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Editorial on the Research Topic

Community series in cell network in antitumor immunity of pediatric and
adult solid tumors, volume II
This Research Topic has been curated to provide insights into the intricate interactions

within the tumour microenvironment (TME) and their impact on cancer progression and

treatment outcomes. The Research Topic features a variety of studies focused on impact that

different immune and stromal cell types have in solid tumours, shedding light on emerging

immunotherapeutic strategies and multi-omics approaches that enhance our understanding of

this intricate field. This Research Topic specifically includes four original research articles, one

case report, two brief research communications, and three comprehensive literature reviews.

Early cancer detection remains a cornerstone of improved oncology outcomes (1). Two

studies both by Rebaudi et al. and Rebaudi et al., one on oral squamous cell carcinoma

(OSCC) (Rebaudi et al.) and the other on oral leukoplakia (Rebaudi et al.), which is a

precursor to potentially malignant oral disorders (PMOD), demonstrated the feasibility

and reliability of non-invasive sampling using a cytobrush in conjunction with biomarker

analysis. Using a customised ELISA immunoassay, the researchers could distinguish

between malignant and healthy tissue by analysing selected biomarkers, such as EGFR,

Ki67, p53, and immune checkpoint-related proteins (PD-L1, HLA-E, and B7-H6). These

results corroborate histopathological gold standards and provide dynamic

immunophenotypic data from living tissue.

Another key factor in gauging the severity of a tumour is pinpointing crucial genetic

and immunohistochemical markers (2). Biatta et al. examined the concordance between

TP53 mutations and p53 immunohistochemical staining patterns in high-grade serous

ovarian carcinoma (HGSOC). Null p53 expression, which corresponds to disruptive TP53

mutations, were associated with significantly reduced overall survival. This offers clinicians

an immunohistochemical surrogate marker over genetic analysis for this aggressive disease.

Meanwhile, a review of neuroblastoma by D’Amico et al., explored the remarkable cellular
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plasticity that enables tumour cell transition between adrenergic

(ADRN) and mesenchymal (MES) states. These transitions impact

therapeutic resistance and immunogenicity, with MES cells

emerging as favourable immunotherapy targets in scenarios

where strategies mitigate interconversion and facilitate

immune engagement.

Interestingly, a significant portion of this editorial’s work has

focused on the importance of natural killer (NK) cells, which are

pivotal players in the anti-tumour immune system (3). For instance,

one of the most notable contributions in this Research Topic is the

identification of PLAC1 as a novel ligand for several NK cell-

activating receptors (NKARs), including NKG2D and NKp30.

Romania et al. demonstrated through a high-throughput shRNA

screen that PLAC1 expression enhances NK cell-mediated

cytotoxicity. The overexpression of PLAC1 in a wide range of

tumours, while remaining largely absent in normal tissues, makes

it an ideal candidate for both biomarker development and

immunotherapeutic targeting.

Yet, the TME often presents formidable immunosuppressive

barriers (4). Karlsson et al., revealed Galectin-3 as a key immune

modulator found in ascites and cyst fluid of patients with HGSOC.

By priming neutrophils to produce reactive oxygen species (ROS),

Galectin-3 indirectly impairs NK cell function, reinforcing the need

for strategies that can neutralize suppressive signals within

the TME.

Meanwhile, Mariotti et al. have improved our understanding of

NK cell regulation by discovering that soluble PD-1 (sPD-1)

enhances NK cell cytotoxicity. Produced endogenously by NK

cells themselves, sPD-1 binds PD-L1 and suggests a novel

autocrine or paracrine regulatory mechanism with potential

therapeutic value. Animal models, too, are evolving to meet the

demands of next-generation immunotherapy research (5). A

comprehensive review by Parodi et al., maps the trajectory of NK

cell studies from traditional murine systems to sophisticated

humanized mouse models, reinforcing their continued

importance in translational immunology.

In addition to NK cells, other components of the TME were also

considered, including macrophages and neutrophils (6, 7). In this

regard, a comprehensive review by Di Ceglie et al., on the roles of

macrophages and neutrophils underscores their dual potential to

either support or suppress tumour growth, depending on the local

cytokine milieu and cell-cell interactions. As key modulators within

the TME, their crosstalk with other immune cells, including NK

cells, can influence the success of immunotherapies. Authors

suggested that targeting these interactions holds promise as a

novel means of reprogramming the immune landscape to favour

anti-tumour responses.

Finally, in the case of pancreatic ductal adenocarcinoma

(PDAC), a notoriously aggressive form of cancer (8), the dense

desmoplastic stroma, which is driven by cancer-associated

fibroblasts (CAFs), impedes the penetration of therapeutics and

modulates immune responses. Using imaging mass cytometry,

Erreni et al. profiled CAF subpopulations with unprecedented

resolution and identified 19 phenotypically distinct clusters.

