Zhao Y. et al,, 2019; Mayoux et al., 2020).
Therefore, it is necessary to dissect the functions contributed by
the crosstalk between PD-L1/PD-1 and PD-L1/CD80 pathways
in tumor microenvironment to explore new opportunities for
tumor treatment.

The PD-1/PD-L1 signaling pathway in activated T cells
has been reviewed in recent literatures (Ai et al., 2020;
Bastaki et al., 2020; Wu et al., 2020). After PD-1 binds to
PD-L1, the cytoplasmic tail of PD-1 is phosphorylated and
recruits Src homology phosphatase 1 (SHP-1) and SHP-2
(Chemnitz et al., 2004; Yokosuka et al., 2012; Chinai et al.,
2015). SHP-2 dephosphorylates and inhibits T cell receptor
(TCR) and downstream signaling, such as zeta-chain-associated
protein kinase 70 (ZAP70), phosphoinositide 3-kinase (PI3K),
protein kinase B (PKB/AKT), mammalian target of rapamycin
(mTOR), rat sarcoma (RAS), mitogen-activated protein kinase

(MAPK/MEK), and extracellular regulated protein kinase (ERK)
(Sheppard et al., 2004; Parry et al., 2005; Riley, 2009; Patsoukis
et al, 2012; Hui et al, 2017). Additionally, recent studies
reported that CD28, rather than the TCR, is the primary
target of SHP-2 (Hui et al., 2017; Kamphorst et al, 2017),
suggesting that PD-1 may target both TCR and CD28 to
exert regulatory function. It has been shown that ExoPD-
L1 released by breast cancer cells significantly suppresses
ERK phosphorylation and nuclear factor kappa-B activation
in CD3/CD28-activated T cells (Yang et al., 2018). However,
whether other molecules participate in the ExoPD-L1 signaling,
especially in the context of tumorigenesis, remains unclear and
needs to be further investigated.

The in vitro Immunosuppressive Effects
of ExoPD-L1

It has been reported that tumor-derived exosomes contribute
to CD8' T cell dysfunction, although the mechanism is not
fully understood (Ludwig et al., 2017; Maybruck et al., 2017;
Huang et al, 2018; Wang T. et al, 2019). Recent studies
found that ExoPD-L1 secreted by tumor cells can efficiently
induce T cell dysfunction via interacting with its surface PD-
1 (Table 2).

Protein-1 is mainly expressed on activated T cells and it
is a central inhibitory receptor that regulates CD8" T cell
dysfunction in tumors (Ahn et al, 2018; Miller et al., 2019).
Recent studies found that the activation-signaling pathway in T
cells is inhibited in a dose-dependent manner from exposure to
ExoPD-L1 derived from breast cancer cells (Yangetal., 2018).

TABLE 2 | The inhibitory effects of tumor cell-derived ExoPD-L1 on T cells in vitro.

Cell source of ExoPD-L1 Target cell Effect Indicator References
Human MDA-MB-231 breast cancer cells PBMCs Suppression of T cell IL-2 | Yang et al., 2018
Human RKO colon cancer cells PBMCs activation L2y Yang et al., 2018
Human HCC827 NSCLC cells PBMCs IL-2 | Yang et al., 2018
Human PC3 prostate cancer cells Jurkat T cells IL-2 | Poggio et al., 2019
Human NSCLC primary cells CD8™ and Jurkat T cells IL-2 |, IFN-y | Kim et al., 2019
Human WM9 melanoma cells CD8* T cells IL-2 |, IFN-y |, TNF-a | Chen G. et al., 2018
Human SK-MEL-2 melanoma cells PBMCs IFN-y |, PD-1 | Cordonnier et al., 2020
Human MKN74 gastric cancer cells PBMCs cD69 |, PD-1 Fan et al., 2019

Human glioblastoma primary cells and murine
CT2A cells

Human glioblastoma primary cells and murine
CT2A cells

Human WM9 melanoma and murine B16-F10 cells
Human NSCLC primary cells and H1264 cells
Human SK-MEL-2 melanoma cells

Human H1264 NSCLC cells

Human MDA-MB-231 breast cancer cells

Human WM9 melanoma and murine B16-F10 cells

Human NSCLC cells
Human HNSCC primary cells

CD8* and CD4* T cells

CD69 |, CD25 |, PD-1 |,

Ricklefs et al., 2018

CD8* and CD4™* T cells Inhibition of T cell CFSE | Ricklefs et al., 2018
proliferation
CD8* T cells CFSE |, Ki67 | Chen G. et al., 2018
CD8™ T cells CFSE |, Ki67 | Chen G. et al., 2018
PBMCs Kie7 | Cordonnier et al., 2020
CD8* T cells Suppression of T cell GzmB | Chen G. et al., 2018
PBMCs Cytotoxicity Tumor-cell kiling ability | Yang et al., 2018
CD8* T cells Tumor-cell killing ability |, Chen G. et al., 2018
GzmB\|

CD8* T cells Inhibition of T cell Apoptosis 1 Kim et al., 2019
CD8* T cells survival Apoptosis 1 Theodoraki et al., 2018a

41, increase; |, decrease.
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Furthermore, the production of IFN-y, IL-2, and TNF-a by
CD8' T cells was decreased in the presence of ExoPD-L1
derived from melanoma, breast cancer, NSCLC, and prostate
cancer (Chen G. et al., 2018; Yang et al, 2018; Kim et al,
2019; Poggio et al.,, 2019; Cordonnier et al., 2020). In addition,
ExoPD-L1 shuts down the expression of activation markers
on CD4" and CD8' T cells, including CD69, CD25, and
PD-1 (Ricklefs et al., 2018; Fan et al, 2019; Cordonnier
et al., 2020). Pretreatment with anti-PD-1 antibodies or PD-L1
knockdown constructs significantly diminished the suppression
of T cell activation mediated by ExoPD-L1 (Chen G. et al,
2018; Ricklefs et al., 2018; Theodoraki et al., 2018b; Yang
et al, 2018; Fan et al, 2019; Kim et al, 2019). Importantly,
exosomes from plasma of patients with NSCLC and headneck
squamous cell carcinoma (HNSCC) display modulatory effects
on T cells (Theodoraki et al., 2018a; Kim et al., 2019).
Remarkably, ExoPD-L1 from tumors is not only as efficient
as cellular PD-L1, but also stronger than soluble PD-L1 in
suppressing T cell activation because of the high stability
of ExoPD-L1 and MHC-I expression (Fan et al, 2019
Cordonnier et al., 2020).

Recent studies showed that exosomes derived from human
melanoma and NSCLC significantly reduced the Ki-67 expression
of T cells and CD8" T cells, which is restored in the presence
anti-PD-1 blocking antibodies (Chen G. et al., 2018; Cordonnier
et al., 2020). Additionally, exosomes from human glioblastoma
culture block both CD8" and CD4™ T cell proliferation (Ricklefs
et al.,, 2018). Notably, ExoPD-L1 from NSCLC and HNSCC cells
induced apoptosis in CD8" T cells and the amount of CD8" T
cells decreased in a dose-dependent manner (Theodoraki et al.,
2018a; Kim et al., 2019). Overall, tumor-derived ExoPD-L1 is
able to suppress the proliferation and survival of T cells, which
contributes to T cell dysfunction (Li et al., 2019b; Xia et al., 2019).

The cytotoxicity of functional effector T cells is responsible for
killing cancer cells and eradicating tumors. Exosomes secreted
from melanoma and NSCLC cells that express endogenous PD-
L1 inhibit the expression of granzyme B (GzmB) from human
peripheral and mouse splenic CD8% T cells activated by TCR
stimulation (Chen G. et al., 2018). Pretreatment with exosomes
from tumors, such as melanoma and breast cancer, significantly
inhibited the cytotoxic T cell-mediated tumor killing, which
could be counteracted by anti-PD-L1 antibodies (Chen G.
et al., 2018; Yang et al., 2018; Kim et al., 2019). Thus, tumor-
derived ExoPD-L1 is capable of inhibiting T cell function by
modulating the proliferative capacity and effector function of T
cells (Table 2).

Together, ExoPD-L1 secreted from tumor cells is able
to mediate immunosuppression in vitro. The expression of
inhibitory receptors is also a characteristic of T cell dysfunction,
except for low proliferation and loss of effector function (Xia
et al, 2019). Therefore, in addition to PD-1, the impact of
ExoPD-L1 on other T cell inhibitory receptors should be
investigated, including T cell immunoglobulin domain and
mucin domain-3 (TIM-3), cytotoxic T lymphocyte antigen
4 (CTLA-4), lymphocyte activation gene 3 (LAG-3), T cell
immunoreceptor with Ig and ITIM domains (TIGIT) (Anderson
etal., 2016; Andrews et al., 2019; Wolf et al., 2019).

The Immunoinhibitory Effects of

ExoPD-L1 in Mouse Tumor Models

Insight into the immunosuppressive effects of ExoPD-L1 in vivo
is beneficial to understanding the mechanisms of tumor immune
escape. Recent studies have shown that ExoPD-L1 released by
tumor cells induces immunosuppressive activities at tumor sites
in a paracrine-dependent manner (Chen G. et al.,, 2018; Yang
et al,, 2018; Kim et al., 2019). Additionally, exosomes can enter
blood and circulate systemically, which may help ExoPD-L1
to function at distant sites in a manner similar to endocrine
molecules (Figure 1; Seo et al., 2018; Wortzel et al., 2019).

Decreased Frequencies and Activities of TILs

A significant reduction in the number of CD8" TILs was
observed in melanoma tumors of C57BL/6 mice after 24 days of
an injection with PD-L1-containing exosomes (Chen G. et al,
2018). Moreover, the frequency of Ki67T"PD-17CD8' T cells
in the tumor microenvironment decreased significantly, which
was reversed by anti-PD-L1 antibodies (Chen G. et al., 2018).
There was also a significant loss of CD8™ TILs in the tumor area
of NSCLC after an intravenous injection of PD-L1-containing
exosomes in mice after 14 days (Kim et al., 2019). Furthermore,
PD-L1-containing exosomes reduce cytotoxic T cell activity, as
assessed by GzmB expression, in the tumor microenvironment
(Yang et al., 2018). Collectively, these results suggest that ExoPD-
L1 plays a key role in induction of immune escape in tumor
microenvironment (Figure 1).

Suppression of T Cell Function in the Draining Lymph
Node

It is clear that exosomes are important communicators between
tumors and immune cells and they exert modulatory effects
on the systemic immune response (Hood et al., 2011; Groot
Kormelink et al., 2018; Czystowska-Kuzmicz et al., 2019; Sheehan
and D’Souza-Schorey, 2019). Recent studies reported that PD-L1-
deletion significantly increases the number, proliferation (Ki67),
and effector function (GzmB) of CD8* T cells, while decreasing
the exhaustion (TIM-3) of CD8" T cells in the draining lymph
node of mice injected with TRAMP-C2 prostate cancer cells
(Poggio et al, 2019). Meanwhile, similar to PD-LI-deletion,
Rab27a-deletion, which inhibits the biogenesis of exosomes, has
a promotional effect on the frequency and activity of CD8" T
cells (Poggio et al., 2019). More importantly, the administration
of exogenous exosomes derived from wild-type (Newton et al.,
2016) prostate cancer cells leads to immunosuppression in the
draining lymph node, as evidenced by a reduced number and
effector function, and increased exhaustion of CD8' T cells of
mice injected with Rab27a-deleted prostate cancer cells (Poggio
et al., 2019). Moreover, the administration of WT melanoma
cell-derived exosomes significantly reduced the proportion of
Ki67+tPD-17CD8™ T cells in the draining lymph node of mice
injected with the PD-LI1-deleted melanoma cells, which was
counteracted by anti-PD-L1 antibodies (Chen G. et al., 2018).
Thus, these findings indicate that tumor-derived ExoPD-LI is
capable of patrolling the draining lymph node and regulating T
cell activation (Figure 1).
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FIGURE 1 | The mechanisms by which tumor ExoPD-L1 induce immunosuppression. (A) ExoPD-L1 originating from tumor cells induces T cell dysfunction in the
tumor microenvironment by directly ligating to PD-1 on T cells as well as stationing on PD-L1-negative tumor cells, while its immunoregulatory effect remains intact.
ExoPD-L1 also migrates to macrophages and dendritic cells, but the potential effects remain unknown. (B) ExoPD-L1 is able to leave tumor foci and enter the
draining lymph node to mediate T cell suppression. (C) ExoPD-L1 can enter and circulate in the blood. (D) ExoPD-L1 inhibits the immune response in spleen and

Reduction of Spleen Size and T Cell Proliferation in
Spleen

In addition to inducing immune suppression in the draining
lymph node, ExoPD-L1 can inhibit the immune response in the
spleen. Recent studies reported that PD-L1-deletion significantly
increases the spleen size of mice injected with TRAMP-C2
prostate cancer cells (Poggio et al., 2019). Meanwhile, Rab27a-
deletion also increases the spleen size of mice injected with
prostate cancer cells. Notably, intravenous injection of exogenous
exosomes derived from WT prostate cancer cells resulted in
decreased spleen size of mice injected with Rab27a-deleted
prostate cancer cells to nearly 50% (Poggio et al, 2019). In
addition, administration of WT melanoma B16-F10 cell-derived
exosomes significantly reduced the proportion of Ki67"PD-
1TCD8" T cells in murine spleen injected with the PD-L1-
deleted melanoma cells. This effect could be counteracted by
anti-PD-L1 antibody treatment (Chen G. et al., 2018). Thus,

ExoPD-L1 secreted by tumor cells can enter into the circulation
to inhibit the antitumor immunity systemically (Figure 1).

Promotion of Tumor Growth Across Different Tumor
Types in an Immune-Dependent Manner

It has been shown that ExoPD-L1 derived from tumor cells
promotes tumor growth in vivo, including cancers of the breast
and prostate, colorectal cancer, melanoma, and NSCLC (Chen G.
etal., 2018; Yang et al., 2018; Kim et al., 2019; Poggio et al., 2019).
PD-L1 knockout leads to substantial tumor regression or even
failure to grow, however, this was reversed by local or intravenous
injection of exosomes derived from WT tumor cells (Chen G.
et al, 2018; Yang et al., 2018; Poggio et al, 2019). Different
from PD-L1 deletion, which downregulates the transcripts of PD-
L1 mRNA, genetic deletion of Rab27a or nSMase2 reduces the
production of ExoPD-L1 via inhibition of exosome biogenesis.
In vitro studies showed that blockade of Rab27a or nSMase2
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does not change cell proliferation in prostate cancer, colorectal
cancer, or breast cancer, indicating that blockade of exosome
biogenesis itself does not cause the suppression of tumor growth
(Yang et al., 2018; Poggio et al., 2019). However, deletion of
either Rab27a or nSMase2 significantly inhibits tumor growth in
mice, including that of breast, prostate, and colorectal cancers
(Yang et al., 2018; Poggio et al, 2019). These findings reveal
that the inhibition of exosome biogenesis or PD-L1 deletion
results in a similar suppressive effect on tumor growth. In
addition, prostate and breast cancer cells experiencing a blockade
of Rab27a, nSMase2 or PD-L1 failed to grow in WT mice,
but grow rapidly in immunodeficient mice (Yang et al., 2018;
Poggio et al., 2019). Collectively, ExoPD-L1 promotes tumor
growth that is dependent on the inhibition of the antitumor
immune response.

ExoPD-L1 Contributes to the Immune

Suppression in Tumor Patients
It has been observed that circulating ExoPD-L1 level is positively
associated with its ability to suppress the activation of CD8% T
cells in HNSCC patients (Theodoraki et al., 2018b). Additionally,
in metastatic gastric tumor patients, the levels of plasma
ExoPD-L1 are negatively associated with CD4% and CD8" T
cell counts as well as the cytotoxicity of T cells (Fan et al,
2019). These findings indicate that ExoPD-L1 contributes to
immunosuppression by inducing T-cell dysfunction, suggesting
that ExoPD-L1 might promote the disease progression of tumor
patients (Theodoraki et al., 2018b; Fan et al., 2019).

Collectively, tumor ExoPD-L1 plays a pivotal part in
mediating local and systemic immunosuppression in mouse
models and tumor patients.

POTENTIAL CLINICAL IMPLICATION OF
CIRCULATING ExoPD-L1 AS A
BIOMARKER FOR TUMOR DIAGNOSIS,
DISEASE PROGRESSION, AND
IMMUNOTHERAPY RESPONSE

Tumor immunotherapy requires biomarkers for predicting
disease progression, prognosis, clinical response, and the
selection of suitable patients (Buder-Bakhaya and Hassel, 2018;
Zhang et al., 2019). Tumor cell PD-L1 has been considered a
predictor for response to immunotherapy in the clinic (Patel and
Kurzrock, 2015; Aguiar et al., 2017; Lin et al, 2018; Li et al,
2019¢). However, there are pitfalls of using cellular PD-L1 such as
traumatic biopsy, missing small tumors, heterogeneity of PD-L1
expression within tumors, unavailability of dynamic observation,
and limited sensitivity (Kaunitz et al., 2017; Bassanelli et al.,
2018; Teixido et al., 2018; Davis and Patel, 2019; Stovgaard et al.,
2019; Xu G. et al,, 2019). Recent studies indicate that circulating
ExoPD-L1 is emerging as a non-invasive and readily available
biomarker, and is more easily detectable and reliable than both
tissue and soluble PD-L1 in plasma (Liu et al., 2018b; Cordonnier
et al.,, 2020; Huang et al., 2020; Pang et al., 2020).

ExoPD-L1 as a Biomarker for Diagnosis

and Disease Progression

Tumor-derived exosomes can be enriched from small volumes of
patient plasma and are considered to be a potential biomarker
based on liquid biopsy (Crow et al., 2019; Johnsen et al., 2019;
Xie C. et al., 2019; Yekula et al., 2019, 2020; Brennan et al.,
2020). The number and the protein content of exosomes in
the blood of breast cancer patients are higher compared with
those of healthy subjects and the increased exosome numbers
positively correlates with tumor growth (Hesari et al., 2018).
However, in melanoma, the level of ExoPD-L1 in the blood,
rather than the number and total protein content of exosomes,
is elevated in metastatic melanoma patients compared with
healthy subjects (Chen G. et al., 2018). Furthermore, patients
with NSCLC and adenocarcinoma also exhibit higher levels of
circulating ExoPD-L1 compared with healthy controls (Liu et al.,
2018b; Li et al., 2019a; Huang et al.,, 2020; Pang et al., 2020).
Therefore, circulating ExoPD-L1 may be a potential diagnostic
marker. In addition, high levels of circulating ExoPD-L1 were
associated with metastatic melanoma, advanced HNSCC, and
poor prognosis in pancreatic cancer, further indicating that
circulating ExoPD-L1 may be a useful biomarker for tumor
progression (Theodoraki et al.,, 2018a; Lux et al., 2019; Huang
et al., 2020).

Soluble PD-L1 in plasma is also considered as a potential
diagnostic and predictive biomarker for tumor recurrence and
prognosis (Chatterjee et al., 2017; Okuma et al., 2017; Zhou
et al, 2017; Chang et al., 2019; Shigemori et al., 2019; Liu S.
et al.,, 2020). However, the levels of soluble PD-L1 were not
different between NSCLC patients and healthy donors (Li et al.,
2019a). Moreover, soluble PD-L1 did not correlate with disease
progression in patients with metastatic gastric cancer, HNSCC,
or NSCLC (Liu et al., 2018b; Fan et al., 2019; Li et al., 2019a; Pang
et al,, 2020). On the contrary, circulating ExoPD-L1 in plasma is
an independent biomarker to predict poor prognosis in patients
with metastatic gastric cancer (Fan et al., 2019). Furthermore,
the levels of ExoPD-L1 correlated with the disease progression of
patients with HNSCC and NSCLC, including tumor size, lymph
node status, metastasis, and clinical stage (Theodoraki et al.,
2018a,b; Li et al., 2019a).

Exosomal PD-L1 DNA is present in exosomes isolated from
the plasma of glioblastoma patients (Ricklefs et al, 2018).
The amount of ExoPD-L1 DNA from glioblastoma patients is
associated with tumor volume, although the function of PD-L1
DNA remains unknown (Ricklefs et al., 2018; Lazaro-Ibanez et al.,
2019). Together, liquid biopsy analysis of ExoPD-L1 protein and
DNA in blood may provide biomarkers for tumor diagnosis and
disease progression.

ExoPD-L1 as a Biomarker for Efficacy of
Anti-PD-1/PD-L1 Therapy

It is important to provide individualized precise treatment and to
predict tumor response to immunotherapy (Madore et al., 2015;
Kaunitz et al., 2017; Sui et al., 2018; Liu and Wu, 2019). To fulfill
the need for real-time monitoring, the analysis of liquid biopsy-
based circulating biomarkers is preferred (Nishino et al., 2013;
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Ando et al, 2019; Gregg et al, 2019; Kloten et al., 2019;
Tang et al,, 2020). Recent studies demonstrated that melanoma
patients who were less responsive to anti-PD-1 blockade had
a significantly higher level of circulating ExoPD-L1 prior to
treatment as compared with responders (Chen G. et al., 2018).
In addition, the increasing magnitude of circulating ExoPD-
L1 in melanoma patients during early treatment periods can
distinguish clinical responders from non-responders (Chen G.
et al, 2018). Moreover, a prospective study on melanoma
indicated that monitoring the levels of circulating ExoPD-
L1 may be helpful to predict therapeutic efficacy and clinical
outcome (Cordonnier et al., 2020). Additionally, compared with
patients exhibiting recurrence, patients who did not relapse
had higher levels of tumor-enriched CD3- ExoPD-L1 prior
to therapy, which significantly decreased after five weeks of
therapy (Theodoraki et al., 2018a, 2019). In contrast, tumor-
enriched ExoPD-L1 levels increased at week five of therapy,
whereas the CD3" ExoPD-LI levels decreased in patients with
recurrence (Theodoraki et al., 2019). Thus, studying on the role
of ExoPD-L1 derived from immune cells and tumor cells as
biomarkers for tumor patients will be necessary. Interestingly,
ExoPD-L1 mRNA can also be sequestered in exosomes of
patient plasma in melanoma and NSCLC, and associated
with response to anti-PD-1 inhibitors (Del Re et al., 2018;
Zhao Z. et al., 2019).

Collectively, ExoPD-L1, including PD-L1 protein, DNA and
mRNA, has the potential to become reliable biomarkers for
immunotherapy. This is an effective complement to tumor PD-
L1 and soluble PD-L1 to identify patients who may benefit
from immunotherapy and to dynamically monitor therapeutic
response (Chen G. et al, 2018; Theodoraki et al, 2019
Cordonnier et al., 2020; Daassi et al., 2020).

The regulation of PD-L1 expression is highly intricate and has
been extensively addressed at transcriptional, posttranscriptional,
translational, and posttranslational levels (Sun et al., 2018; Zerdes
et al, 2018; Cha et al, 2019; Xu Y. et al, 2019; Fu et al,
2020; Han et al, 2020; Ju et al, 2020). Notably, soluble PD-
L1 may be generated from ectodomain shedding mediated by
either matrix metalloproteinases (MMPs) or a disintegrin and
metalloproteases (ADAMs). Additionally, soluble PD-L1 may be
produced by alternative splice variants omitting transmembrane
domain (Dezutter-Dambuyant et al., 2016; Hira-Miyazawa et al.,
2018; Aguirre et al, 2020; Orme et al., 2020; Romero et al,
2020). Although soluble PD-L1 is found in human serum and
is regarded as a liquid biopsy predictor, whether soluble PD-
L1 can deliver a regulatory signal through PD-1 remains elusive
(Gu et al., 2018; Takeuchi et al., 2018; Abu Hejleh et al., 2019;
Asanuma et al., 2020). Some studies reported that soluble PD-
L1 inhibits T cell activation, while others suggested that soluble
PD-L1 is likely to increase immune response by proteolytic
reducing the amount of membrane-bound PD-L1 on both cell
surface and exosome or by competing with membrane-bound
PD-L1 for PD-1 binding (Dezutter-Dambuyant et al., 2016; Hira-
Miyazawa et al., 2018; Aguirre et al., 2020; Romero et al., 2020).
Furthermore, it is demonstrated that soluble PD-L1 produced by
CD274-L2A splice variant lacks suppressive activity and functions
as a PD-1 antagonist, suggesting the possibility that soluble

PD-L1 might limit the immunoinhibitory effects of ExoPD-L1
(Wan et al., 2006; Steidl et al., 2011; Ng et al., 2019).

Additionally, PD-L2 is also expressed on tumor cells and
involved in antitumor immune suppression (Latchman et al,
2001; Taube et al.,, 2014; Yearley et al.,, 2017; Larsen et al., 2019;
Liao et al,, 2019; Tanegashima et al., 2019; Nakayama et al,
2020). Moreover, PD-L2 not only possesses higher affinity for
PD-1 than PD-L1 does but also may be highly coexpressed
with PD-LI in tumor cells and tissues (Youngnak et al., 2003;
Cheng et al., 2013; Morales-Betanzos et al., 2017; Tang and
Kim, 2019; Furuse et al., 2020; Wolkow et al., 2020). It is
worth mentioning that proteolytic degradation or alternative
splice variants also produce soluble PD-L2, which may be a
complementary biomarker (He et al, 2004; Dai et al., 2014;
Fukasawa et al., 2017; Costantini et al., 2018; Buderath et al.,
2019; Wang Q. et al., 2019). Recently, a pilot study found PD-L2-
expressing EVs in a murine sepsis model (Kawamoto et al., 2019).
Moreover, sepsis patients displayed higher PD-L2 expression on
EVs compared with healthy subjects (Kawamoto et al., 2019).
Additionally, reduced exosomal PD-L2 was observed in IL-10-
treated murine dendritic cells (Ruffner et al., 2009). However, it is
unclear whether tumor cells are able to release exosomal PD-L2,
and the function and regulation of exosomal PD-L2 in antitumor
immunity are unexplored and worthy of further investigations
(Solinas et al., 2020).

POTENTIAL METHODS FOR THE
DETECTION OF CIRCULATING
ExoPD-L1 IN CLINICAL SAMPLES

A quick, simple, and sensitive assay is a prerequisite for a point-
of-care test for ExoPD-L1 as a clinical biomarker. However, due
to the small size and high heterogeneity of exosomes, the methods
used most widely to detect ExoPD-L1 from tumor patients
required ultracentrifugation and ELISA (Table 3). Therefore,
low efficiency and sensitivity are two bottlenecks to the classic
detection of ExoPD-L1 in the clinic (Liu et al., 2017; Yang et al.,
2017). Efforts have been made to improve the sensitivity of the
ELISA-based methods for detecting low levels of ExoPD-L1 (Liu
et al.,, 2018a,b; Huang et al., 2020).

Ultracentrifugation-Based Methods

Recently, a homogeneous, low-volume, efficient, and sensitive
ExoPD-L1 (HOLMES-ExoPD-L1) quantitation method has
been developed (Huang et al,, 2020). The HOLMES-ExoPD-
L1 method combining PD-L1 aptamer with separation-free
thermophoresis exhibits higher sensitivity and is more rapid than
the classic ELISA-based methods (Lee et al., 2019; Huang et al,,
2020). To completely surmount the disadvantages of ELISA, a
nanoplasmonic exosome (nPLEX) assay has been established,
which involves modified surface plasmon resonance (Enderle
et al., 2015) with a compact SPR biosensor (Liu et al., 2018b).
Notably, the nPLEX assay is able to detect ExoPD-L1 in 50 pl
serum samples in real-time, which is undetectable by ELISA
(Table 3; Liu et al., 2018b).
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TABLE 3 | Comparison of methods for detecting ExoPD-L1 in clinical samples.

Method Instrument Sample Exosome isolation Heterogeneous Detection References
volume (pl) reaction system limitation

ELISA Microplate reader 1000 Ultracentrifugation Yes 200 pg/ml  Chen G. et al., 2018; Liu et al., 2018b;
Theodoraki et al., 2018a,b, 2019; Fan et al.,
2019; Li et al., 2019a; Lux et al., 2019;
Cordonnier et al., 2020; Huang et al., 2020

HOLMES-Exo-PD-L1 Flow cytometer 1000 Ultracentrifugation No 17.6 pg/ml  Huang et al., 2020

NPLEX assay Compact SPR biosensor 50 Ultracentrifugation No Not given  Liuetal., 2018b

SERS immunoassay Raman spectrometer 4 Fez04@TiO» No 1PD-L1t  Pang et al., 2020

magnetic nanobeads exosome/pl

ELISA, enzyme linked immunosorbent assay; HOLMES-ExoPD-L1, homogeneous, low-volume, efficient, and sensitive ExoPD-L1; nPLEX, nanoplasmonic exosome, SPR,

surface plasmon resonance; SERS, surface-enhanced Raman scattering.

Ultracentrifugation-Free Method

The methods described above are ultracentrifugation-based,
time-consuming and yield low recovery (Momen-Heravi et al.,
2013; Lobb et al., 2015). More recently, a quick and precise
method for detecting ExoPD-L1 directly from clinical samples
has been set up by coupling Fe3O4@TiO, isolation with a surface-
enhanced Raman scattering (SERS) immunoassay (Pang et al.,
2020). Although it takes less than 40 min to complete the entire
procedure, the separation efficiency for exosomes is 96.5% and
the detection limit is one PD-L1" exosome per microliter (Pang
et al.,, 2020). Moreover, the number of ExoPD-L1 molecules in
four pl of a patients serum is precisely quantified using this
method (Pang et al., 2020). Overall, along with the advancement
of novel technologies, there should have more methods in
development. It should be noted that it is necessary to validate
these methods in large cohorts before routinely using ExoPD-L1
as a clinical biomarker (Table 3).

POTENTIAL STRATEGIES TARGETING
ExoPD-L1 FOR ANTITUMOR THERAPY

Antibody blockade of PD-L1 is able to trigger an antitumor
immune response, bringing about a persistent remission in a
fraction of tumor patients. Recent studies have shown that the
removal of ExoPD-L1 blocks tumor growth, even in mouse
models which are resistant to anti-PD-L1 antibody (Chen G.
et al, 2018; Yang et al, 2018; Kim et al, 2019; Poggio
et al,, 2019; Xie F. et al, 2019). This indicates that targeting
exosome biogenesis inhibition and PD-L1 deletion represents an
unexplored strategy for antitumor therapy.

Blockade of Exosome Biogenesis
Provides an Efficient Way to Overcome
Resistance to Anti-PD-L1 Antibody

Immune checkpoint inhibitors are effective against various
cancers, including melanoma, NSCLC, and renal cancer.
However, the overall response rate in patients treated with anti-
PD-1/PD-L1 antibodies is low (Page et al., 2014). In some tumor
types, such as prostate cancer, the number of responders is very
limited (Goswami et al., 2016; Sharma et al., 2017). However,

genetic deletion of PD-L1 in TRAMP-C2 prostate cancer cells,
which causes a reduction of both cell-surface PD-L1 and ExoPD-
L1, strikingly prevents anti-PD-L1 antibody resistant tumor to
grow in mice (Foster et al., 1997; Poggio et al., 2019). More
importantly, the prostate cancer cells were also unable to grow in
mice when Rab27a or aSNase2 was deleted by the CRISPR/Cas9
technique, leading to a blockade of exosome biogenesis (Poggio
et al., 2019). Thus, targeting the process of exosome biogenesis
may yield new approaches to overcoming tumor resistance to
anti-PD-L1 antibodies.

The biogenesis of ExoPD-L1 is a complicated process
involving multiple molecules that impact the production of
ExoPD-L1 in different ways (Chen G. et al., 2018; Monypenny
etal., 2018; Yang et al., 2018; Poggio et al., 2019). The endosomal
sorting complex required for transport complex (ESCRT) is a
key mediator of MVB biogenesis (Henne et al., 2011; Matusek
et al,, 2014; Olmos and Carlton, 2016; Schoneberg et al., 2017;
Furthauer, 2018). Hepatocyte growth factor-regulated tyrosine
kinase substrate (HRS) is a subunit of ESCRT that mediates the
recognition and sorting of exosomal cargos (Schmidt and Teis,
2012). Genetic deletion of HRS leads to a decrease in ExoPD-L1
levels but an increase in cellular PD-L1 levels. The effect of HRS
blockade on tumor growth remains unknown (Chen G. et al,
2018). Apoptosis-linked gene 2-interacting protein X (ALIX),
an ESCRT accessory protein, is a critical regulator potentially
involved in the redistribution of PD-L1 between exosomes
and cell-surface membranes (Baietti et al., 2012; Hurley and
Odorizzi, 2012; Bissig and Gruenberg, 2014; Christ et al., 2017;
Monypenny et al., 2018; Skowyra et al., 2018; Szymanska et al.,
2018). Similar to nSMase2 or Rab27a deletion, ALIX knockdown
also leads to a significant decrease in ExoPD-L1 production in
breast cancer (Monypenny et al., 2018). However, in contrast to
Rab27a or nSMase2 deletion, ALIX knockdown promotes, but
does not suppress the tumor growth (Monypenny et al., 2018).
The differential effects of these genetic deletions on cell-surface
PD-L1 expression contribute to their different effects on tumor
growth. Deletion of nSMase2 leads to a reduction in the levels of
both cellular PD-L1 and ExoPD-L1 protein by downregulating
the transcription of the PD-L1 gene (Poggio et al, 2019).
Meanwhile, Rab27a deletion does not change cell-surface PD-
L1 levels but causes a greater inhibition in exosome production
compared with nSMase2 deletion (Poggio et al., 2019). Therefore,
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deletion of either nSMase2 or Rab27a completely inhibits
tumor growth (Yang et al, 2018; Poggio et al, 2019). In
contrast, ALIX knockdown leads to a significant increase in cell-
surface PD-L1 on breast cancer cells, and thereby increases the
aggressiveness of tumors (Monypenny et al., 2018). Collectively,
the distribution of PD-L1 between exosomes and cell surfaces
is pivotal for the efficacy of immunotherapy. Both ExoPD-L1
and cell-surface PD-L1 should be the focus of future therapeutic
strategies (Figure 2).

Combination of Exosome Biogenesis
Inhibition With Anti-PD-L1 Antibody

Enhances Immunotherapy Efficacy

It is a concern that the antitumor effect of removing ExoPD-L1 is
not limited to the anti-PD-L1 resistant model of prostate cancer.
Both Rab27a depletion and an nSMase2 inhibitor (GW4869)
significantly inhibit the growth of breast cancer derived from 4T1

cells in mice, which is a drug-resistant model for breast cancer
(Pulaski and Ostrand-Rosenberg, 2001; Lasso et al., 2019). These
findings indicate that the blockade of exosome secretion is an
effective tool to disrupt the growth of various tumors (Grasselly
et al.,, 2018; Yang et al., 2018). Importantly, Rab27a knockdown
and nSMase2 inhibition are more potent suppressors of breast
cancer growth compared with anti-PD-L1 antibody treatment
(Yang et al., 2018). More importantly, blocking either Rab27a or
sMSase2 markedly enhances the therapeutic effectiveness of anti-
PD-L1 antibody for the inhibition of breast cancer growth (Yang
etal., 2018). Thus, combining exosome biogenesis inhibition with
anti-PD-L1 antibody may be more potent for tumor suppression.

Rab27a knockout suppressed colorectal cancer growth and
extended survival in MC38 mice, which is a colorectal cancer
model exhibiting a partial response to anti-PD-L1 therapy (Deng
et al, 2014; Poggio et al, 2019). In contrast to the resistant
TRAMP-C2 prostate cancer model, either Rab27a knockout
or anti-PD-L1 antibody blockade exhibited less of an effect
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FIGURE 2 | Potential targets for antitumor therapy in ExoPD-L1 biogenesis pathways. Multiple molecules, including Rab27a, nSMase2, ALIX, and HRS, participate
in the complex processes of ExoPD-L1 biogenesis, which originates from the cell surface rather than from the ER or Golgi apparatus. Deletion of Rab27a decreases
ExoPD-L1, but does not alter cell-surface PD-L1 levels. Deletion of nSMase2 reduces the levels of both cellular PD-L1 and ExoPD-L1 protein. Rab27a deletion
causes a greater inhibition in exosome production compared with nNSMase2 deletion, while nSMase?2 deletion leads to a greater inhibition of ExoPD-L1 production
compared with Rab27a deletion. GW4869, an inhibitor of nNSMase2, inhibits ExoPD-L1 generation, but does not increase cellular PD-L1 levels. Knockdown of ALIX,
which redistributes PD-L1 between the cell-surface and exosomes, results in a reduction of ExoPD-L1 production but an increase in cell-surface PD-L1. Blockade of
Rab27a or nSMase? results in suppression, whereas ALIX knockdown promotes tumor growth. Knockdown of HRS, an ESCRT-0 subunit, confers a decrease in
ExoPD-L1 levels but an increase in cellular PD-L1 levels. The effects of HRS knockdown on the cell-surface PD-L1 levels and tumor growth remain unknown.
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on the MC38 colorectal cancer growth compared with PD-L1
genetic deletion (Poggio et al., 2019). However, the combination
of exosome deletion with anti-PD-L1 antibody lengthened the
lifespan of mice burdened with colorectal cancer to an extent
similar to that of PD-L1 deletion (Poggio et al.,, 2019). Hence,
ExoPD-L1 appears to impose an additional, but not redundant
impact compared with anti-PD-L1 antibody on the suppression
of tumor growth (Chen G. et al, 2018; Poggio et al., 2019).
In addition, combined genetic deletion of Rab27a and PD-
L1 showed a similar inhibition of tumor growth as compared
with PD-L1 deletion, demonstrating that the inhibitory effect of
exosomes on colorectal cancer growth occurs mainly through
the deletion of ExoPD-L1 (Poggio et al, 2019). Thus, the
combination of inhibitors targeting exosome secretion with anti-
PD-L1 blockade targeting cell-surface PD-L1 may be a promising
strategy to effectively suppress tumor growth in the clinic (Yang
et al,, 2018; Poggio et al., 2019).

ExoPD-L1-Deficient Tumor Cells Induce
Abscopal Effect and Antitumor Immune
Memory

The abscopal effect refers to that treatment of a local tumor leads
to the regression of distant tumors (Postow et al., 2012; Demaria
and Formenti, 2020; Fionda et al., 2020; Mondini et al., 2020).

This represents a promising therapeutic strategy for tumors and
has drawn increased attention (Liu et al., 2018; Ngwa et al.,
2018; Rodriguez-Ruiz et al., 2018; Choi et al., 2020). Interestingly,
blocking ExoPD-L1 suppresses the growth of not only the local
tumor, but also tumors at a distant site (Poggio et al., 2019).
In the TRAMP-C2 mouse prostate cancer model, mutant cancer
cells devoid of Rab27a, nSMase2, or PD-L1 expression completely
failed to grow (Chen G. et al.,, 2018; Yang et al., 2018; Poggio
et al., 2019). Surprisingly, the growth of WT tumor cells was
reduced dramatically when the above mutant cells were injected
simultaneously in the opposite sides of mice (Poggio et al., 2019).
This indicates that ExoPD-L1-deficient tumor cells induce an
abscopal effect on tumor growth (Poggio et al., 2019). On the
contrary, WT cells had little or no effect on the growth of the
mutant cells (Poggio et al., 2019). Furthermore, the numbers
and activities of TILs in WT tumors in mice coinjected with
ExoPD-L1-deleted mutant cells were significantly increased in
comparison with the mice injected with WT cells alone (Poggio
et al., 2019). Thereby, local anti-ExoPD-L1 treatment is able to
induce a durable immune response to suppress the growth of
tumors at distant sites (Figure 3).

Additionally, in the prostate cancer model, the mice injected
with mutant cells deleted of PD-L1, Rab27a, or nSMase2 survived
more than 90 days, whereas the mice injected with WT cells died
soon or had to be euthanized because of tumors greater than
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FIGURE 3 | The abscopal effect and antitumor immune memory induced by ExoPD-L1-deficient tumor cells. Tumor cells with ExoPD-L1 deletion are generated by
genetic mutation of Rab27a, nSMase2, or PD-L1. The growth of PD-L1-positive tumors at a distant site is inhibited when ExoPD-L1-deleted tumor cells are
coinjected simultaneously. In addition, the growth of PD-L1-positive tumors injected secondarily 92 days later is also suppressed.
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2 cm in diameter (Poggio et al., 2019). At 92 days after primary
injection with mutant cells, surviving mice were reinjected
with WT cells on the opposite flank. Interestingly, the WT
prostate cancer cells were unable to grow in the mice that were
preinjected with mutant cells (Poggio et al., 2019). In contrast,
they grew normally in mice that were not preinjected with mutant
cells (Poggio et al, 2019). Therefore, local import of tumor
cells lacking of ExoPD-L1 induced a strong antitumor memory
response against secondarily challenged tumor cells that secrete
ExoPD-L1 (Poggio et al., 2019). In summary, the anti-ExoPD-
L1 therapy that targets the tumor at one site may be of clinical
significance due to the triggering of a systemic and durable
immune response against tumors at multiple sites or challenged
secondarily (Figure 3).

Currently, a dozen of small molecules have been recognized
as exosome inhibitors (Luberto et al., 2002; Johnson et al., 2016;
Catalano and O’Driscoll, 2020). GW4869 and Nexinhib-20 are
inhibitors of nSMase2 and Rab27a, respectively (Luberto et al.,
2002; Johnson et al., 2016). Moreover, Yang et al. reported that
GW4869 inhibited exosome secretion of MDA-MB-231 human
breast tumor cells in vitro and 4T1 mouse mammary tumor
cells in vitro and in vivo (Yang et al., 2018). However, neither
GW4869 nor Nexinhib-20 are able to inhibit exosome release
in other tumor cell lines (Phuyal et al., 2014), although genetic
deletion of either nSMase2 or Rab27a leads to tremendous
loss of exosome secretion (Poggio et al., 2019). It has been
established that exosomes participate in a variety of physiological
processes and can be released from a variety of cell types
(Colombo et al., 2014; Lo Cicero et al., 2015; van Niel et al.,
2018; Catalano and O’Driscoll, 2020). It is likely that exosome
inhibitors might interfere with normal cell functions by affecting
the exosome release from healthy cells (Kalluri, 2016; Hessvik and
Llorente, 2018; van Niel et al., 2018; Catalano and O’Driscoll,
2020; Hassanpour et al., 2020). Thus, it should be noted that
exploitation of exosome inhibitors for tumor immunotherapy
should be conducted with caution due to the potential adverse
effects on healthy tissues (Dinkins et al., 2014). In addition,
similar to immune checkpoint inhibitors, the restoration of T cell
activation mediated by ExoPD-L1 blockade is non-specific and
may result in immune-related adverse events (Cuzzubbo et al.,
2017; Wanchoo et al., 2017; Barroso-Sousa et al., 2018; Myers,
2018; Sandigursky and Mor, 2018; Sibaud, 2018; Varricchi et al,,
2018; Fan et al.,, 2020; Gauci et al., 2020; Liu T. et al., 2020;
Ueki et al.,, 2020; Williams et al., 2020). Collectively, exosome
inhibitors that selectively target cancer cells need to be developed
to maximize the antitumor immune responses and minimize the
possible side effects of blocking ExoPD-L1 release (Nagai and
Muto, 2018; Weinmann and Pisetsky, 2019).