Notably, specific CAF populations, such as CAFs 10 and 11, were
Frontiers in Immunology 026
enriched at the tumour-stroma interface and were associated with

poorer prognoses. These fibroblasts co-localised with CD44+

macrophages and contributed to extracellular matrix remodelling,

creating barriers to T cell infiltration. These findings highlight the

functional heterogeneity of CAFs and their potential as therapeutic

targets, particularly in efforts to re-engineer the tumour stroma to

improve drug delivery and immune infiltration.

Together, these studies provide a roadmap for achieving a more

systems-level understanding of cancer, from diagnosis through

treatment. The convergence of non-invasive diagnostics,

microenvironmental mapping, and molecular stratification paves

the way for personalized interventions that not only target the

tumour but reshape the ecosystem in which it thrives.

Whether through NK cell modulation, CAF profiling, or non-

invasive biomarker discovery, the unifying theme is clear: precision

oncology must be built on a foundation of deep biological insight,

real-time monitoring, and therapeutic flexibility.
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Since the first studies, the mouse models have provided crucial support for the

most important discoveries on NK cells, on their development, function, and

circulation within normal and tumor tissues. Murine tumor models were initially

set to study murine NK cells, then, ever more sophisticated human-in-mice

models have been developed to investigate the behavior of human NK cells and

minimize the interferences from the murine environment. This review presents

an overview of the models that have been used along time to study NK cells,

focusing on the most popular NOG and NSG models, which work as recipients

for the preparation of human-in-mice tumor models, the study of transferred

human NK cells, and the evaluation of various enhancers of human NK cell

function, including cytokines and chimeric molecules. Finally, an overview of the

next generation humanized mice is also provided along with a discussion on how

traditional and innovative in-vivo and in-vitro approaches could be integrated to

optimize effective pre-clinical studies.

KEYWORDS

natural killer cells, humanized mice, solid tumor, human-in-mouse model,
tumor immunity
Introduction

Natural Killer (NK) cells are Innate Lymphoid Cells (ILCs) playing a crucial role in the

anti-tumor and antiviral immunity (1–4). They carry out their function both by influencing

and supporting the activity of different immune cell types (including myeloid cells and T

lymphocytes), and by directly killing the target cells (5–8). Through the release of

chemoattractant factors (CCL3, CCL4, CCL5, HMGB1) and cytokines (IFN-g, TNFa,
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and GM-CSF), they can favor recruitment of immune cells,

including NK cells (9, 10), and promote Th1-type inflammatory

responses, while through the expression of cell death receptors and,

especially, the release of cytotoxic granules they exert a potent lytic

activity against tumor and virally infected cells. The activation of the

different NK cell functions is orchestrated by the cytokine milieu

and, more specifically, it depends on the type of cellular interactions

involving NK cells. The cell-to-cell contact with normal cells,

certain immune cells, or altered cells can give rise to inhibitory,

regulatory, or lytic immune synapses respectively (11), with

different patterns of engaged NK receptors, including: inhibitory,

activating, or cytokine receptors. In different species, the

discrimination between normal cells and altered tumor or virally

infected cells is carried out through the action of MHC-I-specific

inhibitory receptors, and activating receptors recognizing stress-

induced molecules or ectopically expressed antigens. In humans,

major inhibitory receptors are represented by certain Killer Ig-like

Receptors (KIRs) and the CD94:NKG2A heterodimer, while the

most known tumor-recognizing receptors include the Natural

Cytotoxicity Receptors (NCRs) (NKp46, NKp30, and NKp44),

NKG2D, and DNAM-1 (12, 13). Remarkably, the coordinated

engagement of some inhibitory and activating receptors, together

with cytokine receptors are involved in complex regulatory cross-

talks with immune cells.

This picture of NK cell function and mechanics is the result of

the many studies that have been carried out in vitro over the 90s and

across the millennium to dissect single molecular pathways and

cellular interactions. These results were then impressively expanded

with the advent of new global and in-depth cell analytical

approaches, such as the “omics” and “single cell RNA-seq”.

Application of these techniques led to the identification and fine

molecular characterization of new functional NK cell subsets, as

naïve or adaptive NK cells, or tumor-associated NK cells (14–16).

Despite such important technical advances have significantly

extended the power of human in vitro and ex-vivo studies, the

still open issues on NK cell differentiation, circulation, homing,

tissue residency, and tumor penetration cannot disregard the option

of the animal studies.