CONCLUDING REMARKS

Exosomal PD-L1 derived from tumors is able to suppress
antitumor immunity locally and systemically through ligation
of PD-1 on T cells, which facilitates immune escape and tumor
progression. Additionally, circulating ExoPD-L1 is emerging as
a liquid biopsy biomarker for diagnosis, prognosis, stratifying

eligible patients, and real-time monitoring of clinical response.
Furthermore, the therapeutic strategies targeting ExoPD-L1 are
potentially promising by inhibiting the biogenesis of PD-L1-
expressing exosomes, and inducing the abscopal effect and
antitumor memory response.

However, many issues remain to be resolved. First,
understanding the mechanism by which cytokines regulate
the biogenesis of ExoPD-L1 is needed. It has been reported
that IFN-y enhances ExoPD-L1 secretion by multiple tumors
(Chen G. et al,, 2018; Mimura et al., 2018; Monypenny et al,,
2018; Poggio et al,, 2019). Moreover, there is crosstalk between
IFN-y and epidermal growth factor in the regulation of the
distribution of ExoPD-L1 and cellular PD-LI in breast cancer
cells (Monypenny et al,, 2018). Recent studies have revealed
that both cell-surface PD-L1 and ExoPD-L1 play crucial roles
in immunosuppression, tumor progression, and response
to cancer immunotherapy (Zou et al., 2016; Chen G. et al,
2018; Theodoraki et al, 2018b; Fan et al, 2019; Kim et al,
2019; Xie F. et al, 2019; Cordonnier et al., 2020; Huang et al,,
2020; Tang et al, 2020). Nevertheless, the manner in which
inflammatory cytokines affect PD-L1 expression on tumor cells
and exosomes is still elusive (Akbay et al., 2013; Chen et al,,
2015, 2019; Wang X. et al, 2017; Li et al., 2018; Lin et al,
2020). Second, studies regarding the origin of the PD-L1 nucleic
acids in exosomes and their function in antitumor immunity
are required. PD-L1 mRNA and DNA are found in exosomes
derived from tumor cells in addition to PD-L1 protein (Del Re
et al., 2018; Lubin et al., 2018; Ricklefs et al., 2018). It has been
reported that RNA in cancer-derived exosomes is also relevant
to the local and systemic interaction of exosomes with target
cells (Skog et al., 2008; Matei et al., 2017; Yang et al., 2020).
However, little is known about the role that ExoPD-L1 nucleic
acids play, which should be addressed in the future. Third,
immune cells and other cells in the tumor microenvironment or
outside of the tumor also express PD-L1 and release exosomes.
Moreover, the PD-L1 expression on immune cells is differently
regulated and has an important impact on anticancer immunity
(Kowanetz et al.,, 2018). However, the dynamics of host cell-
derived ExoPD-L1 production and its potential function in
immunosuppression remain unclear (Chen S. et al, 2018;
Choo et al., 2018; Zhou et al., 2018; Carreras-Planella et al.,
2019; Hong et al., 2019; Lan et al., 2019; Wang X. et al,, 2019).
Recent studies of murine tumor models indicate that PD-L1
expressed on host cells rather than on tumor cells is the primary
target for immunotherapy, and determines the efficacy of the
PD-1/PD-L1 blockade (Lin et al, 2018; Tang et al., 2018).
Thereby, the immunoregulatory impact of ExoPD-L1 produced
by host cells, such as T and B cells, macrophages, dendritic cells,
epithelial cells, and mesenchymal stem cells, should be addressed.
Finally, determining the regulatory role of ExoPD-L1 on various
PD-1-expressing immune cells is of significant interest. In
addition to T cells, PD-1 is also expressed on natural killer cells,
macrophages, and dendritic cells, which are enriched in the
tumor microenvironment (Karyampudi et al, 2016; Gordon
et al., 2017; Hsu et al., 2018; Mariotti et al., 2019). Hence, the
effect mediated by ExoPD-L1 on a group of PD-1-positive
immune cells is a highly relevant issue in tumor immunology.
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We believe that a better understanding of the regulatory roles
of ExoPD-L1 in host resistance to immunotherapies will offer
novel therapeutic strategies for cancer patients in the future
(Shergold et al., 2019).
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Pancreatic cancers (PC) are highly metastatic with poor prognosis, mainly due to
delayed detection. We previously showed that PC-derived extracellular vesicles (EVs) act
on macrophages residing in the liver, eliciting extracellular matrix remodeling in this organ
and marked hepatic accumulation of CD11b™ bone marrow (BM) cells, which support
PC liver metastasis. We here show that PC-EVs also bind to CD11b™ BM cells and
induce the expansion of this cell population. Transcriptomic characterization of these
cells shows that PC-EVs upregulate IgG and IgA genes, which have been linked to the
presence of monocytes/macrophages in tumor microenvironments. We also report here
the transcriptional downregulation of genes linked to monocyte/macrophage activation,
trafficking, and expression of inflammatory molecules. Together, these results show for
the first time the existence of a PC-BM communication axis mediated by EVs with a
potential role in PC tumor microenvironments.

Keywords: tumor microenvironment, extracellular vesicles, macrophages, monocytes, metastasis, pancreatic
cancer, exosomes, cancer

INTRODUCTION

Pancreatic cancer is the fourth leading cause of cancer-related deaths in the world, displaying a
5-year survival rate of about 6% and a median survival rate of about 6 months. Among pancreatic
cancers, pancreatic ductal adenocarcinoma (PC) is the most common type and accounts for more
than 90% of cases (Saif, 2011). A combination of factors leads to the poor prognosis of PC,
including difficulties in detecting early stage disease, its high metastatic potential, and its resistance
to conventional therapies. Current predictions report a worldwide escalation in the incidence of
this disease and an over twofold increase in the number of new PC cases, as well as related deaths,
by 2030 (Ying et al., 2016; Foucher et al., 2018).
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Tumors do not exist as isolated entities, but as complex
systemic networks involving cell-cell communication between
transformed and non-transformed cells. The milieu created
by tumor-associated cells can be composed by both local
cells and cells recruited from distant sites, such as the bone
marrow (BM) (Bergfeld and DeClerck, 2010), creating a tumor
microenvironment thought to be a key modulator of tumor
progression by providing either inhibitory or stimulatory growth
signals (Bissell and Hines, 2011). In sites distant from the
primary tumor, non-tumor cells can also be hijacked in order
to prepare the future metastatic sites that support engraftment
and survival of metastatic cells (Bergfeld and DeClerck, 2010; Lee
and Margolin, 2011). Besides direct cell-to-cell communication,
secreted factors play a key role in the interaction among cells.
Of these, extracellular vesicles (EVs) have emerged as novel cell-
cell communication players in setting up and modifying tumor
microenvironments (Record et al., 2014; Maia et al., 2018).

Extracellular vesicles are vesicles released by both prokaryotic
and eukaryotic cells, being involved in various physiological and
pathological processes (Kalluri and LeBleu, 2020). Microvesicles
and exosomes are prevalent types of EVs in biofluids.
Microvesicles are generated by the direct outward budding of
the plasma membrane, and they range in size from ~100 to
1,000 nm (Stahl and Raposo, 2019). In contrast, exosomes have
an endosomal origin and fall within a size range of ~30 to
150 nm in diameter (Maia et al., 2018; Stahl and Raposo, 2019).
Regardless of their type, EVs can harbor biomolecules such as
proteins, DNAs, messenger RNAs, microRNAs, and other RNAs
(Nolte-’t Hoen et al., 2012). Due to their cargo and capacity to
transfer information both locally and to distant sites, consensus
has lately emerged on their role as “signal-transducing agents”
(Stahl and Raposo, 2019).

The role of EVs in oncology is currently an active area of
research. We have recently described a previously unknown
prometastatic circuit in which pancreatic cancer-derived EVs
can induce the formation of liver premetastatic niches (LPMN)
that foster metastatic development (Costa-Silva et al., 2015;
Hoshino et al., 2015). We demonstrated that EVs derived
from malignant pancreatic lesions play a key role in LPMN
initiation by being specifically taken up by Kupffer cells (KC)
in the liver, where they activate fibrotic pathways and promote
a pro-inflammatory milieu that ultimately supports metastasis.
In particular, we showed that exosomal macrophage migration
inhibitory factor (MIF) induces the release of transforming
growth factor B (TGF-B) by KCs, which, in turn, promotes
activation and fibronectin production by hepatic stellate cells.
Fibronectin deposits subsequently promote the arrest of CD11b™
BM-derived cells in the liver, completing the formation of the
LPMN (Costa-Silva et al., 2015). Although we showed that BM
cells are a key component of the LPMN, it is still unknown
whether PC-EVs have a potential direct effect in BM cells and in
their phenotypes.

Considering that virtually any cell in the body is a potential
target for these tumor-derived messages, the identification of
novel cellular circuits induced by tumor-derived EVs will help to
further elucidate the cellular mechanisms involved in oncologic
diseases. In this work, we show that PC-EVs preferentially bind

to CD11b™ BM cells and induce the expansion of this cell
population. Additionally, PC-EVs induce phenotypic changes in
CD11b™ BM cells with potential relevance to the dynamics of the
tumor microenvironments. Together, these results demonstrate
the existence of a PC-BM communication axis mediated by EV's
with a potential role in PC tumor microenvironments.

MATERIALS AND METHODS
Cells

The C57Bl/6 murine pancreatic adenocarcinoma PANO02
(also identified as Panc02) was purchased from the DTP
DCTD Tumor Repository, NIH. Cells were cultured in RPMI
supplemented with 10% fetal bovine serum (FBS, Biowest
S181BH-500, Nuaillé, France) and 1% penicillin-streptomycin
(Gibco 15-140-122, United States), and maintained at 37°C
with 5% CO, levels. For conditioning, cells were cultured
in RPMI supplemented with 1% penicillin-streptomycin
and 10% EV-depleted FBS. FBS was depleted of bovine EVs
by ultracentrifugation at 100,000 g for 140 min. For the
preparation of the conditioned medium, 1 x 10° PAN02 cells
were seeded in 150 mm culture dishes containing 20 ml of
medium, and the conditioned medium was collected after
72 h of culture.

EV Isolation

The EV isolation/purification procedure was performed as
previously described (Ferreira et al., 2019). Specifically, the
conditioned medium was submitted to two initial centrifugations
(10 min, 500 g and 20 min, 3,000 g) to remove any suspended
or dead cells in the medium. To remove large EVs, media was
centrifuged (20 min, 12,000 g) and the pellet was discarded. The
supernatant enriched in small EVs was again centrifuged (2 h
20 min, 100,000 g), and the EV-enriched pellet was collected. For
sucrose cushion purification, this pellet was resuspended in 14 ml
filtered phosphate buffered saline (PBS, Corning 15313581, NY,
United States) and added to the top of 4 ml sucrose solution
(D20 containing 1.2 g of protease-free sucrose and 96 mg of
Tris base adjusted to pH 7.4). A new ultracentrifugation was
performed (1 h 10 min, 100,000 g), after which 4 ml of the
sucrose fraction was collected using a 18G needle placed at the
bottom of the ultracentrifugation tube (away from the pellet).
Finally, 16 ml of PBS was added to the collected sucrose/EV
solution and an overnight (16 h, 100,000 g) ultracentrifugation
was performed. The pellet containing the isolated EVs was
resuspended in filtered PBS.

All solutions used (PBS and sucrose cushion) were
sterile  (0.22 pm membrane-filtered). All centrifugation
steps were performed in refrigerated conditions (10°C),
and ultracentrifugation was performed with rotors 50.4Ti or 70Ti
(Beckman-Coulter, CA, United States).

EV Labeling

For EV-tracking experiments, purified EVs were fluorescently
labeled using PKH67 membrane dye (PKH67GL-1KT, Sigma-
Aldrich, Germany). The staining was performed during the
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isolation protocol according to the manufacturer’s instructions.
Briefly, labeling was done before the sucrose cushion step. After
the fraction with labeled EVs (4 ml) was collected, the isolation
protocol was performed as previously stated.

EV Characterization
All EV samples were analyzed for particle concentration and size
distribution by the NS300 Nanoparticle Tracking Analysis (NTA)
system with red laser (638 nm) (NanoSight - Malvern Panalytical,
United Kingdom). Samples were prediluted in filtered PBS to
achieve a concentration within the range for optimal NTA
analysis. Video acquisitions were performed using a camera level
of 16 and a threshold between 5 and 7. Five to nine videos
of 30 s each were captured per sample. Analysis of particle
concentration per milliliter and size distribution were performed
with the NTA software v3.4.

Additionally, protein quantification of the EV preparations
was assessed by BCA assay (Pierce™ BCA Protein Assay kit,
Thermo Fisher Scientific).

EV Treatment

All mouse work was performed in accordance with national
animal experimentation guidelines (DGAV), animal protocol
0421/000/000/2018. Adult C57Bl/6 female mice (5 to 8 weeks
old) were used for all experimental procedures. Mice were
anesthetized using isoflurane 1.5-3%. Five micrograms of EVs
were injected into the retro-orbital venous sinus in a total
volume of 100 pl filtered PBS. For education experiments,
mice received 5 ng of EVs every other day, three times per
week for 3 weeks. In the experiments involving evaluation
of EV incorporation, labeled EVs were injected 24 h prior
to tissue collection, and analysis of EVT cells was performed
by flow cytometry or immunofluorescence. Unlabeled EVs
were used as controls for signal specificity. For education
experiments, retro-orbital injection of PBS was used in the
control groups.

Flow Cytometry Analysis

For tracking of labeled EVs and phenotypical analysis of murine
organs, femurs were flushed and single-cell suspensions were
filtered through a 40-wm strainer. Cells were washed in PBS
with 1% BSA and incubated with anti-CD11b-PerCP-Cyanine5.5
(clone M1/70, 1:100, BD Biosciences - 561114) at predetermined
saturating concentrations. PKH67-labeled EV-positive cells were
detected using blue laser excitation and 488 nm emission.
Data for 1,000,000 cells was acquired on a BD FACS Canto™
cytometer with Diva software (BD) and was analyzed using
FlowJo™ software (TreeStar).

Collection of BM-Derived Cells and
CD11b* Magnetic Sorting

C57Bl/6 female mice were euthanized and femurs and tibiae
were harvested and cleaned. The bones were flushed with cold
working buffer (PBS supplemented with 0.5% BSA and 2 mM
EDTA), using a 26G needle. The preparation was resuspended

using a 18G needle and filtered through a 40-pum strainer. The
single-cell preparation was then centrifuged (500 g, 10 min, 4°C)
and the resulting pellet resuspended in ACK buffer. After 2 min
at room temperature, the lysis was stopped by adding more
working buffer and the sample was centrifuged (500 g, 10 min,
4°C). The pellet was resuspended in working buffer and the
cells were counted.

Subsequently, cells underwent MACS bead isolation using
CD11b microbeads (Miltenyi Biotec, 130-049-601, Germany),
which enabled the isolation of CDI11b" cells from the
preparation. The CD11b™ cells were counted and centrifuged
(500 g, 10 min, 4°C) and the pellet proceeded for RNA isolation.

RNA Extraction and cDNA Preparation

Prior to RNA extraction, CD11b™ BM cells were run through
the QIAshredder kit (79654, Qiagen, Germany). Total RNA was
isolated using the RNeasy Mini kit (74104, Qiagen), following
the manufacturer’s instructions, and resuspended in nuclease-
free water. RNA concentration and purity were estimated
by spectrophotometric absorbance (260 and 280 nm) using
a Nanodrop 2000 unit (Thermo Scientific). One microgram
of RNA was used to prepare cDNA using the QuantiTect
Reverse Transcription Kit (205311, Qiagen), according to the
manufacturer’s instructions.

lllumina Strand-Specific RNA

Sequencing

To analyze the genes whose expression was altered in mouse
CD11b* BM cells as a result of education with PAN02 EVs,
animals were grouped between the ones educated with PAN02
EVs and the control animals educated with PBS. Total RNA
was then isolated as described above, and the RNA quality was
assessed using Bioanalyzer. The cDNA library was generated
using Kappa Stranded Total RNA with Ribo-Zero Library
Preparation Kit. The resultant DNA fragments (DNA library)
were sequenced in the Illumina HiSeq 4000 platform, using
150 bp paired-end sequencing reads.

For the analysis of differentially expressed genes, we used
the Differential Expression for RNA-Seq tool, which is a
multifactorial statistical analysis tool based on a negative
binomial model. It uses a generalized linear model approach
influenced by the multifactorial EdgeR method (Robinson et al.,
2009). The differentially expressed genes were filtered using
standard conditions (van Iterson et al., 2010; Raza and Mishra,
2012), and the genes that fulfilled both conditions were listed
in the results (Supplementary Table 1). The conditions were as
follows: fold change (> 2 or < —2) and false discovery rate (FDR)
P-value < 0.05.

Primer Design

The primers used in this study were designed using
Integrated DNA Technologies online software PrimerQuest
Tool (Integrated DNA Technologies, Inc., United States).
Primer sequences and characteristics are shown in
Supplementary Table 2.
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The amplification efficiencies of each selected gene performing
quantitative RT-PCR (RT-qPCR) were evaluated using cDNA
dilutions (1, 1:10, 1:100, 1:1,000, 1:10,000). The amplification
efficiency E of all primers used was measured and all displayed
high E-values ranging from 1.8 to 2.2 (Supplementary Table 2).

RT-gPCR Assay and Analysis
The qRT-PCR reactions were performed in a CFX96 Touch
Real-Time PCR Detection System thermocycler (Bio-Rad,
United States). The reaction mix was performed using 10 pl
SsoFast EvaGreen Supermix (1725200, Bio-Rad), primers at a
final concentration of 500 nM, 1 pl of cDNA, and nuclease-
free water to complete a final volume of 20 pl. After PCR, a
melting curve program from 65 to 95°C with 0.5°C changes was
applied, and the presence of a single reaction product in each
well was confirmed. All reactions were performed in duplicate
and technical replicates were run on the same plate. For the
analysis, the threshold value used for each plate was the one
defined by the software.

The relative expression was calculated using the model
proposed by M.W. Pfaffl (2001) and normalized to both Gapdh
and Hmbs levels, the two reference genes used.

Mass Spectrometry

Peptide Sample Preparation

The protein solution containing SDS and dithiothreitol (DTT)
was loaded onto filtering columns and washed exhaustively with
8 M urea in HEPES buffer (Wisniewski et al., 2009). Proteins were
reduced with DTT and alkylated with IAA. Protein digestion
was performed by overnight digestion with trypsin sequencing
grade (Promega).

Nano-LC-MSMS Analysis

Peptide samples were analyzed by nano-LC-MSMS (Dionex
RSLCnano 3000) coupled to a Q-Exactive Orbitrap mass
spectrometer (Thermo Scientific). Briefly, the samples (5 pl)
were loaded onto a custom-made fused capillary precolumn
(2 cm length, 360 pum OD, 75 pm ID) with a flow of 5 pl
per min for 7 min. Trapped peptides were separated on a
custom-made fused capillary column (20 cm length, 360 pm
outer diameter, 75 um inner diameter) packed with ReproSil-Pur
C18 3-um resin (Dr. Maish, Ammerbuch-Entringen, Germany)
with a flow of 300 nl per minute using a linear gradient from
92% A (0.1% formic acid) to 28% B (0.1% formic acid in 100
acetonitrile) over 93 min followed by a linear gradient from 28
to 35% B over 20 min at a flow rate of 300 nl per minute.
Mass spectra were acquired in positive ion mode applying
automatic data-dependent switch between one Orbitrap survey
MS scan in the mass range of 400 to 1,200 m/z followed by
higher-energy collisional dissociation (HCD) fragmentation and
Orbitrap detection of the 15 most intense ions observed in the
MS scan. Target value in the Orbitrap for MS scan was 1,000,000
ions at a resolution of 70,000 at m/z 200. Fragmentation in the
HCD cell was performed at normalized collision energy of 31 eV.
Ion selection threshold was set to 25,000 counts and maximum
injection time was 100 ms for MS scans and 300 and 500 ms

for MSMS scans. Selected sequenced ions were dynamically
excluded for 45 s.

Database Search

The obtained data from the X LC-MS runs were searched
using VEMS (Matthiesen et al., 2012; Carvalho et al., 2014)
and MaxQuant (Cox and Mann, 2008). A standard proteome
database from UniProt (3AUP000005640), in which common
contaminants were included, was also searched. Trypsin cleavage
allowing a maximum of four missed cleavages was used.
Carbamidomethyl cysteine was included as fixed modification.
Methionine oxidation, N-terminal protein acetylation, and S, T,
and Y phosphorylation were included as variable modifications;
5 ppm mass accuracy was specified for precursor ions and 0.01
m/z for fragment ions. The FDR for protein identification was
set to 1% for peptide and protein identifications. No restriction
was applied for minimal peptide length for VEMS search.
Identified proteins were divided into evidence groups as defined
(Matthiesen et al., 2012).

Negative-Staining Transmission Electron

Microscopy

Extracellular vesicles were visualized by transmission electron
microscopy (TEM) using negative staining. For this, 10 pl of
the sample solution was mounted on formvar/carbon film-coated
mesh nickel grids (Electron Microscopy Sciences, Hatfield, PA,
United States). The excess liquid was removed with filter paper,
and 10 pl of 1% uranyl acetate was added onto the grids.
Visualization was carried out on a JEOL JEM 1400 TEM at 120 kV
(Tokyo, Japan). Images were digitally recorded using a CCD
digital camera (Orious 1100W Tokyo, Japan).

Statistical and Pathway Analysis

Error bars in graphical data represent means = SEM. Statistical
significance was determined using a two-tailed Student’s ¢-test or
by ANOVA. P < 0.05 was considered statistically significant.
Statistical analyses were performed using the GraphPad Prism
software (GraphPad software). No statistical method was
used to predetermine sample size. The experiments were not
randomized, and the investigators were not blinded to allocation
during the experiments and outcome assessment.

Accession Codes

The raw sequencing data (Supplementary Table 1) have
been deposited in the GEO database under accession
number GSE156071.

RESULTS

Isolated EVs were characterized for morphology and size by
transmission electron microscopy (Figure 1A) and for size
distribution by Nanoparticle Tracking Analysis (Figure 1B)
and the expression of proteins commonly identified in EVs
(Figure 1C). Currently, there are no available methods to isolate
EVs expressing endosomal features and consensus on markers

Frontiers in Cell and Developmental Biology | www.frontiersin.org

November 2020 | Volume 8 | Article 592518


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Maia et al. PC-EVs Reprogram CD11b* BM Cells
A B Cc
Protein Incidence
€ 4 Actin B +
CD9 +
* 118 D63 +
E 7o Proteins CD81 +
8 s0- commonly | Enolase la +
'§ o presentin [ GAPDH +
< small EVs HSP70 =
R HSP90 +
§ %0 HSPAS +
8 20 T5G101 +
10 19 Bcl-2 ®
72 549 Non-EVs Calnexin =
o T T 1 T T T T 1 i
o 100 200 300 400 500 600 700 soo | Froteins | GMI30 -
Size (nm) Nucleoporin -
D Bone Marrow o
250 250k ) 0.06+ .
200K = 200K = § ——
. '
<I 150K = 150K = ﬂ 004— ®
o ]
@? 3 A1l
w 100K = 100K = + _ll_
»n 0.02- Egn
S0K = 50K = >
1] .
0l i 0 u
TSI 103 10* 10° -0~ o 10 1wt 10° 0.90 Li\ller Bone IMarro‘”
FITC (EVs) FITC (EVs)
E
2 . & 100,
= i o =
8 10‘ - g 80_
il = 60
[Ts) @
+
Ig ‘°]j CD“b;s;‘ EVs+ u>': 40_
L? o3 c
o T 204
o 1034 ) o)
5 2 ME— = 0
& N o lﬂl 10‘ ‘|D5 8 !
FITC (EVs)
G *kkk
0.05+ 100- 40
= — 5 —F+——~
- s S
£ 0.041 red S 0
n Q -
T 0.03- O 601 3
o = S 20
s i o
o 0.02 +, 401 by
* E e
o 0.01- c 20 = 104
. o
o
0.00 T T T T - 0 T T T T 0 T T T T
1 7 14 21 8 1 7 14 21 1 7 14 21

Days of Education

Days of Education

Days of Education

FIGURE 1 | Pancreatic cancers-derived EVs binding to BM cells. (A) Representative transmission electron microscopy of PANO2 EVs. (B) Representative
Nanoparticle Tracking Analysis of PANO2 EVs. (C) Proteins frequently present and absent in small EVs, studied in PANO2 EVs by Protein Mass Spectrometry.

(D) PC-EVs are taken up by liver and BM cells, 24 h post-injection. (E) Most of the cells that take up PC-EVs are CD11b™ BM cells. (F) Three-week education with
PC-EVs does not modify the incidence of EV* BM cells or CD11b* cells within cells that take up PC-EVs (G). (H) Three-week education with PC-EVs induces the
increase of BM CD11b* cells. **P < 0.01, ***P < 0.0001 by ANOVA.

that could be used to differentiate endosomal (i.e., exosomes)
from membrane shedding-derived vesicles (i.e., microvesicles). In
fact, even molecules considered as markers of small endosomal

EVs, such as HSP70, CD63, and CD9, have been reported
to be present both in small and large EVs (Kowal et al,
2016). Therefore, although the majority of our vesicles display
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exosome features, including size (Figures 1A,B) and molecular
composition (Figure 1C and Supplementary Table 3), we
decided to identify them as EVs throughout the manuscript
to avoid potential sample misidentification, following the latest
MISEV’s recommendations (Thery et al., 2018).

To first determine the occurrence of PC-BM interaction,
labeled PC-EVs were injected intravenously in mice. Besides the
liver, 24-h post-injection EV's were also located in the BM, albeit
the percentage of EVs™ cells in the BM was lower (~0.02%) than
the one found in the liver (~0.04%) (Figure 1D). In the BM,
more than 80% of the cells that took up PC-EVs were CD11b™
(Figure 1E). To our knowledge, this is the first report of a direct
PC-BM communication axis mediated by EVs.

To evaluate if this proportion increased over time and upon
continuous treatment, animals were also educated (3 weeks,
every other day) with PC-EVs. No differences in the percentage
of EVst™ BM cells were found throughout the experiment
(Figure 1F). The percentage of CD11b*t cells among EVs*
BM cells also did not oscillate throughout the experiment
(Figure 1G). However, education with PC-EVs increased
the percentage of CD11b™ BM cells at the experiment
endpoint (Figure 1H).

We next asked whether PC-EVs can modify the gene
expression profile of CD11bt BM cells. For that, we

sequenced RNA samples extracted from CDI11bT BM cells
of both naive and PC-EV-educated mice. The expression
levels of all samples were assessed through the mapping
of the high-quality reads of each sample, where 88.9
to 94.38% of the total fragments were mapped against
the Mus musculus (GRCm38) genome. The differentially
expressed genes were selected using standard conditions
(FDR P-value < 0.05 and fold change > 2 or < —2), which
yielded a total of 41 genes (Figure 2A). Of these, 13 genes
were significantly upregulated (Table 1) and 28 significantly
downregulated (Table 2). These results were validated by
qPCR analysis of two of the top differentially expressed genes
(Supplementary Figure 1).

Gene Ontology (GO) analysis revealed that the upregulated
genes (Table 1) were associated with immune response
processes and immunoglobulin production (Figure 2A). Among
those genes, we found the Immunoglobulin heavy constant
gamma 3 (fragment) (Ighg3) gene, which is associated with
the IgG3 isotype, and the genes Immunoglobulin heavy
constant alpha (fragment) (Igha) and Immunoglobulin
] chain (Jchain), both associated with IgA molecules.
Within the downregulated genes, we found that the most
significant GO processes were associated with transcriptional
activation, response to stimulus, and regulation of gene
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TABLE 1 | Upregulated genes.

Name FDR p-value Log2 fold change ENSEMBL
Immunoglobulin heavy variable 1-26 (Fragment) 0 4,623730851 ENSMUSG00000094546
Immunoglobulin kappa variable 4-59 (Fragment) 0 4,447764161 ENSMUSG00000094006
Immunoglobulin J chain 0 2,449246148 ENSMUSG00000067149
Immunoglobulin heavy constant alpha (Fragment) 0 1,927167042 ENSMUSG00000095079
Immunoglobulin kappa constant (Fragment) 0 1,914161392 ENSMUSG00000076609
Ig gamma-1 chain C region secreted form (Fragment) 1,30134E-06 2,752343692 ENSMUSG00000076614
Predicted gene, 49345 (Fragment) 3,1653E-05 2,99697945 ENSMUSGO00000114923
Immunoglobulin heavy variable V3-8 (Fragment) 0,000129751 4,808095452 ENSMUSGO00000076674
Immunoglobulin kappa variable 1-110 (Fragment) 0,004373421 3,110850502 ENSMUSG00000093861
UBA small nuclear RNA 0,014852817 2,027515231 ENSMUSG00000106147
Immunoglobulin lambda constant 1 (Fragment) 0,021654529 1,776317776 ENSMUSG00000105906
Immunoglobulin lambda variable 1 (Fragment) 0,041671894 1,728395758 ENSMUSG00000076934
Immunoglobulin heavy constant gamma 3 (Fragment) 0,044897113 2,031085382 ENSMUSG00000076615
TABLE 2 | Downregulated genes.

Name FDR p-value Log2 fold change ENSEMBL
Nuclear receptor subfamily 4 group A member 1 2,19745E-07 —1,435869584 ENSM USG 00000023034
Lipoprotein lipase 2,74851E-07 —1,09850161 ENSMUSG00000015568
Cyclic AMP-dependent transcription factor ATF-3 4,81325E-07 —1,887929851 ENSM USG 00000026628
ATP synthase protein 8 9,71391E-06 —1,5654520723 ENSM USG 00000064356
Early growth response protein 3 6,39601E-05 —1,565012389 ENSM USG 00000033730
Krueppel-like factor 4 9,72554E-05 —1,036425344 ENSM USG 00000003032
Early growth response protein 1 0,000369143 —1,293024511 ENSMUSG00000038418
Prostaglandin G/H synthase 2 0,000573753 —1,5648440352 ENSM USG 00000032487
Probable leucine-tRNA ligase, mitochondrial 0,000590408 —1,422122013 ENSM USG 00000035202
Regulator of G-protein signaling 1 0,001504139 —1,862241816 ENSM USG 00000026358
Monocyte differentiation antigen CD14 0,001783497 —1,048560286 ENSMUSG00000051439
C-C motif chemokine 3 0,003368206 —1,210768022 ENSM USG 00000000982
Predicted gene, 47075 0,0046162 —2,5654952242 ENSMUSG00000114169
Cyclin-dependent kinase inhibitor 1 0,005512827 —1,012425917 ENSM USG 00000023067
Proto-oncogene c-Fos 0,005961159 —1,078598039 ENSMUSG00000021250
Transcription factor Spi-C 0,009588443 —1,02746831 ENSM USG 00000004359
Fos-related antigen 1 0,009676491 —1,304846194 ENSMUSG00000024912
Nuclear receptor subfamily 4 group A member 2 0,013476224 —1,63691541 ENSM USG 00000026826
Predicted gene, 23262 0,013476224 —3,507668615 ENSM USG 00000088948
Predicted gene 6377 0,014852817 —1,716519183 ENSM USG 00000048621
X-linked lymphocyte-regulated protein PM1 0,020080701 —1,997616005 ENSM USG 00000054626
C-C motif chemokine 2 0,021654529 —1,882312446 ENSM USG 00000035385
Predicted gene, 47088 0,026317916 —2,725652374 ENSMUSG00000113076
Predicted gene, 48275 0,031964977 —8,738521219 ENSMUSG00000111202
E3 SUMO-protein ligase EGR2 0,033340755 —1,358834793 ENSM USG 00000037868
Hematopoietic prostaglandin D synthase 0,041671894 —1,012816032 ENSMUSG00000029919
Predicted gene 45053 0,043671552 —1,376757203 ENSMUSG00000108368
Mitochondrially encoded 16S rRNA 0,043671552 —1,896767497 ENSM USG 00000064339

expression (Figure 2B). Specifically, most downregulated
genes were transcription factors associated with monocyte
and macrophage differentiation, macrophage polarization,
production of pro- or anti-inflammatory cytokines, and
immune cell trafficking (Table 2). Interestingly, the
majority of downregulated genes are relevant in the tumor
microenvironment context.

DISCUSSION

In the present study, we aimed to identify a novel systemic
cell-cell communication axis with potential relevance to tumor
microenvironment dynamics. Previously, we have demonstrated
that PC-derived EVs can induce a liver microenvironment
supportive of tumor development and metastasis, LPMN, by
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acting in non-tumor cells in the liver. The LPMN cascade of
events involves the accumulation of CD11b™ BM cells in the liver,
which is associated with the formation of hepatic PC metastatic
lesions (Costa-Silva et al., 2015). For this reason, we asked if
EVs could also mediate a direct communication between PC
and CD11b™ BM cells in vivo. We found that PC-EVs bind
preferentially to CD11b™ BM cells and induce the expansion of
this cell population upon 3 weeks of treatment, every other day
with PC-EVs. These results agree with previous reports of EVs
mediating the communication of other cancer types and BM (Yu
et al., 2007; Peinado et al., 2012).

We next showed that PC-EVs can reprogram the gene
expression of recipient CD11b* BM cells. Indeed, various studies
describe tumor EVs as capable of impacting myeloid cell function
(Valenti et al., 2006; Yu et al., 2007; Shen et al., 2017) whereas
PC-EVs were shown to regulate the expression of TLR4 in
dendritic cells in vitro (Zhou et al., 2014). EVs carry all main
biomolecules, including lipids, metabolites, proteins, and/or
nucleic acids, which can impact the recipient cells and mediate
several biological processes such as tumor growth and invasion,
inflammation, and immunologic remodeling. Various studies
describe the role of EV lipids, namely PGE2, in tumor growth
and resistance (Record et al., 2018). The role of metabolites
transported by EVs cannot be dismissed since EVs derived
from MSCs are packaged with numerous metabolites that have
been directly associated with immunomodulation, including
M2 macrophage polarization and regulatory T lymphocyte
induction (Showalter et al, 2019). Worth mentioning is also
the role of microRNA within EVs, since mir-145 can regulate
the polarization of tumor-associated macrophages (Shinohara
et al., 2017). In the past, we also described the relevance of the
protein content in tumor EV bioactivity, when we described
that once taken up by hepatic resident macrophages, in a
mechanism mediated by EV Integrin aVB5 (Hoshino et al,
2015), pancreatic cancer-derived EVs containing high levels of
MIF (Costa-Silva et al., 2015) induced upregulation of secreted
factors associated with liver fibrosis, such as TGF-f (Costa-
Silva et al., 2015), and pro-inflammatory genes involved with
metastasis, such as SI00A8 and S100P (Lukanidin and Sleeman,
2012; Hoshino et al, 2015). Considering the literature on
this topic, we expect that the response of CD11b BM cells
to PC-EVs described in this manuscript most likely involves
numerous molecules and different pathways, suggesting that it
could be simultaneously mediated by multiple EV biomolecules.
Our work did not evaluate in vivo the potential role of the
genes differentially expressed in BM CD11b* cells upon PC-EV
education in the setup of prometastasis hepatic niches. Therefore,
follow-up in vivo studies will be necessary to test the potential
role of each of the identified genes in PC liver metastasis.
Future investigation will enable the identification of which
EV biomolecules mediate the transcription reprogramming
here described. In addition, based on previous works that
utilized plasma EVs as biomarkers for diagnosis, prognosis,
and follow-up of cancer patients (Peinado et al., 2012; Costa-
Silva et al, 2015; Hoshino et al., 2015, 2020; Melo et al,
2015), it is possible that EV biomolecules linked with PC-
CD11b* BM cell communication may enable early detection
of this process through the study of circulating plasma EVs.

We will here discuss on genes regulated by PC-EVs with
potential relevance to tumor microenvironments and the biology
of monocytes/macrophages.

Immunoglobulin Genes

The production of immunoglobulins has been classically linked
to lymphoid B cells. However, recent evidence challenged the
existing dogma by showing expression of immunoglobulins
outside the lymphoid lineage (e.g., monocytes and macrophages)
in oncologic settings (Haziot et al., 2018; Busch et al,
2019). These works describe immunoglobulin expression as a
defining feature of monocytes and also macrophages in the
tumor microenvironment.

Increased levels of immunoglobulin expression in tumor
microenvironments are described to result in the accumulation
of immune complexes that favor tumor-promoting inflammatory
responses, including recruitment and activation of several
myeloid cell types (Barbera-Guillem et al, 1999). Both IgG
and IgA are relevant in the tumor microenvironment, having
anti- and protumoral effects. IgG is described to promote
cell growth and metastasis, inhibit apoptosis, and play a role
in cancer immune evasion (Wan et al, 2015; Xu et al,
2016). Synergistically, IgG and tumor cell-derived debris are
able to promote metastasis of pancreatic cancer by inducing
inflammation via M2-polarized tumor-associated macrophages
(TAMs) (Chen et al, 2019). Moreover, IgGs have been
shown to promote cancer development by activating Fc-
y receptors on resident and recruited leukocytes that in
turn regulate recruitment, composition, and effector functions
of tumor-infiltrating lymphocytes in a mouse model of
squamous carcinogenesis (Andreu et al., 2010). On the other
hand, some studies show IgGl supporting immunity against
tumors, inducing antibody-dependent cell-mediated cytotoxicity
(ADCC) and antibody-dependent cellular phagocytosis (ADCP)
(Kellner et al., 2017).

It has also been shown that IgA can block cytotoxic T-cell
reactions against melanoma (O’Neill and Romsdahl, 2009).
More recently, IgA™ plasmocytes were shown to suppress
antitumor immunity in a mouse prostate cancer model.
However, in this study, it is unclear if the suppression can be
attributed to IgA™ plasmocytes or IgA alone (Shalapour et al,,
2015). By contrast, IgA shows a therapeutic potential against
cancer cells, since it activates neutrophil-mediated antibody-
dependent cellular cytotoxicity better than IgG (Frontera et al.,
2018; Steffen et al., 2020). It should be highlighted though
that confirmation that immunoglobulins produced by non-
lymphoid cells are functional is still pending, since studies
on whether affinity-matured antibodies from these cells are
capable of binding to antigens are not yet available. Additionally,
we cannot exclude the potential presence of Bl cells, a
small immunoglobulin-expressing phagocytic population that is
believed to originate from B cells, within our CD11b* BM cells
(Griffin and Rothstein, 2011).

In light of these findings, and taking into consideration the
previously described direct association between CD11b™ BM
cell accumulation in the liver and the formation of hepatic
PC metastatic lesions, our results suggest that PC-EV-induced
immunoglobulin expression on CD11b™ BM cells may play a
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role in PC liver metastasis. Nevertheless, it is still unclear which
specific epitopes are recognized by these antibodies and whether
they contribute to tumor microenvironments (Haziot et al., 2018;
Busch et al., 2019).

Genes Linked With

Monocyte/Macrophage Differentiation
Among the downregulated genes identified, lipoprotein lipase
(Lpl) (Chang et al, 2018), transcription factor Spi-c (Spic)
(Kohyama et al, 2008; Haldar et al., 2014; Alam et al,
2017; Kurotaki et al., 2017), and Nuclear receptor subfamily
4 group A memberl (Nr4al) (Hanna et al, 2011) have all
been previously found to induce differentiation of monocytes.
Another gene potentially linked with monocyte/macrophage
differentiation is CDK inhibitor 1, which when downregulated
leads to higher expression of CD11b, thus modifying cellular
differentiation (Radomska et al., 2012; McClure et al., 2016).
Other downregulated genes, early growth response protein
1 (Egrl) and 3 (Egr3), were believed to have an essential
role in regulating monocyte/macrophage differentiation, but
were later suggested to have no impact in the macrophage
differentiation process (Carter and Tourtellotte, 2007). Hence,
our results suggest a mixed effect of PC-EVs in CD11bt BM
cell differentiation, with some of the downregulated genes found
having a positive impact on the differentiation process and others
having a negative impact in the same process. A more detailed
functional characterization will thus be necessary to understand
the final balance of the downregulation of these genes by PC-EV's
in CD11b™ BM cell differentiation, as well as their role in PC.

Genes Linked With Tumor Immunity

In the establishment of tumor-supportive microenvironments,
macrophage polarization is pivotal. Reduced expression of Cyclic
AMP-dependent transcription factor ATF-3 (A#f3) (Labzin et al.,
2015; Sha et al., 2017), Fos-related antigen 1 (FoslI) (de Marcken
et al, 2019), and Nr4al (Hamers et al, 2016) can impact
pro-inflammatory M1 polarization and antitumor immunity
(Kratochvill et al., 2015; Chiba et al.,, 2018), as they negatively
regulate these processes. C-C chemokine ligand 3 (Ccl3) (Cassol
et al, 2009) was also reported to be involved in the M1
macrophage polarization and CD14 was shown not only to
contribute to a M1 phenotype but also to drive strong Th1/Th17
signaling in macrophages and circulating dendritic cells (Prakash
et al., 2016). Reduced expression of the Proto-oncogene c-Fos
(c-fos) and Egrl is expected to reduce the expression of pro-
inflammatory and antitumoral cytokines, which are also involved
in the M1 polarization (Kramer et al.,, 1994; Ray et al., 2006;
Maruyama et al., 2007; Cullen et al., 2010; Hop et al., 2018;
Yu et al, 2018). Conversely, reduced expression of Atf3 (Sha
et al.,, 2017), Kif4 (Ahmad et al., 2018; Wen et al., 2019), and
Prostaglandin G/H synthase 2 (Pghs-2) (Wang X. et al., 2017)
in macrophages can favor a pro-inflammatory M1 polarization,
hence potentially favoring antitumoral responses.

On the other hand, some of the genes downregulated by PC-
EVs were also found to support tumor development, as C-C
chemokine ligand 2 (Ccl2) (Roca et al.,, 2009; Li et al., 2017),
Atf3 (Sha et al,, 2017), Hematopoietic prostaglandin D synthase

(Abbas and Janeway, 2000), Kriippel-like factor 4 (Kif4) (Kapoor
et al,, 2015; Wang K. et al., 2017), Nuclear receptor subfamily 4
group A member 2 (Nr4a2) (Mahajan et al., 2015), and Pghs-2 (Li
et al,, 2015) were linked to M2 polarization of macrophages. The
Egr2 gene has been described as a M2 macrophage marker and it
has been implicated in fate determination in the myeloid lineage
(Gabet et al., 20105 Jablonski et al., 2015). Specifically, an Egr2
knockdown model failed to show upregulation of either M1 or
M2 markers upon stimulation, and low levels of Egr2 expression
were associated with non-responsiveness of macrophages to
activation signals (Veremeyko et al., 2018).

Besides the discussed effects on MI1/M2 macrophage
polarization, several of the downregulated genes were associated
with other antitumoral effects, which may lead to a broader range
of protumorigenic outcomes. That is the case of Nr4al, Ccl2,
and Ccl3, which antagonize tumor growth by attracting tumor-
suppressive immune cells. Indeed, infiltration of inflammatory
cells in the tumors of Nr4al~/~ mice was diminished when
compared with Nr4al*/* mice (Ahmad et al., 2017), and the
inhibition of Ccl2 promoted neocarcinogenesis and metastasis
(Huang et al., 1994; Li et al., 2014; Lavender et al., 2017). Ccl2
(Granot et al.,, 2011; Mitchem and DeNardo, 2012) has also
been reported to increase the cytotoxicity of neutrophils against
tumor cells. Thus, reduction of Ccl2 expression can decrease
neutrophil-mediated killing of tumor cells and promote a
protumorigenic microenvironment.

We here suggest that the downregulation of these genes by PC-
EVs could induce a combined anti-/protumorigenic response by
BM CD11b* cells. Additional in vivo studies will be necessary
to evaluate whether these inflammatory profiles will be reversed
and/or reinforced after the influx of these cells in the liver, where
Kupfter cell-derived TGF-f (Costa-Silva et al., 2015) can play a
potential role in inducing protumorigenic genes (Gratchev, 2017)
by BM-derived CD11b™ cells.

Genes Linked With
Monocyte/Macrophage Trafficking

Genes associated with monocyte and macrophage recruitment,
such as Ccl2 (Qian et al., 2011; Carson et al., 2017; Gschwandtner
et al, 2019), Ccl3 (Ntanasis-Stathopoulos et al, 2020), and
Fosll (Jiang et al, 2019), were found to be downregulated.
The decrease in the levels of Fosll, Ccl2, and Ccl3 is expected
to reduce the recruitment of cells that allow tumor cells
to evade the immune surveillance, e.g., TAMs, regulatory T
cells (Tregs), and myeloid-derived suppressor cells (MDSCs)
(Jiang et al., 2019; Wculek et al., 2019; Ntanasis-Stathopoulos
et al., 2020). Furthermore, downregulated Ccl3 could reduce the
recruitment of cytotoxic neutrophils, dendritic cells, and NK
cells; reduce CD8™ antitumor response; and lead to impaired
antigen presentation, reduced levels of IFN-y by antigen-specific
T cells, and consequently, reduced cytotoxic activity (Song et al.,
2007; Ntanasis-Stathopoulos et al., 2020). Overall, a decrease in
the recruitment of monocytes and macrophages could shape the
tumor microenvironment toward a less supportive setting for
cancer progression.

Another downregulated gene, Aff3, has been linked with
increased intrahepatic ~macrophage/neutrophil trafficking
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(Zhu et al., 2018). Regulator of G-protein signaling 1 (Rgsl),
also downregulated by PC-EVs, has been involved in the
chemoattraction of monocytes. Specifically, RgsI deactivates the
chemotactic response (Denecke et al., 1999), and its deficiency
leads to enhanced recruitment of macrophages (Patel et al,
2015). We speculate that the Rgs! downregulation in CD11b™"
BM cells can lead to less myeloid accumulation and more
monocyte/macrophage trafficking.

In most of these studies, genes were downregulated in the
whole animal, instead of only in BM cells. Therefore, more
detailed in vivo experiments would be needed to test whether
reduced expression of these genes in CD11b™ BM cells could
impact their trafficking to PC microenvironments.

Genes Linked With

Monocyte/Macrophage Apoptosis

The downregulation of Ccl2 (Salcedo et al,, 2000; Lavender
et al., 2017), Fosll (Lewgn et al., 2007; Luo et al., 2009), and
Rgs1 (Hu et al,, 2019) has been described to increase apoptosis
and to decrease angiogenesis and tumor invasion by affecting
molecules associated with these processes (e.g., VEGE, MMP-
2, MMP-9). On the other hand, the downregulated genes Egrl
(Chen et al., 2010) and Atf3 (Wong, 2011) have been described
as proapoptotic, and thus, the decrease in their expression alone
might provide a higher degree of protection against apoptosis in
CD11b* BM cells.

CONCLUSION

We here found a novel PC-BM communication axis mediated by
PC-EVs. Our gene expression analysis showed reprogramming
of genes linked to both anti- and protumorigenic activities
by CDI11b™ cells. Their potential relevance in PC tumor
microenvironments was discussed, although how the individual
effects of the reprogrammed genes balance each other to a final
anti- or protumorigenic effect is currently unclear. Future in vivo
studies involving single-cell transcriptome and detailed analysis
of the role of each gene in the phenotype of CD11b™ BM cells will
be necessary to clarify whether and how PC-EVs uptake by these
cells contributes to the setup of PC microenvironments. Stepping
further into the future, the study of PC-educated BM-derived
cells linked with PC metastasis in the peripheral blood could
be used as a minimally invasive method to detect and monitor
these protumorigenic niches in clinical settings, thus having a
potential impact in improving early diagnosis, treatment, and
follow-up of patients with PC and other oncologic diseases.
Additionally, it has the potential to contribute to the development
of therapeutic targeting of BM-derived cells that promote liver
metastatic disease.
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Sqguamous cell carcinoma (SCC) is the second most common skin cancer worldwide
and, despite the relatively easy visualization of the tumor in the clinic, a sizeable number
of SCC patients are diagnosed at advanced stages with local invasion and distant
metastatic lesions. In the last decade, immunotherapy has emerged as the fourth pillar in
cancer therapy via the targeting of immune checkpoint molecules such as programmed
cell-death protein-1 (PD-1), programmed cell death ligand-1 (PD-L1), and cytotoxic
T-lymphocyte-associated protein 4 (CTLA-4). FDA-approved monoclonal antibodies
directed against these immune targets have provide survival benefit in a growing list
of cancer types. Currently, there are two immunotherapy drugs available for cutaneous
SCC: cemiplimab and pembrolizumab; both monoclonal antibodies (MmAb) that block
PD-1 thereby promoting T-cell activation and/or function. However, the success rate
of these checkpoint inhibitors currently remains around 50%, which means that half of
the patients with advanced SCC experience no benefit from this treatment. This review
will highlight the mechanisms by which the immune checkpoint molecules regulate the
tumor microenvironment (TME), as well as the ongoing clinical trials that are employing
single or combinatory therapeutic approaches for SCC immunotherapy. We also discuss
the regulation of additional pathways that might promote superior therapeutic efficacy,
and consequently provide increased survival for those patients that do not benefit from
the current checkpoint inhibitor therapies.

Keywords: cutaneous squamous cell carcinoma, immunotherapy, tumor microenvironment, checkpoint
inhibitors, regulatory T cell, macrophage, IL-33

INTRODUCTION

Squamous cell carcinoma (SCC) is the second most common skin cancer worldwide and, despite
the relatively easy visualization of the tumor in the clinic, a sizeable number of SCC patients are
diagnosed at advanced stages with local invasion and distant metastatic lesions (Tromp et al.,
2005). Worldwide, 300,000 new cases are seen each year (Thomson, 2018; Stang et al., 2019).
The most significant risk factor for SCC includes sun exposure and age and is most common in
white male individuals (Que et al., 2018a). Microscopically, SCC can be subcategorized according
to the differentiation status of the epithelium and the presence of metastatic lesions (Que et al.,
2018a). Tumor diameter and perineural involvement are highly associated with mortality risk
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(Que et al, 2018a). The majority of cutaneous SCC can be
surgically removed, however, high risk and advanced SCC
management remained to be standardized (Que et al., 2018b).

The high risk of SCC development observed in
immunocompromised individuals highlights the critical
role of the immune system during skin carcinogenesis (Euvrard
et al., 2003; Asgari et al., 2017; Omland et al., 2018). Conversely,
increased infiltration of specific inflammatory cells, such as
neutrophils, macrophages, and T lymphocytes are associated
with aggressive SCC and metastasis (Duan et al., 2000; Seddon
et al,, 2016; Jiang et al., 2019). Such discordant observations
are explained by the great capacity of tumor cells to modulate
the tumor microenvironment (TME) to become a supportive
niche thereby inhibiting anti-tumoral responses (Weber et al.,
2005; Moussai et al., 2011; Maalouf et al., 2012). The CD28-
related inhibitory receptors crucial for T cell regulation, namely
cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and
programmed cell-death protein-1 (PD-1), are highly expressed
in human SCC samples and associated with cancer progression
(Welsh et al., 2009; Gambichler et al., 2017). Blocking specific
immunosuppressive pathways seems to be the most promising
approach to fight cancer cells. Indeed, PD-1 blockade using
monoclonal antibody has been shown to increase the infiltration
of CD4% and CD8" T cells and delays SCC development in
mice (Belai et al, 2014), and the immunotherapy that blocks
the signaling pathway mediated by PD-1 has been approved
for cutaneous SCC. However, a significant proportion of SCC
patients receive no benefit from this therapy (Migden et al., 2018).
Such observations highlight the need for developing alternative
or combinatory targets, that take into account the complexity of
the immune system and the heterogeneity of tumor-infiltrating
leukocytes in SCC (Ji et al., 2020). For example, regulatory T cells
(Tregs) are observed in advanced cancers and also associated with
poor outcomes (Azzimonti et al., 2015). Pre-clinical model of
SCC development is also accompanied by infiltration of Tregs in
the skin and draining lymph nodes (LN), and depletion of these
cells using anti-CD25 significantly impaired SCC progression by
increasing the infiltration of activated CD4™ and CD8™ T cells
in the TME and the production of anti-tumor cytokines such
as IL-12 and IFN-y (Ramos et al., 2012). Herein, we provide a
comprehensive overview of the interactions between tumor and
immune cells and highlight strategies to identify potential new
targets and biomarkers for immunotherapy in SCC.

CELLULAR COMPOSITION OF THE
TUMOR MICROENVIRONMENT

The SCC microenvironment is comprised of cancerous
and normal epithelial cells, fibroblasts, endothelial cells
(ECs), melanocytes, plasmacytoid, and dendritic cells (DCs),
Langerhans cells, macrophages, myeloid-derived suppressor cells
(MDSCs), natural killer (NK) cells, CD4" and CD8* T cells, and
Tregs (Ji et al., 2020). Importantly, the frequency of each cell
type varies considerably between patients, suggesting that the
TME is not static and might be influenced by genetic and other
patient-derived intrinsic factors (Ji et al., 2020). The role of the

TME during SCC tumorigenesis and the mechanisms of immune
escape are summarized in Figure 1.

The stroma adjacent to SCC is composed mainly of ECs
and fibroblasts that create a fibrovascular niche (Ji et al., 2020).
The association between ECs and cancer is frequently studied
since angiogenesis is fundamental for SCC development (Tonini
et al., 2003; Florence et al,, 2011; Figure 1A). In addition, it has
been demonstrated that tumor cell increased the expression of
CD200 in ECs, which in combination with its ligand, CD200R
(present in macrophages and DCs), might be a mechanism
leading to immunosuppression in the TME (Belkin et al,
2013; Figure 1A). Fibroblasts are highly heterogeneous and
multifunctional mesenchymal-derived cells embedded within the
interstitial extracellular matrix that becomes activated during
wound healing, tissue inflammation, and organ fibrosis (Chen
and Song, 2019). Activated fibroblasts in the TME are named
cancer-associated fibroblasts (CAFs) and are identified by the
expression of a-smooth muscle actin (a-SMA), fibroblast-
activation protein o (FAPa), and ferroptosis suppressor protein
1 (FSP-1) (Ohlund et al, 2014). CAFs directly impact the
behavior of tumor cells by increasing the expression of laminin-
332 y2 chain in tumor cells through activation of the TGEF-
B signaling subsequently leading to enhanced cell invasion
(Siljamaki et al., 2020; Figure 1B). CAFs also have a role in
immunosurveillance and tumor escape via CD276 (B7-H3),
which augments Tregs and inhibit cytotoxic CD8T T cell
responses (Ji et al., 2020) and promote tumor development
by enhancing monocyte chemoattractant protein-1 (MCP-1)-
dependent macrophage infiltration and chronic inflammation
(Zhang et al., 2011; Figure 1B). However, Zhang et al. (2013a)
demonstrated that CAFs can prevent carcinogen-derived tumor
formation by protecting epithelial cells from DNA damage,
suggesting an ambiguous role of CAFs in cutaneous SCC.

During inflammation, neutrophils are among the first
phagocytes to infiltrate the tissue, mostly through CXC
chemokine-mediated chemotaxis, and these cells predominate
in the SCC invasive front (Kruger et al, 2015; Simonneau
et al., 2018; Khou et al., 2020). Progressive infiltration of tumor-
associated neutrophils (TANs) was observed during the evolution
of benign papillomas to established SCC lesions in a chemical
carcinogenesis model, and tumor escape mostly involved the
impairment of anti-tumor CD8" T cell responses mediated by
high arginase activity, production of reactive oxygen species
(ROS), nitrite (NO), and the induction of PD-1 expression on
CD8" T cells (Khou et al., 2020; Figure 1C). Similar to CAFs,
TANS can also play an anti-tumoral effect in SCC. Challacombe
et al. (2006) showed that neutrophil depletion increases SCC
development, suggesting their role in mediating anti-tumor
responses. In addition, neutrophils were necessary for the anti-
tumoral effects of the Ingenol 3-angelate in experimental SCC
(Challacombe et al., 2006). Such contradictory roles of these
cells might be explained by the fact that, in the TME, tumor-
derived factors can modulate their phenotype and function.
TANs may acquire either an anti-tumor activity (N1 neutrophils),
and/or a pro-tumoral activity (N2 neutrophils) mediated by TGF-
b signaling (Fridlender et al., 2009; Figure 1C). In a mouse
uterine cancer model, TANs exhibit N2 phenotype and promoted
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FIGURE 1 | Cellular composition of the SCC microenvironment. The SCC microenvironment is comprised of cancerous and normal epithelial cells, fibroblasts,
endothelial cells, and immune cells. Each one of them can exert pro- and/or anti-tumoral effects. (A) Tumor cells produce VEGF that promotes angiogenesis.
Endothelial cells (EC) provide oxygen and nutrients that are essential for tumor cells metabolism and promote immunosuppression via CD200R expression.

(B) Cancer-associated fibroblasts (CAF) impact immunosurveillance and tumor escape via CD276 (B7-H3), contributing to the activation of Tregs and inhibition
cytotoxic CD8* T cells. CAFS also promote tumor development by increasing the influx of monocytes via MCP-1 release and TGF-p production. (C) Neutrophils are
recruited via CXCL8 chemotaxis. Neutrophils are polarized to N2 phenotype via TGF-g and promote SCC progression mostly by suppressing the activity of cytotoxic
T lymphocytes (CTL) via PD-1/PD-L1 signaling. (D) Tumor-associated macrophages (TAM) are recruited via CCL2 chemotaxis and contribute to the progression of
tumor by producing metalloproteinases (MMP) and recruiting regulatory T cells (Tregs). TAMs are polarized to a pro-tumor phenotype by IL-4, IL-13, and
tumor-derived exosomes. (E) By secreting TGF-p1, SCC inhibits dendritic cells (DC) migration and the ability of DC to mature into a potent T cell activator. Tumor
cells also promote immunosuppression by recruiting myeloid-derived suppressor cells via CXCL5 and M-CSF. (F) CD4* T cells from a chemically-induced mouse
model of SCC preferentially produce IL-4 and IL-10, promoting immunosuppression by inhibiting Th1 responses and recruiting Tregs. Th17 cells are recruited to the

TME via CCL4 chemotaxis and promote the infiltration of myeloid cells and decrease the infiltration of IFN-y-producing CD8* T lymphocytes contributing to the
immunosuppressive niche during SCC.
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tumor growth through elastase release (Mahiddine et al., 2020).
The authors also demonstrated that hypoxia is crucial for N2
phenotype maintenance and tumor oxygenation can revert TANs
phenotype toward N1 (Mahiddine et al., 2020). Tumor-associated
macrophages (TAMs) also represent a significant percentage of
infiltrating phagocyte population in SCC (Kambayashi et al.,
2013; Amor et al, 2018; Simonneau et al., 2018; Jiang et al,
2019), and specific depletion of these cells inhibited tumor growth
(Takahashi et al,, 2009). The recruitment of monocytes into
the SCC is mediated by CC chemokines such as CCL2 and,
once in the TME, monocyte-derived macrophages are polarized
toward a M1 or M2 phenotype (Pettersen et al., 2011; Caley
et al., 2020). Due to the abundance of Th2-related cytokines
such as IL-13, IL-4, and IL-10, the TME around SCC is often
predominated by M2 macrophages (Linde et al., 2012b; Caley
et al., 2020; Figure 1D). In addition to the TME cytokine profile,
macrophages can also be M2-polarized through the secretion of
tumor-derived exosomes. Exosomes derived from SCC promoted
M2-like macrophage polarization through ERK1/2 signaling
activation (Pang et al, 2020) besides promoting cell survival
after ionizing radiation in vitro (Mutschelknaus et al., 2016;
Figure 1D). Data from breast cancer also suggest that exosomes
are capable of inducing IL-6 secretion, and a pro-survival
phenotype in M2 macrophages, partially via gp130/STAT3
signaling (Ham et al., 2018). Interestingly, exosome-mediated
communication in the TME works in both ways. Macrophage-
derived exosomes increase cell migration and PD-L1 expression
contributing to the establishment of an immunosuppressive
TME (Bellmunt et al., 2019; Figure 1D). The contribution
of TAMs directly to tumor growth occurs in early stages of
carcinogenesis via malignant transformation and proliferation of
epidermal cells. These cells also contribute to the progression of
tumor by producing metalloproteinases (MMP) and increasing
angiogenesis, thus facilitating the dissemination of tumor cells
(Kerkel4 et al., 2002; Linde et al., 2012a,b; Kambayashi et al., 2013;
Figure 1D). TAMs can facilitate tumor escape by recruiting Tregs
through the secretion of CXCL9/10/11 (ligands for CXCR3),
CCL4 (ligands for CCR4/8), and CCL20 (ligands for CXCR3
and CCR6), which will further suppress local anti-tumoral
immune responses (Ji et al., 2020; Figure 1D). Depletion of
CCR2-expressing monocytes or macrophages with anti-CSF1R
prevents the spontaneous development of SCC in transgenic mice
(Antsiferova et al., 2017). Similarly, VEGFR-3 ligand blockade
reduced SCC development by decreasing macrophage infiltration
(Alitalo et al., 2013). Together, these findings strongly indicate the
significant role of TAMs during SCC pathogenesis.

Given the importance of DCs in the skin, these cells are
often thought to be the first immune cells to encounter tumor
antigens from SCC (Valladeau and Saeland, 2005). SCC-derived
DCs strongly induce CD4" and CD8" T-cell proliferation and
IFN-y production, thereby promoting the anti-tumoral response
(Fujita et al., 2012). A significant decrease in DC infiltration
has been reported in SCC and this is likely an important
mechanism for tumor escape. By secreting TGF-p1, SCC inhibits
DC migration and the ability of DC to mature into a potent
T cell activator (Figure 1E; Halliday and Le, 2001; Weber
et al., 2005). Further, in vitro stimulation of SCC-derived DCs

showed an impaired ability of these cells to express costimulatory
molecules when compared with DCs derived from normal skin,
suggesting that SCC microenvironment display mechanisms
that contribute to negative regulation in anti-tumor immune
responses (Bluth et al., 2009). In SCC patients, this might be
explained by the high expression of PD-L1 and PD-L2 in DCs
(Jiao et al., 2017) or by the proximity of DCs to Tregs (Jang,
2008). Another myeloid cell that exerts a significant role in
TME is the MDSCs, which promotes tumor progression by
suppressing the effector function of anti-tumor immune cells
from early to advanced stages of SCC (Figure 1E). Elevated
circulating numbers of MDSCs were associated with high-grade
SCC (Seddon et al., 2016). During early stages of tumor initiation
in mice, Maalouf et al. (2012) reported an increased influx of
MDSCs driven by the secretion of epidermal-derived CXCL5
and macrophage colony-stimulating factor (M-CSF) (Figure 1E).
MDSCs were also found in advanced stages of SCC; these cells
express high levels of CD200R™ that may interact with CD200™"
tumor cells conferring immune privilege and favoring metastasis
development (Stumpfova et al., 2010).

CD8" T lymphocytes can directly eliminate tumor cells
through the secretion of cytolytic enzymes, which are essential
mediators of the anti-tumoral response (Nasti et al., 2015).
However, SCC lesions display low frequencies of CD8" T
cells (Freeman et al., 2014) due, in part, to the presence of
TGEF-B, which inhibits CD8" T cells infiltration and induces
the expression of T cell exhaustion markers such as Tim-3,
CTLA-4, and PD-1 (Weber et al., 2005; Linedale et al., 2017;
Figure 1E). Blockade of PD-1 with monoclonal antibody was
shown to increase tumor-infiltrating cytotoxic T lymphocytes
(CTLs) resulting in anti-tumor activity against SCC growth
(Belai et al., 2014), however, the depletion of CD8" abrogated
the efficacy of the anti-PD1 mAbD treatment (Dodagatta-Marri
et al., 2019), suggesting an association between the efficacy of
PD-1 blockade therapies and the frequency of PD-1T CD8"
T cells in the TME (Gros et al., 2014; Kansy et al., 2017;
Kumagai et al., 2020).

Mice lacking CD4™ T cells and submitted to UVB-induced
carcinogenesis displayed higher tumor growth associated with
increased inflammation and increased number of p53* tumor
cells, demonstrating that this subset of T cells has an important
role in controlling inflammation-associated carcinogenesis
(Hatton et al., 2007). During skin carcinogenesis, CD4™ T cells
are recruited via CXCL9- and CXCL10-mediated chemotaxis
(Winkler et al., 2011). However, tumor cells can escape from
T helper-mediated immune responses by polarizing CD4%"
cells toward to a pro-tumor phenotype, characterized by Th2,
Th17, and Treg cytokine profiles (Girardi et al., 2004; Zhang
et al., 2013b; Figure 1F). IL-10-depleted mice are protected
from UV-induced skin cancer due to their increased amounts
of IFN-y and enhanced numbers of CD4" T cells, indicating
a strong Thl-driven immune response (Loser et al., 2007).
CD4™ T cells from a chemically-induced mouse model of SCC
preferentially produced IL-4 and IL-10 (typical of Th2-type
immunity) and these cells promote immunosuppression by
inhibiting Thl responses and recruiting Tregs (Yusuf et al,
2008; Nasti et al., 2011; Figure 1F). Th17 cells are recruited
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to the TME via CCL4 chemotaxis (Ortiz et al., 2015) and
Wang et al. (2010) demonstrated that IL-17 contributes to
skin tumorigenesis directly by increasing hyperproliferation
of epithelial cells. Finally, IL-17 promoted the infiltration of
myeloid cells, and decreased the infiltration of IFN-y-producing
CD8" T lymphocytes contributing to the immunosuppressive
niche during SCC (Wang et al., 2010; Figure 1F).

EVASION OF THE IMMUNE RESPONSE:
POTENTIAL TARGETS FOR
IMMUNOTHERAPIES

As discussed above, an effective immune response is critical
to control SCC development and progression (Burton et al.,
2016). To efficiently eliminate SCC, leukocytes must infiltrate the
TME, initiate cell-to-cell interactions so as to exert effective anti-
tumoral functions (Halliday and Le, 2001; Weber et al., 2005;
Ortner et al., 2017). T cell activation involves the engagement
of receptors and co-receptors (Dustin and Shaw, 1999), but this
activation is countered by a series of molecules called immune
checkpoints that are responsible for controlling T cell function
and induce self-tolerance (Yao et al., 2013; Waldman et al., 2020).

CTLA-4 and PD-1 are the most well-studied examples of
T cell immune checkpoint molecules and tumor cells exploit
these molecules to evade host immunity (Miao et al., 2019).
Ipilimumab, an anti-CTLA-4 blocking monoclonal antibody,
was the first immune checkpoint inhibitor to be tested and
approved for the treatment of cancer (Phan et al., 2003). CTLA-
4 is a transmembrane molecule that competes with the co-
receptors B7-1 and B7-2 for CD28 binding and negatively
regulates T cell activation (Brunet et al., 1987; Linsley et al., 1992;
Figure 2A). During photocarcinogenesis, mice treated with anti-
CTLA-4 developed significantly fewer tumors (Loser et al., 2005).
Moreover, mice treated with anti-CTLA-4 developed long-lasting
protective immunity, and in vitro CTLA-4 blockade inhibited the
suppressor activity of UV-induced Tregs, suggesting that anti-
CTLA-4-treated mice were protected from tumor growth due
to the inhibition of Treg function in the TME (Loser et al.,
2005; Figure 2A). Despite the beneficial effects of this therapy
been observed in pre-clinical models of carcinogenesis, and in
patients with melanoma (Hodi et al., 2010), there is presently
only one ongoing (recruiting) clinical trial assessing the efficacy
of ipilimumab in cutaneous SCC (NCT04620200).

T cell activation is also regulated by PD-1 and is mediated
by the interaction with its ligands, PD-L1 and PD-L2 (Freeman
et al.,, 2000; Latchman et al., 2001), both of which are highly
expressed in SCC (Belai et al., 2014; Varki et al, 2018).
Blocking PD-1 resulted in a potent anti-tumoral response
in a chemically induced SCC model characterized by the
infiltration of activated CD4% and CD8" T cells, IFN-y levels,
and reduced levels of the immunosuppressor cytokine TGF-f
(Belai et al., 2014; Figure 2B). Currently, two FDA-approved
immunotherapies for SCC (i.e., pembrolizumab and cemiplimab)
target the interaction between PD-1/PD-L1 molecules. Despite
reports of adverse events in this trial, approximately half the
patients with advanced SCC responded to cemiplimab therapy

(Migden et al.,, 2018). Immune checkpoints-based therapies are
of great relevance especially for patients with advanced and
metastatic disease that are not ideal candidates for surgical
excision. A retrospective analysis showed that PD-1 inhibition
produces durable responses among patients with advanced or
metastatic SCC (In et al., 2020). In a multicenter study, the
overall response rate obtained among patients with advanced
SCC was even higher (Salzmann et al., 2020). In both studies, the
dose used was well tolerated and the response rate satisfactory,
therefore adding evidence and encouraging the implementation
of immune checkpoint therapies for patients with advanced and
unresectable SCC lesions.

Besides T cell exhaustion, SCC development is also associated
with the generation of effector Tregs (Clark et al., 2008). Tregs are
characterized by CD4, CD25, and transcription factor forkhead
box P3 (FOXP3) expression and, once activated, these cells
suppress exacerbated immune responses and maintain self-
tolerance (Sakaguchi et al., 2010; Figure 2C). The depletion of
CD25™ Tregs significantly reduced SCC development in mice
(Ramos et al,, 2012). Further, the presence of Tregs within
the TME and the levels of PD-1 expression by Tregs directly
correlate with immune evasion (Kumagai et al., 2020) and worse
outcome (Azzimonti et al., 2015). Increased percentage of tumor-
infiltrating Tregs was associated with loss of inflammasome
activation, and SCC development in mice (Gasparoto etal., 2014).
Tregs can be either locally differentiated by TGF-p (Chen et al.,
2003) or recruited via the CCL4/CCL5-CCRS5 axis (de Oliveira
et al., 2017; Figure 2C). Tregs inhibitory function is mediated
by IL-10 (Loser et al., 2007), and by the inhibition of CD4* and
CD8™ T cells proliferation and IFN-y secretion (Lai et al., 2016;
Figure 2C). Importantly, in mice, anti-TGF-f monotherapy
was more efficient (approximately 20% of complete regression)
than anti-PD-1 monotherapy (<3% of complete regression)
and promoted long-term immunity against SCC (Dodagatta-
Marri et al., 2019), therefore inhibition of Tregs recruitment
or differentiation using antagonistic antibodies against CCR5
or neutralizing antibodies against TGF-f are relevant strategies
for immunotherapy (Figure 2D). Moreover, although anti-PD-
1 monotherapy elevates immunosuppressive Tregs in chemically
induced SCC, 60% of complete regression in established
tumors was achieved when combined with anti-TGF-f therapy,
highlighting the benefits of combinatory immunotherapies for
SCC (Dodagatta-Marri et al., 2019). It has recently been
demonstrated that PD-1 blockade induces both recovery of
dysfunctional PD-1" CD8™ T cells and enhanced PD-1" Treg
cell-mediated immunosuppression (Kumagai et al., 2020). This
study suggests that the balance of PD-1 expression between
CD8™ effector T cells and Tregs in the TME should be considered
as a clinically meaningful biomarker to predict the efficacy of
PD-1-blocking immunotherapy in various cancers including SCC
(Aksoylar and Boussiotis, 2020; Kumagai et al., 2020).

Another recently emerging area in cancer immunotherapy has
focused on macrophages since these cells frequently infiltrate
solid tumors, including SCC, and have a significant impact
on prognosis (Takahara et al, 2009; Li, 2016; Figure 2E).
Indeed, colony-stimulating factor 1 (CSF-1) is a key regulator
of monocyte/macrophage recruitment and differentiation in the
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FIGURE 2 | Evasion of the immune response and potential targets for immunotherapies. (A) Via the interaction between PD-1/PD-L1 and CTLA-4/B7, SCC cells
inhibit CD8* T cell activation and escape from immunosurveillance. (B) Monoclonal antibodies block PD-1 (pembrolizumab and cemiplimab) and CTLA-4
(ipilimumab) thereby promoting T-cell activation and/or function. (C) Tregs are recruited to TME via CCL4 and CCL5 or locally differentiated by TGF-B. The presence
of Tregs within the TME and their levels of PD-1 expression directly correlate with immune evasion. (D) To overcome Treg-induced immunosuppression it is
necessary to block its recruitment and/or local differentiation by inhibiting CCL4-5/CCR5 signaling or by neutralizing TGF-8. (E) Monocytes are recruited into the TME
via CCL2 and CSF-1 chemotaxis. Macrophages promote SCC progression by creating an immunosuppressor microenvironment. (F) Pexidartinib and trabectedin
are two molecules known for inhibiting macrophage recruitment into the TME. Another macrophage-based therapy involves the induction and sustained polarization
of macrophages toward anti-tumoral phenotype M1. (G) In mice, IL-33 promotes SCC development by increasing M2 macrophage infiltration and inhibiting NK cell
cytotoxicity. (H) Using the soluble form of the IL-33 receptor, sST2, it is possible to disrupt the IL-33/ST2 signaling and promote anti-tumor immune response

mediated by M1 macrophages and NK cells.

TME and promotes malignancy (Lin et al., 2001; Figure 2E).
In a syngeneic mouse model of melanoma, pexidartinib, a
potent inhibitor of the CSF-1 receptor (CSE-1R), conferred
anti-tumoral response associated with TAMs reduction (Mok
et al, 2014; Figure 2F). Pexidartinib is approved for the
treatment of tenosynovial giant cell tumor (Lamb, 2019) and
is currently being tested in several clinical trials, none of them
for SCC but with great potential (Benner et al., 2020). CCL2,
also known as MCP-1, is another monocyte chemoattractant
that promotes carcinogenesis by recruiting TAMs and inducing
immune evasion through PD-1 signaling (Yang et al., 2020;
Figure 2E). A phase II trial of trabectedin, a small molecule
that specifically inhibits CCL2 synthesis, showed effectiveness
as a single agent in platinum-sensitive patients with advanced
recurrent ovarian cancer (Krasner et al., 2007; Figure 2F).
Although trabectedin has been used to treat ovarian and
breast cancer as well as soft tissue sarcomas (D’Incalci and
Zambelli, 2016), its effect against SCC has yet to be investigated.
While inhibition of macrophage recruitment might seem
promising, M1-polarized macrophages exert potent anti-tumoral
immune responses. Accordingly, M1-polarization of TAMs
reversed the immunosuppressive state of TAMs and promoted
tumor regression in models of ovarian cancer, melanoma,
and glioblastoma (Zhang et al, 2019; Figure 2F). However,
macrophage-based therapies remain highly challenging due to
the plasticity of these cells (i.e., M1 macrophages can easily
switch for M2 phenotype upon stimulus) (Linde et al., 2012a).
To overcome this, sustained M1 differentiation is required and
nanoparticles containing IL-12 promote macrophage conversion
from the M2 to the M1 phenotype in the TME. Notably, this
strategy has protected mice from melanoma development (Wang
et al.,, 2017; Figure 2F). Shields et al. (2020) also successfully
demonstrated that sustaining the M1 phenotype in the TME
effectively controlled melanoma progression. Interestingly, this
research team developed discoidal particles called “backpacks”
that attach to macrophages and constantly deliver IFN-y to
sustain the M1 phenotype (Shields et al., 2020; Figure 2F).
Lastly, but still of considerable importance, soluble
components of the TME, such as cytokines, chemokines,
and growth factors exert a critical role during tumorigenesis
(Dranoft, 2004). For example, IL-33 is abundantly expressed
in epithelial cells and several other cell types (Hammad and
Lambrecht, 2015), and as such it appears to be a great target for
cutaneous SCC therapy. Due to its central role in mediating type
2 innate and adaptive immunity via the ST2 receptor, IL-33 has
been extensively studied in cancer and inflammatory diseases
(Liew et al., 2016). In mice, IL-33 promotes SCC development

by increasing M2 macrophage infiltration and decreasing NK
cell cytotoxicity (Amor et al., 2018; Figure 2G). IL-33 promotes
differentiation of macrophages that in turn, send paracrine
TGEF- signals to tumor cells consequently inducing invasive
behavior (Taniguchi et al., 2020; Figure 2G). In addition, IL-33
can acts directly on tumor cells to enhance chemoresistance
(Fang et al., 2017), highlighting that IL-33/ST2 targeting should
be considered further for SCC therapies (Figure 2G). One
possible way to disrupt the IL-33/ST2 signaling is via the
soluble form of the IL-33 receptor, sST2, which acts as a decoy
receptor and prevents the binding of IL-33 to ST2L on the
cell surface (Hayakawa et al., 2007; Griesenauer and Paczesny,
2017; Figure 2H). Although the effects of sST2 administration
have not been tested in SCC, its potential therapeutic benefits
were demonstrated in colorectal carcinoma (Akimoto et al.,
2016). The reduced tumor growth observed in sST2-treated mice
was associated with decreased angiogenesis, and inhibition of
macrophage infiltration and M2 polarization (Akimoto et al,
2016; Figure 2H).

CONCLUDING REMARKS AND
PERSPECTIVES

Growing evidence highlights the crucial contribution of immune
and non-immune cells during SCC pathogenesis, most notably
in the TME, and the targeting of this supportive tumor niche
is an important part of emerging therapies in this cancer. As
the understanding of the mechanistic events that permit tumor
evasion from immunosurveillance emerges, comprehensive
treatment methods that enhance anti-tumor immunity and the
sensitivity of tumor cells to chemotherapies will revolutionize
the therapy landscape in SCC. Although emerged as the
advent for cancer treatment, one of the major limitations
of immunotherapy is the development of acquired resistance
to treatment due to triggering of compensatory mechanisms
resulting in tumor relapse/progression. For example, in SCC, the
anti-PD-1 treatment that is supposed to reduce T cell suppression
also promotes the infiltration of Tregs, which are known to
directly assist tumor escape in experimental SCC (Dodagatta-
Marri et al., 2019). Similarly, in head and neck SCC (HNSCC),
PD-1 blockade culminated in Tim-3 upregulation, supporting
a circuit of compensatory suppressor signaling allowing tumor
escape (Shayan et al., 2017). Therefore, combinatory therapies
are the more promising future strategies in SCC therapy. Clinical
data have shown that melanoma patients treated with anti-PD-1
and anti-CTLA-4 monoclonal antibodies (mAb) presented tumor
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reduction (Wolchok et al, 2013; Postow et al, 2015).
Similarly, simultaneous blockade of GITR and PD-L1
demonstrated safety and efficacy against advanced solid
tumors (Heinhuis et al., 2019). Results from over 50% of
patients with recurrent or metastatic HNSCC have shown
disease stabilization after treatment with motolimod, an
agonist of TLR8 which stimulates NK, DC, and monocytes,
in combination with cetuximab in a phase Ib clinical trial
(Chow et al, 2017). Altogether, these studies represent
an exciting new horizon that could be also tested for
cutaneous SCC treatment.

Additionally, the next-generation sequencing (NGS)
technology has emerged as one of the most powerful tools for
cancer research since enables efficient and accurate detection
of somatic mutations frequently associated with treatment
resistance (Luksza et al, 2017). Using the NGS approach,
Lobl et al. (2020) identified the co-occurrence of ERBB4 and
STK11 mutations in localized cutaneous SCC, which prompted
the researchers to suggest a new therapeutic approach by
inhibiting CDH1 and the Wnt pathway. Besides identification
of tumor mutational burden, NGS also allows the prediction of
response and development of a personalized treatment that might
significantly improve outcomes for cancer patients (Holbrook
et al, 2011; Roychowdhury et al., 2011; Chen et al, 2019).
Based on that, NGS could and should be incorporated to assess
mutations not only in tumor cells but also in immune cells of SCC
patients that will help to overcome the differences of response rate
observed among patients with similar malignancy and treatment,
leading to the development of personalized therapies improving
clinical outcomes.

Herein, we provide a range of alternative targets focused on
the regulation of immune cells beyond T cells to promote anti-
tumoral responses. However, a reasonable amount of the work
regarding immunological therapeutic strategies remains to be
evaluated against SCC, highlighting opportunities for therapeutic
intervention. Since the composition of the TME is heterogeneous
and result in different TME subclasses not only among patients
or tumor types but also within a patient’s tumor, it is important
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Background: Oral tongue squamous cell carcinoma (OTSCC) causes over 350,000
cases annually and particularly impacts populations in developing countries. Smoking
and alcohol consumption are major risk factors. Determining the role of the tumor immune
microenvironment (TIME) in OTSCC outcomes can elucidate immune mechanisms
behind disease progression, and can potentially identify prognostic biomarkers.

Methods: We performed a retrospective study of 48 OTSCC surgical specimens
from patients with tobacco and alcohol exposures. A panel of immunoregulatory
cell subpopulations including T (CD3, CD4, CD8) and B (CD20) lymphocytes,
dendritic cells (CD1a, CD83), macrophages (CD68), and immune checkpoint molecules
programmed cell death protein 1 (PD-1) and ligand 1 (PD-L1) were analyzed using
immunohistochemistry. The levels of immune effector cell subpopulations and markers
were analyzed in relation to overall survival.

Results: Pathological characteristics of the tumor microenvironment included
inflammatory infiltrates (83.3%), desmoplasia (41.6%), and perineural invasion (50.0%).
The TIME contained high levels of T cells (CD3+, CD4+, and CD8+) and
B cells (CD204), as well as immature (CD1a) and mature (CD83) dendritic
cells, PD-1, and PD-L1. Higher numbers of TIME infiltrating CD3+ T cells and
CD20+ B cells were predictive of better survival, while higher levels of CD83+
mature dendritic cells predicted better survival. CD3+ T cells were identified
as an independent prognostic marker for OTSCC. Lastly, CD3+ T cells were
strongly correlated with the number of CD8+ cells and PD-L1 expression.
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Conclusion: Our findings provide evidence that the TIME profile of OTSSC impacted
prognosis. The high expression of CD3+ T cells and B cells are predictive of better overall
survival and indicative of an immunologically active, inflammatory TIME in patients with
better survival. The number of CD3+ T cells was an independent prognostic marker.

Keywords: tumor-infiltrating lymphocytes, immune microenvironment, tongue squamous cell carcinoma (TSCC),

CD20 B cells+, CD3

INTRODUCTION

Oral cancer is among the 10 most frequent cancers worldwide,
with an incidence of over 350,000 new cases annually (Bray
et al., 2018). Oral squamous cell carcinoma (OSCC) of mucosal
origin accounts for more than 90% of cases (Curado et al., 2016;
Bray et al., 2018). Patients affected by oral tongue squamous
cell carcinoma (OTSCC) are often elderly males over the sixth
decade of life, with prolonged exposures to tobacco and alcohol
(Scully and Bagan, 2009; Ng et al., 2017). Over half of cases are
diagnosed and treated at locally advanced stages, consequently
presenting a high risk of recurrences and locoregional metastasis
(Ng et al., 2017).

Extensive research has elucidated underlying mechanisms
of tumor cell survival, proliferation, and dissemination
(Hanahan and Weinberg, 2000). A dynamic signaling network
between tumor cells and the tumor microenvironment (TME)
significantly influences cancer progression and response
to conventional therapies (Hanahan and Weinberg, 2011;
Salo et al, 2014). The TME contains varied components
including immune cells (e.g., tumor-infiltrating lymphocytes
[TILs], macrophages, and dendritic cells); cancer-associated
fibroblasts, and endothelial cells; and in addition, an extracellular
matrix (fibronectin and collagen fibers) and soluble factors
(e.g., enzymes, growth factors, and chemokines) (Kim, 2007;
Lim et al., 2018).

The tumor immune microenvironment (TIME) plays a
critical role in the recognition and clearance of tumor cells,
as well as the generation of detrimental immunosuppressive
microenvironments (Munn and Bronte, 2016; Hadler-Olsen and
Wirsing, 2019). Immune surveillance is an important process that
counters carcinogenesis and maintains homeostasis (Kim, 2007;
Ferris, 2015). Growing evidence suggests that the composition
of immune cell infiltrates may be a potential prognostic marker
in OSCC (Almangush et al., 2020; Perri et al., 2020; Zhou
et al., 2020). The immune checkpoint molecule programmed
cell death receptor 1 (PD-1) and its ligand, programmed cell
death ligand - 1 (PD-L1), can induce immune suppression,
thereby promoting the progression of disease, and protecting
tumors from immune aggression (Ferris, 2015; Lim et al., 2018).
Recognizing the importance of immunological components of
tumors, an immunescore was developed that can provide a
prognostic factor for global survival, as well as for a means for
cancer classification (Galon et al., 2012; Fridman et al., 2013). In
addition, tumor immune components provide a target for new
therapeutic approaches, including immunotherapy via blocking
anti-PD-1/PD-L1 (Moskovitz and Ferris, 2018). Importantly,

environmental factors such as tobacco and alcohol consumption
can modify the tumor immune profile, especially by suppressing
T cell chemotaxis (de la Iglesia et al., 2020). Therefore, we aimed
to characterize the TIME from a homogeneous cohort of OTSCC
patients with tobacco and alcohol exposures, and to further
evaluate its impact on survival outcomes.

PATIENTS AND METHODS
Study Design and Ethical Approval

Surgical specimens of OTSCC from 48 patients treated from
2010 to 2017 were retrieved from the archives of the
A.C. Camargo Cancer Center (Sdo Paulo, Brazil) and the
Institute of Pathological Anatomy (Santa Barbara d’Oeste,
Sdo Paulo State, Brazil). Eligibility criteria included previously
untreated OTSCC and tobacco and alcohol consumption.
Patients with previous or other concomitant primary carcinomas
were not eligible. Patients’ medical records were reviewed to
retrieve sociodemographic characteristics (e.g., gender, age, risk
habits), clinical data (e.g., clinical stage, tumor local, lymph
node metastasis, and distant merastasis), therapeutic modality
(surgery, radiotherapy, and/or chemotherapy), and follow-up
status (Edge and Compton, 2010). Tumor stage and clinical stage
were categorized as initial (I and II) or advanced (III and IV)
(Table 1).

Two experienced pathologists reviewed and classified
histologic grades according to WHO criteria (ElNaggar
et al., 2017). Histological differentiation was assigned as well-
differentiated (grade I), moderately differentiated (grade II),
and poorly differentiated (grade III) tumors. Microscopic
examination of resected surgical margins was categorized
according to the distance between the tumor and the surgical
resection into negative (>5 mm) and positive (<5 mm). Survival
outcomes were evaluated as overall survival (OS), and the
presence of desmoplasia, inflammatory infiltrate, vascular
invasion, perineural invasion, and lymphatic invasion (Table 1)
(ELNaggar et al., 2017). The study was approved by the Human
Research Ethics Committee of A.C. Camargo Cancer Center
(Number 2.481.465).

Immunohistochemistry

Immunohistochemical assays were performed on 3-pm-
thick sections of paraffin-embedded tissues as specified in
Supplementary Table 1. Antigen retrieval was performed using
an electric pressure cooker for 15 min. Endogenous peroxidase
activity was suppressed using 6% H;O, for 15min before
the sections were incubated with primary antibodies for 2h.
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TABLE 1 | Clinicopathological features of oral squamous cell carcinoma patients.

TABLE 1 | Continued

Parameters
Age
Range 43-86
Mean 61.2
Median 61.5

n %
Gender
M 35 73.0
F 13 27.0
Tumor size
T 15 31.2
T2 13 271
T3 09 18.8
T4 1Al 229
Lymph node metastasis
NO 30 62.5
N1 10 20.8
N2 8 16.7
Distant metastasis
M 0 0
Clinical stage
| 13 271
Il 10 20.8
Il 08 16.7
\% 17 35.4
Histological grade
Well differentiated 16 33.3
Moderately differentiated 25 52.1
Poorly differentiated 7 14.6
Status
Alive 31 64.6
Dead 10 20.8
Lost to follow-up 7 14.6
Recurrence
Yes 17 35.4
No 31 64.6
Desmoplasia
Presente 20 41.6
Absent 2 4.2
NA 26 54.2
Desmoplasia intensity
Weak 45
Moderate 35
Strong 20
Inflammatory infiltrate
Present 40 83.3
Absent 0 0
NA 16.7
Vascular invasion
Present 4 8.3
Absent 43 89.6
NA 1 2.1

(Continued)

Parameters n %

Perineural invasion

Present 24 50.0
Absent 23 47.9
NA 1 21
Lymphatic invasion

Present 5 10.4
Absent 42 87.5
NA 1 21

M: Male; F: Female;, NA: Not available.

Immunohistochemical staining was performed with either
the Advance (Dako, Hamburg, Germany) or Vectastain Elite
ABC (Vector Laboratories, Burlingame, USA) kit, according
to manufacturer’s instructions. Slides were then exposed
to diaminobenzidine tetrahydrochloride (Dako, Hamburg,
Germany), and counterstained with Carazzi’s hematoxylin.

Immunohistochemical Analysis

The expression of CD3 +, CD4 +, CD8 +, CD20+, CD68+,
CD83+, CDla+, and PD-1+ cells were analyzed in the invasive
margin (IM) and tumor center (TC). The methods for counting
were adapted from published methods used to analyze TILs,
dendritic cell, and PD-1 (Pellicioli et al., 2017; Zhou et al., 2018;
Naruse et al., 2019; Ngamphaiboon et al., 2019). PD-L1+ cells
were evaluated in the TC, where only membranous positivity
was considered for scoring purposes. Complete circumferential
or partial membranous staining of TC at any intensity was
considered PD-L1-positive (+) and using reported parameters
for the specific antibody clones (Tsao et al., 2017). OTSCC slides
were screened at low power (100x), and then representative
fields were selected at 200x magnification, as showed in
Supplementary Figure 1. Images of each field were captured
using an optical light microscope (Leica DFC450, Germany).
Quantification of positive dendritic cells (CD83 and CD1a) and
PD-1+ the individual value was the average of the total of
10 positive cell fields using ImageJ software (version 2.0). The
density of CD3, CD4, CD8, CD20, and CD68 expression was
scored using semiquantitative score based on the percentage of
positive immune cells was scored as (1) negative (<5%), (2) weak
(5-30%), (3) moderate (30-80%), and (4) strong (>80%) for each
field (Ngamphaiboon et al., 2019), the individual scores are the
mean values of the 10 fields. The results were shown as the mean
number per slide. PD-L1 was considered positive in cases >1%
and negative in cases <1% (Supplementary Table 2).

Construction of Prognostic Score Based

on Immune Characteristics

The determination of 2 groups of observations was accomplished
by estimating a simple cut-point by using the maximum of
the standardized log-rank statistic proposed by Lausen and
Schumacher (Society, 2010). The optimal cut-points for cell
surface markers were selected to enable sorting into low and
high expression groups. The estimated cut-point was calculated
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for each marker, such as CD3+ 1.9 (low: 12; high: 26 patients);
CD4+ 1.0 (low: 06; high: 42 patients); CD8+ 1.7 (low: 19; high:
29 patients); CD20+ 1.2 (low: 11; high: 37 patients); CD68+
1.9 (low: 29; high: 19 patients); CD83+ 1.1 (low: 02; high: 46
patients); CDla+ 5 (low: 09; high: 39 patients) and PD-1+ 6.6
(low: 16; high: 48 patients), (Supplementary Figure 2).

Statistical Analysis

Analysis of the association between immune expression and
patient demographic and clinicopathological characteristics was
performed using Student’s ¢-, Mann-Whitney U, Kruskal-Wallis,
and Pearson’s chi-square tests, as appropriate. The determination
of two groups of observations for a simple cut-point was
estimated by the use of the maximum of the standardized log-
rank statistic proposed by Lausen and Schumacher (Society,
2010). Univariate overall survival (OS) probabilities were
calculated using the Kaplan-Meier method. Comparisons among
survival functions were performed with the log-rank test. The
Cox semiparametric proportional hazards model was used to
identify independent prognostic factors. Statistical analyses were
performed using SPSS (version 23) and R (version 3.2.1) and the
significance level was set at 5% for all statistical tests.

RESULTS

Clinicopathological Features and Its

Correlation With Survival

Forty-eight cases of OTSSC were retrieved. The
clinicopathological features are presented in Table 1. Briefly, the
mean age was 61.2 years (range 43-86 years), and males were
represented (35 cases, 73%) more than females (13 cases, 27%).
Twenty-eight (58.3%) patients had initial tumor stages (T1 and
T2) and 20 (41.7%) had advanced-stage tumors (T3 and T4).
Lymph node metastasis was observed in 18 patients (37.5%),
and no patients presented distant metastasis. Initial clinical
stages (Stages I and II) accounted for 23 cases (47.9%), while 25
(52.1%) presented with advanced clinical stage tumors (Stages
IIT and IV). Seventeen patients (35.4%) developed recurrences,
with a mean time to recurrence of 37.5 months (range: 0.1-97.2
months). The assessment of histological risk factors associated
with prognosis is shown in Table 1. Interestingly, 16 patients
(33.3%) had well-differentiated, 25 (52.1%) had moderately
differentiated, and 7 (14.6%) had poorly differentiated tumors.
Twenty tumors (41.6%) featured a desmoplastic stroma, and
40 displayed inflammatory infiltrates (83.3%). Desmoplasia was
reported as weak in 9 cases (45%) and moderate in 7 patients
(35%). Perineural invasion was reported in half of the surgical
specimens (24 cases [50.0%]), while lymphovascular invasion
was less frequent, observed only in 5 cases (10.4%) of patients,
(Table 1).

The OS analysis showed an average estimate of 78.5 months
(HR = 5.2, 95% CI 0.4-5.7). Univariate analysis showing the
associations between clinicopathological features and OS are
presented in Table 2. T3 stage (HR 29.6, 95% CI 3.0-295.3 (p =
0.04), N2 stage (HR 5.9, 95% CI 1.4-24.6 (p = 0.01), and poor
histological grade (HR 12.7, 95% [CI] 1.4-117.1 (p = 0.02), were

TABLE 2 | Univariate and multivariate analysis for overall survival of oral
squamous cell carcinoma patients.

HR 95.0% ClI P-value
Overall survival
Univariate model
T stage
T 1.0 (Ref.) 0.009
T2 3.867 0.348 42.972 0.271
T3 29.593 2.965 295.346 0.004
T4 3.872 0.228 65.766 0.349
N stage
NO 1.0 (Ref.) 0.025
N1 0.608 0.070 5.266 0.652
N2 5.906 1.417 24.614 0.015
Histological grade
Well 1.0 (Ref.) 0.027
Moderately 2.887 0.337 24.730 0.333
Poorly 12.770 1.393 117.061 0.024
Overall survival
Multivariate model
T stage 9.172 1.593 52.798 0.013
CD3 0.229 0.060 0.868 0.030

Bold value is P < 0.05.

correlated with OS rates. Multivariate analysis revealed T stage
(HR9.172, 95% CI, 1.6-52.8) (p = 0.01) as a predictor of OS.

Characterization of the TIME Profile of

OTSSC

To delineate the OTSCC TIME profile, stratification was based
on individualized cutoff values for the optimized prognostic
power of each marker (Figures 1A, 2AE, 3AE, 4AE, 5AD). All
patients were classified into low or high expression groups for
each marker, and the percentages of individuals in each group
were compared.

Upon analysis of the percentage of tumors demonstrating
high vs. low lymphocyte subpopulation infiltration, we observed
a major increase in the high expression groups for CD3™
(75.0%) (Figure 1B), CD20" (77.1%) (Figure2B), CDS8™
(60.4%) (Figure 2F), and CD4" (87.5%) cells (Figure 3B). In
contrast, the majority of tumors expressed low frequencies
of CD68+ macrophages (Figure 3F). Remarkably, almost all
OTSCC presented high expression profiles of mature dendritic
cells, evaluated by CD83 expression (95.8%) (Figure4B),
as well as, immature dendritic cells assessed through CDla
expression (81.3%) (Figure 4F). In addition to the infiltrating
cell populations, we also evaluated the expression of the
immune checkpoint molecules PD-1 and PD-L1 due to their
immunosuppressive activity. Both proteins were highly expressed
in most of the samples with PD-1 in 66.7% (Figure 5B) and
PD-L1 in 75.0% (Figure 5E).

To better understand the OTSCC immunoregulatory
networks established in the TIME, we analyzed the correlation
between the expression of the evaluated markers. Using the
original data of the quantification of TILs and PD-L1 markers,
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FIGURE 1 | T cell co-receptor in OSSC (A) CD3 (left: 200X magnification; right panel: 400X magnification). (B) Representative images of OSCC tissues showing low
and high CD3 expression, graph showing 36 cases (75.00%) with high CD3 tissues. (C) Well histological grade in CD3 high was associated with improved OS (p <
0.001). (D) High CD3 expression was associated with improved OS (P = 0.04). (E) Table showing multivariate analysis for CD3 (o = 0.03). (F) Heat map showing TILs,
slim and PD-L1 expressions in OSSC. (G) Correlation of the CD3 rate with expression patterns of CD8 (r = 0.76; p = <0.001) and (H) PD-L1 (- = 0.411; p = 0.004)
by Spearman rank correlation coefficient. Cl, confidence interval; HR, hazard ratio; OS, overall survival; OSCC, oral squamous cell carcinoma; CD3, T cell co-receptor;
Mod, Moderately.

a heatmap was constructed showing the relative expression
levels for each marker across all patient samples (Figure 1F).
Performing a Spearman correlation analysis, we observed a clear
correlation between CD3+ cells and CD8+ cells (p < 0.05, R
= 0.76) (Figure 1G), as well as with PD-L1+ cells (p < 0.05,

R = 0.41) (Figure 1H). In addition, the densities of CD8+
cells significantly correlated with the levels of CD34-, CD20+,
CD68+ subsets with R values 0.76; 0.71; and 0.59 (Spearman
correlation analysis, p-values < 0.05) (Supplementary Table 3);
and PD-L1+- cells (Figure 5G).
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Increased Expression of Infiltrating T and B
Lymphocytes Are Correlated With
Improved Survival in OTSCC

We next explored whether the expression of the immune markers
influenced OS. These analyses showed that infiltrating CD3+
T cells were correlated with an improved OS (p = 0.04) (HR
0.3, 95%CI, 0.1-1.3) (Figure 1D). Also, statistically significant
variables identified by univariate analysis were evaluated by using
the multivariate Cox proportional regression analysis hazard
model. Not surprisingly, CD3" T cells were identified as an

independent prognostic factor (p = 0.03) (HR 0.1, 95%ClI,
0.1-0.9), supporting the prognostic value of CD3 markers in
OTSCC (Figure 1E).

Analysis of CD8+ T cells revealed that higher levels were also
associated with better OS (HR 0.3, 95%CI, 0.1-1.1), with a p-value
of 0.052 (Figure 2H). CD4+ T cells, which play an important
role in immunoregulation, were not correlated with OS (p =
0.21) (Figure 3D). Lastly, we found that high CD20+ B cells were
correlated with an improved OS (p = 0.03) (HR 0.3, 95% CI,
0.1-1.3) (Figure 2D).
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High Expression of Mature Dendritic Cells
in the TME Are Correlated With Higher

Survival

Given the importance of myeloid-derived immune effector cell
subpopulations in the regulation of the TIME, we evaluated the
pan-macrophage immunomarker CD68 to assess the presence
of macrophages (both M1 and M2). We did not observe a

correlation between expression of CD68" cells and OS (HR 0.4,
95%CI, 0.1-1.6) (p = 0.27) (Figure 3H). In addition, we also
evaluated the presence of dendritic cells, due to their important
role in T cell activation and immunoregulation. Our results
demonstrated high prevalence of mature dendritic cells (CD83™)
in the TME was correlated with an improved OS (HR 0.2, 95%CI
0.0-3.4) (p = 0.01) (Figure 4D). In contrast, immature dendritic
cells did not impact survival (p = 0.18) (Figure 4H).

Frontiers in Cell and Developmental Biology | www.frontiersin.org 58

February 2021 | Volume 8 | Article 622161


https://www.frontiersin.org/journals/cell-and-Developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-Developmental-biology#articles

Sales de Sa et al. Prognostic Immune Markers in Tongue Cancer

A DENDRITIC CELL (MATURE) (CD83) B_ cDs83
Low
low high
CcD83
= 1001y < %04 :
2 £ 80 high expression
s ' 13 (. 8 107
B —— CD83low (Mod) [57]S 60 .
s — CD83low (Poorly) |o1| § 5o LIQW expression
2 50 L CD83 high (Well) |16]| @ 40-
= — CD83 high (Mod.) |24]|5
g CD83 high (Poorly)|06] & 30 HR: 0.172
> 5 20+ (CI: 0.007 to 3.881)
o p<0.001 10 p=0.01"
0 T T 1 0 1 T 1 1 T 1
0 50 100 150 0 20 40 60 80 100 120
Time (Month) F Time (Month)
E CD1a
DENDRITIC CELL (IMMATURE) (CD1a)
90+
80
70
§ 60
Gy 50 Low
"J.,‘*‘i”v"t-‘ﬂ:{l g 404 >
a® ek Vot [72]
o @© 30+
© 20
104
0
low high
G H " HIGH
CD1a
100 low expression
—~ 100 — 90+
2 = 80~ ) .
.—; ] — CD1alow (Well) [55 g 70+ high expression
2 — CD1alow (Mod) |o7]| S 60—
S 5l ~—— CD1ahigh (well) |14] 3 50+
2 — CD1ahigh (Mod)) [18| = 40+
© CD1a high (Poorly)|07 g 30
3 C>> 20+
o p=0.025 10+ p=0.18
0 T T 1 0 T T T T ] 1
0 50 100 150 0 20 40 60 80 100 120
Time (Month) T Eot)

FIGURE 4 | Infiltrating dendritic cells in OSSC. (A) CD83 (left: 200X magnification; right panel: 400X magnification). (B) Representative images of OSCC tissues
showing low and high CD83 expression, graph showing 46 cases (95.83%) with high CD83 tissues. (C) Well histological grade in CD83 high was associated with
improved OS (p < 0.001). (D) High CD83 expression was associated with better OS (P = 0.01). (E) CD1a in OSCC (left: magnification 200X; right panel: magnification
400X). (F) Representative images of OSCC tissues showing low and high CD1a expression, graph showing 39 (81.25%) cases with high CD1a. (G) Well histological
grade in CD1a low was associated with improved OS (p = 0.025). (H) High CD1a expression did not impact OS (P = 0.18). Cl, confidence interval; HR, hazard ratio;
OS, overall survival OSCC, oral squamous cell carcinoma; CD83, mature dendritic cell; CD1a, immature dendritic cell; Mod, Moderately.

TIME Correlates With Histological Grade

well-differentiated and high expression of T lymphocytes
and Survival in OTSCC

with an improved OS (p < 0.001 and p = 0.001, respectively)

We stratified patients by histological grade (well, moderaty, and
poorly differentiated) with the expression of the markers CD3,
CD4, CD8, CD20, CD68, CD83, CD1a, and correlating with OS.

This analysis demonstrated a strong association of
CD3+ and CD8+4 T cells with a histological grade of

(Figures 1C, 2G). CD4+ T lymphocytes showed the opposite
where patients with low expression show improvement in
OS, but in this group no patient was found with poorly
differentiated histological grade (p = 0.025) (Figure 3C).
CD20+ B cells were correlated with OS improvement when
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FIGURE 5 | PD-1 and PD-L1 in OSSC. (A) PD-1 in OSCC (left: 200X magnification; right panel: 400X magnification). (B) Representative images of OSCC tissues
showing low and high PD-1 expression, graph showing 32 cases (66.67 %) of high PD-1. (C) High PD-1 expression was not associated with OS (P = 0.06). (D)
PD-LD-1 in OSCC (left: 200X magnification; right panel: 400X magnification). (E) Representative images of OSCC tissues showing low and high PDL-1 expression,
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carcinoma, PD-1, programmed cell death receptor-1; PD-L1, programmed cell death ligand-1; Mod, Moderately.

they have a well-differentiated histological grade (p = 0.01) (p = 0.017) (Figure3G). CD83+ mature dendritic cells
(Figure 2C). showed the pattern of high expression with improved survival

CD68+ pan-macrophage cells showed the pattern of well — when compared to low expression, independent of the degree
histological differentiation and correlated with OS improvement  of differentiation between these two groups (p < 0.001)

Frontiers in Cell and Developmental Biology | www.frontiersin.org 60 February 2021 | Volume 8 | Article 622161


https://www.frontiersin.org/journals/cell-and-Developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-Developmental-biology#articles

Sales de Sa et al.

Prognostic Immune Markers in Tongue Cancer

(Figure 4C). Non-low expression of the immature CDla
dendritic cell marker correlated with improved OS (p = 0.025)
(Figure 4G).

TME Expression of PD-1 and PD-L1 Were
not Associated With Survival Outcomes

The immune checkpoint molecules PD-1 and PD-L1 can
suppress immunity, thereby preventing autoimmunity and
protecting tissues from immune-mediated injury. However, in
the context of cancer, they can inhibit beneficial anti-tumor
immune responses. Although most of the tumors displayed high
expression of both PD-1 (HR 1.0, 95% CI, 0.9-1.0, p = 0.06) and
PD-L1 (HR 1.0, 95% CI, 0.3-3.7, p = 0.48), the expressions of
these proteins in the TME and tumor center were not correlated
with OS (Figures 5C,F).

To gain further insights into immunoregulatory networks
in the TME, we performed a correlation matrix between all
immune cell subpopulations and checkpoint inhibitor molecules.
We observed a significant positive correlation (p < 0.05)
between the densities of PD-1+ cells and cell subpopulations
expressing CD34, CD4+, CD8+, CD20+, and CD83+. In
addition, a strong positive correlation was seen between CD20+
B cells and T cell subpopulations (CD3+, CD4+ and CD8+),
which could be indicative of tertiary lymphoid structures
(Supplementary Table 2).

DISCUSSION

Cancer biology research focused on the TIME has grown
exponentially in recent years. Accumulating evidence suggests
that OSCC is an immunosuppressive disease, and consequently
immunotherapy has emerged as a novel approach to restore anti-
tumor responses and to overcome escape mechanisms utilized
by tumor cells (Ferris, 2015; Moskovitz and Ferris, 2018; Galvis
et al., 2020). Nevertheless, it is important to recognize that the
immune system is extremely complex, and that environmental
factors such as tobacco and alcohol use can modify the antitumor
immune response (de la Iglesia et al., 2020). Therefore, there is an
acute need to recognize TIME profiles and assess their impacts on
OSCC survival.

Herein we demonstrate that OTSCC in patients with tobacco
and alcohol exposures is characterized by high levels of total
T cells (CD3+), CD8+ T cells, and CD4+ T cells, as well as
B lymphocytes (CD20+), and immature (CD1a) and mature
(CD83) dendritic cells. Moreover, tumor cells showed a high
expression of the immune checkpoint molecule PD-L1, while
surrounding immune cells exhibited high PD-1 expression. In
contrast, the TME presented low levels of macrophages (CD68).
The influence of tumor immune infiltrate on survival curves
showed particular promise for the CD3+ T cell co-receptor,
CD20+ B cells and CD8+ T cells as predictors of survival, and
identified CD3 as an independent prognostic marker.

The immune microenvironment is composed primarily of
TILs (T and B lymphocytes and NK cells), macrophages, and
dendritic cells (Munn and Bronte, 2016; Hadler-Olsen and
Wirsing, 2019). All components play critical roles in the detection

and elimination of tumor cells, thereby contributing to arresting
tumor progression and proliferation (Kim, 2007; Ferris, 2015).
The activation of T cells requires the T-cell receptor complex,
which includes the co-receptor CD3 (Perri et al., 2020). Our
findings showed that OTSCC featured a high expression of
CD3+ T cells that was significantly correlated with improved
survival and acts as an independent prognostic indicator. Past
studies have shown that the presence of CD3+ T cells in the
TME is related to improved prognosis in a wide range of tumors
(Zhou et al., 2018, 2020). Supporting our findings, recent studies
have reported the abundance of CD3+ T cells in the TME
as an independent prognostic factor for OSCC, improving OS
and recurrence-free survival (Zhou et al., 2018, 2020). Thus,
the high expression of TME CD3+ cells is likely reflecting
immunocompetent T lymphocytes with anti-tumor activity, and
also highlights its potential roles as an accurate prognostic
marker and for the selection of patient candidates for therapies
targeting T lymphocytes (Almangush et al., 2020).

B lymphocytes play an important role in antigen presentation
and antibody production in the early stages of tumor
development (Quan et al., 2016; Taghavi et al., 2018; Hadler-
Olsen and Wirsing, 2019). Our data correlated a high expression
of CD20 with improved OS. Despite the importance of B cells in
antitumor activity, there remains a paucity of evidence regarding
their prognostic role. Our finding that TME CD20+ B cells are
strongly correlated with T cells could be reflecting the formation
of tertiary lymphoid structures, which have been associated with
improved survival in OSCC (Wirsing et al., 2014). Notably, our
results reinforce the importance of understanding the role of B
cells in the TIME and their role as a prognostic factor.

Immune activation is driven through interactions between
immune cells and tumor-associated antigens (Perri et al., 2020).
CD8+ cytotoxic T cell activation follows interaction with
antigen-presenting cells. Our data revealed that a high prevalence
of T cells (likely including cytotoxic CD8+ T cells) in the
invasive margin tends to be associated with higher OS. The
presence of cytotoxic T cells in the TME has been highlighted
as a key-point in the interactions between tumor and immune
cells (Ferris, 2015; Hadler-Olsen and Wirsing, 2019; Perri et al.,
2020). Our findings are consistent with previous studies showing
that the high expression of CD8+ cytotoxic T cells is correlated
with improved survival in OTSSC (Nguyen et al., 2016; Zhou
et al.,, 2018; Shimizu et al., 2019). Due to all evidence and the
biological role of CD8+ T cells in the TME, CD8 may prove to
be a fundamental molecule to assess as a prognostic marker for
OTSSC patients.

CD4+ T helper cells act as regulators of the immune response,
thus avoiding exacerbated immune responses, particularly those
mediated by cytotoxic T cells (Perri et al, 2020). Treg cells
represent a minor heterogenic subsite of CD4+ T cells with
the potential to induce suppression of CD8+ T cells and may
contribute to carcinogenesis and cancer progression by two
mechanisms; first, by limiting immune function upon tumor
recognition; and second, by suppressing the cellular activity
of cytotoxic T cells (Dayan et al., 2012; Hadler-Olsen and
Wirsing, 2019; Perri et al., 2020). Our results demonstrated that
patients with increased CD4+ expression tended to have a worse
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prognosis, although statistical significance was not established.
Previous studies evaluating the impact of CD4+ T cells also did
not reach statistical significance with respect to their influence
on OS. These data indicate the antagonistic effect of some T cell
subpopulations in the TME, and demonstrate the importance
of characterization of specific cell subpopulations in the TIME,
mainly Treg cells, which often express Foxp3, a marker not
included in our study (Perri et al., 2020).

Tumor-associated macrophages present two different
phenotypes: M1, which exerts an antitumor role; and M2, which
exerts a protumor immunosuppressive role (Alves et al., 2018).
CD68 is a pan-macrophage marker, which has been related
to tumor-suppressor activity (Alves et al., 2018; Hadler-Olsen
and Wirsing, 2019). We did not observe statistical differences
between CD68+ cells and survival outcomes. A recent meta-
analysis found no significant association between the CD68
pan-macrophage marker and OS (Hadler-Olsen and Wirsing,
2019). Moreover, a recent literature review noted the difficulty
in evaluating this marker due to data variability and study
methodologies (Alves et al., 2018).

Dendritic cells (DC) are responsible for recognizing and
presenting antigens to immune cells, especially T cells (Hansen
and Andersen, 2017; Perri et al., 2020). Currently, there are a
large number of markers for characterizing DC subpopulations
(Pellicioli et al., 2017; Jardim et al, 2018). In our study, we
selected CD83 (mature DCs) and CD1a (immature DCs) because
of their well-established biological properties and previous
investigations (Gomes et al., 2016; Pellicioli et al., 2017; Jardim
etal., 2018). Our findings showed that OTSCC patients presented
high expression of CD83+ DCs, and that they were significantly
correlated with improved survival. Pellicioli et al. showed that
the presence of mature DCs is associated with the early stages of
OTSSC development (Pellicioli et al., 2017). In contrast, Jardim
et al., did not find a correlation between CD83 and OS (Jardim
etal., 2018).

We used CDla expression as an indicator of immature
DCs. CDla is involved in antigen presentation by dendritic
Langerhans cells to T lymphocytes (Gondak et al., 2012; Jardim
et al., 2018). Our data demonstrated that increased levels of
CDla+ cells tended to result in a worse prognosis, although
statistical significance was not established. However, Jardim et al.
showed that lower levels of immature peritumoral DCs predict
higher recurrence rates and shorter survival (Jardim et al., 2018).
The presence of immature DCs often demonstrates that the
immune system is in the stage of maturation and recruitment,
and thus predicts worse survival. The opposite effect is suggested
by the presence of mature DCs, which reflects the presence of
active T lymphocytes, and predicts an active immune response
and improved prognosis (Hansen and Andersen, 2017; Jardim
etal., 2018).

T cells express the immunological checkpoint protein PD-1,
which interacts with its receptor on neoplastic and immune cells,
PD-L1, leading to the inhibition of cytolytic antitumor responses,
thereby promoting immunologic escape of tumor cells (Ferris,
2015; Gato-Canas et al., 2017; Gong et al., 2018; Moskovitz and
Ferris, 2018). In our study, levels of PD-1 did not correlate with
prognosis in OTSSC. Thus, our study demonstrates the presence

of an active microenvironment that drives the expression of
immune checkpoint inhibitors; however, this microenvironment
manages to remain active through the recruitment of CD8+
T cells, reinforcing the potential use of immune checkpoint
inhibitor therapies (Ferris, 2015; Gato-Canas et al., 2017; Kansy
etal., 2017; Gong et al., 2018).

The presence of PD-L1 in tumor cells indicates an active
mechanism of immune escape (Ferris, 2015; Moskovitz and
Ferris, 2018; Perri et al, 2020). In our study, there was no
clear effect of PD-L1 expression on OS. The expression of
PD-L1 by tumor cells can facilitate immunologic escape by
inhibiting cytotoxic T cell function; therefore, increased PD-
L1 can correlate with a worse prognosis. On the other hand,
the expression of PD-L1 by tumor cells may be secondary to
the production of IFN-gamma by infiltrating T cells, which is
often associated with better outcomes (Moskovitz and Ferris,
2018; Perri et al., 2020). Previous studies have associated PD-L1
overexpression with reduced survival (Lin et al., 2015; De Vicente
et al., 2019; Lenouvel et al., 2020) others show the opposite,
where prognostic significance is not established (Huang et al.,
2020). These conflicting results show the importance of the need
for standardization of marking for this protein. A recent study
has demonstrated several PD-L1 marker patterns in OTSCC,
which associated four patterns with distinct biological processes
(genetic modifications and adaptive immune resistance, immune
ignorance, intrinsic induction, and immune tolerance), and
demonstrated a change in survival when evaluating the different
patterns (Miranda-Galvis et al., 2020). Thus, the study shows the
potential prognostic value of PD-L1, however studies evaluating
these patterns in different cohorts and tumors will clarify their
potential as broadly used markers.

Another finding observed in our study was the stratification
of the patients regarding the histological grade. The histological
grade is a known prognostic factor in OTSSC, and it has been
described that higher grades of TILs or increasing CD3+ or
CD8 + cell densities are associated with histological grades
(Giraldo et al, 2019; Almangush et al, 2020; Zhou et al.,
2020). Our study observed that the presence of TIME influences
survival of the patients even when stratifying the patients by
the histological grade. Importantly, CD3+ T cells remained an
independent marker.

Our studies limitations are; First, the strict inclusion criteria
that aimed to study a more homogeneous population, defined
by tobacco and alcohol consumption, led to a smaller sample
size, Second, the cell population of macrophages was evaluated
by using the pan-macrophage antibody, which did not allow the
identification of M1 and M2 subtypes, Third, the assessment
of immune cell profiles through immunohistochemistry only
allows the identification of the presence of the cells, but does not
address their specific immune functional activity, and Fourth,
due to the sample size stratification by histological grade led
to small sub-group sizes, limiting the ability to generalize these
particular findings.

In summary, we provide evidence that OTSCC patients
who smoke tobacco and drink alcohol have an active TIME,
which is associated with better OS. We identified specific TIL
subpopulations, including CD3+ T cells, CD20+ B cells, and
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CD83+4 mature dendritic cells, that are associated with better
survival rates. Moreover, increased expression of CD3+ T cells
was identified as an independent prognostic marker, suggesting a
potential biomarker for therapeutic targets in OTSCC.
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As research into tumor-immune interactions progresses, immunotherapy is becoming
the most promising treatment against cancers. The tumor microenvironment (TME)
plays the key role influencing the efficacy of anti-tumor immunotherapy, in which
tumor-associated macrophages (TAMs) are the most important component. Although
evidences have emerged revealing that competing endogenous RNAs (ceRNASs)
were involved in infiltration, differentiation and function of immune cells by regulating
interactions among different varieties of RNAs, limited comprehensive investigation
focused on the regulatory mechanism between ceRNA networks and TAMs. In this
study, we aimed to utilize bioinformatic approaches to explore how TAMs potentially
influence the prognosis and immunotherapy of lung adenocarcinoma (LUAD) patients.
Firstly, according to TAM signature genes, we constructed a TAM prognostic risk model
by the least absolute shrinkage and selection operator (LASSO) cox regression in
LUAD patients. Then, differential gene expression was analyzed between high- and
low-risk patients. Weighted gene correlation network analysis (WGCNA) was utilized
to identify relevant gene modules correlated with clinical characteristics and prognostic
risk score. Moreover, ceRNA networks were built up based on predicting regulatory
pairs in differentially expressed genes. Ultimately, by synthesizing information of protein-
protein interactions (PPI) analysis and survival analysis, we have successfully identified a
core regulatory axis: LINC00324/miR-9-5p (miR-33b-5p)/GAB3 (IKZF1) which may play
a pivotal role in regulating TAM risk and prognosis in LUAD patients. The present study
contributes to a better understanding of TAMs associated immunosuppression in the
TME and provides novel targets and regulatory pathway for anti-tumor immunotherapy.

Keywords: tumor-associated macrophages, lung adenocarcinoma, LASSO cox regression, WGCNA, competing
endogenous RNA
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INTRODUCTION

As reported in World Cancer Report 2020, lung cancer continues
to be the most common cancer type and the leading cause of
cancer death worldwide, accounting for about 18% of all cancer
deaths. Non-small-cell lung cancer represents 80-85% of lung
cancers, and can be subdivided into adenocarcinoma, squamous-
cell carcinoma, and large-cell carcinoma, etc (Reck and Rabe,
2017; Siegel et al., 2020). Among them, lung adenocarcinoma
(LUAD) is more aggressive and possesses more morphological
heterogeneity than other types of lung cancer (Zhang et al., 2018).

In spite of advances in chemotherapy, radiotherapy, and
targeted therapy in the last decade, prognosis of patients with
advanced lung cancer is still very poor, with a 5-year survival
rate of 10-20% (Allemani et al., 2015). As research progresses,
immunotherapy is becoming the most promising treatment
against cancers, and has gradually revolutionized cancer
treatment (Herbst et al., 2018). Although several tumor types
including LUAD reveal effective response to immunotherapy
especially immune checkpoint blockade, it remains a large
portion of patients failed to benefit from the treatment (Chen and
Mellman, 2017; Hirsch et al., 2017).

Recent studies have demonstrated that the tumor
microenvironment (TME) plays the key role influencing
the efficacy of anti-tumor immunotherapy, in which tumor-
associated macrophages (TAMs) are the most important
component (Bohn et al, 2018; Xia et al, 2020). TAMs
are abundant in multiple cancers compared to adjacent
tissues, supporting oncogenesis, vascularization in spite
of immunosurveillance (Yang and Zhang, 2017). This
raises the intriguing possibility that targeting TAMs may
be an effective therapeutic strategy for intractable LUAD
(Cassetta and Pollard, 2018). Actually, considering the
extremely complicated microenvironment, TAMs appear to
be highly heterogeneous in solid tumors. Meanwhile, TAM-
associated molecular markers appear to show controversial
prognostic value in pan-cancer patients (Pollard, 2004;
Lu-Emerson et al,, 2013; Ojalvo et al, 2018; Wang et al,
2018; Cao et al, 2019; Li et al, 2019; Liu et al, 2019
Dai et al, 2020). Collective evidence had previously
demonstrated that TAMs were characterized mostly by M2-
like markers and were correlated with poor prognosis in
numerous malignancies, including lung cancer. Therefore, we
assumed that identification of M2-like TAMs risk was more
meaningful because they are primarily responsible for the
prognosis of patients.

Accumulating evidences have emerged revealing competing
endogenous RNAs (ceRNAs) play an essential role in regulating
interactions among different varieties of RNAs and were
involved in progression and immune infiltration in multiple
kinds of tumors (Zhang K. et al, 2020). However, there is
limited comprehensive investigation focusing on the regulatory
mechanism between ceRNA networks and TAM associated
signature genes, and the deep prognostic value is not yet
fully explored. In this study, we aimed to utilize bioinformatic
approaches analyzing public datasets to explore how TAMs
potentially influence the prognosis of LUAD patients and

tried to provide novel targets and directions for anti-tumor
immunotherapy, especially for targeting the TAMs.

MATERIALS AND METHODS
Study Design

The workflow of the manuscript is shown in Figure 1. Public
datasets TCGA-LUAD and an external GEO validation cohort,
containing sequencing data of LUAD tumor tissues, were
analyzed in this study. As for TCGA-training cohort, utilizing
TAMs associated genes, we firstly constructed a TAMs prognostic
risk model by LASSO cox regression. Samples were divided into
high- and low-risk groups according to their calculated risk
scores. Then differentially expressed genes between two groups
were identified for following comprehensive analysis. WGCNA
was utilized to identify relevant gene modules correlated with
clinical characters and prognostic risk score and ceRNA networks
were then built up in concerned WGCNA modules. At last, by
synthesizing information of PPI analysis and survival analysis, we
tried to identify a core regulatory axis in ceRNA networks which
may play a key role in TAMs associated immunosuppression and
prognostic value in LUAD patients.

Public Data Used in This Study

The TCGA-LUAD data, containing expression value of IncRNAs,
miRNAs, and mRNA as well as clinical information were
retrieved from the TCGA data portal'. Besides, another external
validation set GSE72094, defined as GEO-validation cohort was
obtained from the GEO website®. After removing patients who
have ever been affected by other malignant tumors or with
incomplete IncRNAs, miRNAs, and mRNAs data, 804 LUAD
patients were screened for inclusion in this study. Expression
value of genes was then standardized for subsequent analysis.

Construction of TAMs Related

Prognostic Risk Model

According to comprehensively reported TAMs related gene
signature: CD68, CD11b, CD163, CD206, IL10, CD39, MMP14,
CXCL8, CCL17, CD274, TGFBI, ARGI, and IDO1, a TAMs
related prognostic risk model was built up by the least absolute
shrinkage and selection operator (LASSO) cox regression (Duan
et al,, 2016). Package “glmnet” in R software (version 3.3.2) was
utilized to achieve this result. Optimized lambda was determined
when the cross-validation error reach to the smallest and non-
zero coefficients were selected. Subsequently, a risk score was
built according to the expression value and module coefficient of
each gene (Lossos et al., 2004; Chen et al., 2007; Hu et al., 2019):

k
Risk score = ZﬁiSi
i=1
where k, pi, and Si represent the number of signature genes,
the coefficient index, and the gene expression level, respectively.

Uhttps://tcga-data.nci.nih.gov/tcga/
Zhttps://www.ncbi.nlm.nih.gov/geo/
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Subsequently, a risk score was built according to the expression
value and module coefficient of each gene and therefore patients
were assigned into high-risk group and low-risk group based
on the risk score. At last, Kaplan-Meier survival analysis were
performed to validate prognostic value of the risk model.

Survival Analysis

The univariate Cox regression model was applied to analyze
the relationship between the overall survival (OS) of LUAD
patients and gene expression. p-value < 0.05 was considered
to be significant. Then, the selected genes were visualized with
the Kaplan-Meier survival curve. Time-dependent ROC analyses
were conducted by “timeROC” R package to estimate the
accuracy of the predicted survival probability.

Identification of Differentially Expressed

Genes

Random variance model (RVM) t-test was applied to filter the
differentially expressed genes among groups. After the significant
analysis and FDR analysis, we selected the differentially
expressed genes according to the criterion: FDR < 0.05
and absolute FC > 1.2. Then, the relative abundances of
differentially expressed IncRNAs (DEIncRNAs), differentially
expressed miRNAs (DEmiRNAs) and differentially expressed
mRNAs (DEmRNAs) were illustrated in heatmaps by R
package “gplots.”

Weighted Gene Correlation Network
Analysis

In order to analyze potential interconnections between DEGs,
Weighted gene correlation network analysis (WGCNA) analysis
was employed to identify modules containing genes with
similar expression patterns via the package “WGCNA” in R
software (Langfelder and Horvath, 2008). Firstly, cluster analysis
was performed to remove outliers based on differential gene
expression of samples. Next, to balance the relationship between
scale independence and mean connectivity, a suitable soft-
threshold power B was determined. Then Topological Overlap
Matrix (TOM) was constructed based on B value, deriving
the intergenic divergence coefficients. Cluster Dendrogram
and Eigengene Adjacency Heatmap were drew to show gene
clustering and module relationship. To determine the most
important module for further analysis, eigengene for each
module was calculated. Then eigengenes were employed to
compute module-trait associations with risk score, TNM stage,
age, gender, race, and RFS, etc. Finally, concerned modules were
identified by considering genes numbers and association between
modules and clinical features.

Gene Ontology and KEGG Pathway

Enrichment Analysis

Gene ontology (GO) analysis was applied to analyze the main
function of genes according to the Gene Ontology database’,
which can organize genes into hierarchical categories and

Shttp://www.geneontology.org

uncover the gene regulatory network on the basis of biological
process and molecular function. The Kyoto Encyclopedia of
Genes and Genomes (KEGG)* (Kanehisa et al., 2010) was
used to analyze the potential regulatory pathways of DEG
and genes involved in concerned WGCNA modules. The
functional annotations were performed by “clusterProfiler”
package in R software.

Construction of ceRNA Networks

To predict the possible target mRNAs and IncRNAs of
DEmiRNAs, several target gene prediction websites were
utilized. Firstly, by searching miRanda’, Targetscan® (Lewis
et al.,, 2005), and miRWalk’ databases, we got intersection of
predicted miRNA-mRNA pairs with possible binding relation.
Similarly, miRNA-IncRNA pairs were predicted by employing
PITA® and miRanda databases. Then, miRNA-mRNA/miRNA-
IncRNA pairs with negatively correlation were finally determined
in concerned WGCNA modules separately. Ultimately, the
ceRNA networks were constructed by integrating the miRNA-
IncRNA-mRNA interactions by Cytoscape 3.4.0 software
(Lotia et al., 2013).

Protein-Protein Interactions (PPI)

Networks Analysis

The protein-protein interactions (PPI) between mRNAs in
ceRNA networks were constructed by Search Tool for the
Retrieval of Interacting Genes (STRING) database® (Szklarczyk
et al, 2011). Interactions with confidence score >0.4 were
demonstrated in the networks.

Quantification of Genes by Quantitative
Real-Time PCR

A total of 20 surgical resection of tumor tissues from LUAD
patients were obtained from the Thoracic Surgery department of
the First Affiliated Hospital of Zhengzhou University. Informed
consents were signed by patients before surgeries, and this
research was approved by the Institutional Ethical Committee
of the First Affiliated Hospital of Zhengzhou University. Total
RNA was extracted from tumor tissues with TRIzol reagent
(Invitrogen, United States). The purity and concentration of
RNA were quantified by NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific, United States). For mRNA and
IncRNA detection, 1 mg total RNA was used to synthesize
the first strand cDNA using PrimeScript RT reagent Kit With
gDNA Eraser (TaKaRa, Japan). For miRNA detection, cDNA
was synthesized with miRNA First Strand ¢cDNA Synthesis
(Tailing Reaction) (Sangon, China). qRT-PCR were carried out
using SYBR Premix Ex Taq II (TaKaRa, Japan) in CXF96
System (BioRad, United States). GAPDH and U6 were used as

*http://www.kegg.jp/

>http://www.microrna.org/

Chttp://www.targetscan.org/

“http://129.206.7.150/
8https://genie.weizmann.ac.il/pubs/mir07/mir07_exe.html
“http://string-db.org/
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endogenous control. The primers used in this study were listed in
Supplementary Table 5.

RESULTS

Information of Samples and TAMs
Biomarkers Enrolled in This Study

The flowchart in Figure 1 demonstrates the overall design and
process about this study. To begin with, we have screened
suitable samples for analysis by removing patients who have
ever been affected by other malignant tumors and only samples
with expression data of IncRNA, miRNA and mRNA could
be enrolled. Firstly, we randomly assigned 406 samples from
TCGA-LUAD into two groups, 203 in TCGA-training cohort,
and 203 in TCGA-validation cohort. Besides, another external
validation set GSE72094, containing 398 LUAD samples, was
defined as GEO-validation cohort. In total, 804 LUAD patients
were screened for inclusion in <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>