Along the timeline of the NK cell studies, the utilization of

murine models proved crucial for the initial evaluation of the real

anti-tumor effects of NK cells and gave the first molecular hints on

the role of MHC-I recognition (17–20). Additional studies provided

supportive information on how NK cells differentiate, acquire and

regulate their cytolytic potential (through the “licensing/arming”

process), and, even more strikingly, persist in vivo as memory-like

cells (21–24). These new insights are providing important hints for

the selection and preparation of optimized NK cell effectors for anti-

tumor immuno-therapies, with promising results in the field of

hematological malignancies. On the other hand, the successful

exploitation of NK cells in the cure of solid tumors is still limited

by the active role of the local tumor microenvironment (TME),

which hinders infiltration and effector capabilities of NK cells (25,

26). Several in vitro studies have contributed to the fine dissection of

the different molecular mechanisms underlying the suppressive/

escape properties of the TME. Nevertheless, the murine models are
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providing the crucial answers on how each of these mechanisms,

and its targeting, could impact on the real anti-tumor efficacy of NK

cells within the complexity of the TME. Given the importance of

this issue, many efforts are being spent to generate ever more

effective models to study solid tumors, moving from the full

murine to the human-in-mice or humanized models, trying to

overcome the not-always obvious problems related to the inter-

species differences.
Mouse models for the study of
mouse cancer

Murine models are well-characterized systems useful to gain

insights into human biology and various pathological conditions,

including cancer. Indeed, through the development of specific

strains with stable and well-known genetic background, the

murine system offers defined and reproducible experimental

conditions without losing the complexity of living organisms.

The initial studies to identify and molecularly characterize the

anti-tumor functions of NK cells in vivo were performed on mice

injected with murine malignant cells. By the use of a C57BL strain

and its “beige” variant, characterized by reduced NK cell activity

related to the beige-J spontaneous mutation Lystbg-J, it was

demonstrated the active role of NK cells in contrasting tumor

growth (18, 19). Then, experiments based on the injection of H-2

mismatched or H-2 negative tumor cells in mice bearing given H-2

haplotypes provided important information on the role of the

MHC-I-specific NK receptors (27, 28). Finally, the development

of induced or spontaneous tumorigenesis mouse models combined

with the generation of specific gene silencing (KO mice) were

crucial to demonstrate the key role of certain activating NK

receptors in vivo. Thus, for instance, in the model of transgenic

adenocarcinoma of the mouse prostate (TRAMP) the targeting of

the klrk1 gene (TRAMP-NKG2D-KO mice) resulted in higher

tumor incidence and the development of larger tumors (29).

Similarly, the inactivation of the cd226 gene (DNAM-1-KO mice)

favoured the growth of the (3-MethylColanthrene (MCA)-induced

fibrosarcoma in BALB/c mice (30). Finally, the inactivation of the

Ncr1 gene affected the ability of C57BL/6 mice to control melanoma

and lung carcinoma metastases, or lymphoma induced by tumor

cell line injection (31, 32).

The “mouse in mouse” studies provided important hints for the

characterization of the role of human NK cells in the context of the

solid tumors, as many murine NK cell receptors presented human

homologues, and homologies between human and mice also

emerged studying the development of NK cells, the regulation of

their functional properties, and the acquisition of memory-like

features. However, although these models have been exceedingly

important in advancing our knowledge, there are limits and

functional differences that have to be accounted for, especially,

considering the translation of the obtained data to the design of new

immunotherapy strategies (33). In this context, it has become ever

more important the development of models enabling the study of

human environments in the mouse.
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Mouse models for the study of
human cancer

The growth of human tissues and cells in a different species

(xenotransplant) requires evasion from the immune system to

prevent rejection. Xenotransplants became possible after the

discovery, in 1962, of the nu/nu spontaneous mutation (34). Nu/

nu Nude mice lacked the thymus, showed T-cell deficiency and

impaired B-cell functionality, but retained macrophages and NK

cells. Another spontaneous mutation affecting the immune system

was discovered in 1983 in C.B-17 mice. Such autosomal recessive

mutation, named Prkdcscid, affects the gene encoding for the

protein kinase, DNA activated, catalytic polypeptide (PRKDC)

and gives rise to severe combined immunodeficiency (SCID) in

the mice. SCIDmice (i.e. homozygous Prkdscidmutants) lacked both

T and B cells and had reduced NK cells (35), however their

phenotype was “leaky” and clones of functioning B and T cells

could randomly develop in young animals (36). Altered immunity

was also observed in nonobese diabetic (NOD) mice (37, 38). These

mice were obtained by a combination of inbreeding and selective

breeding from a progeny of an outbred Jcl:ICR mouse, and were

initially selected as a tool to study autoimmune diabetes, given their

genetic predisposition to the development of the disease. However,

NOD mice were also characterized by defects in the innate

immunity, including the NK cell compartment, and were then

considered for the preparation of new immunocompromised

models. In particular, by crossing C.B-17 Prkdcscid males with

NOD/ShiLtSz females, it was generated the NOD-SCID mouse

strain. Transfer of the SCID mutation onto a non-obese diabetic

(NOD) background eliminated the leaky phenotype of the SCID

model and generated the NOD-SCID mouse strain that rapidly

became the best choice for transplant studies using freshly isolated

human tumour cells, selected cancer stem cells, or tumour

fragments (39, 40). NOD-SCID mice lack T and B lymphocytes

and display reduced NK cell function, resulting in increased

xenotransplant engraftment. However, they have a limited

lifespan (7-8 months), due to the frequent spontaneous

development of thymic lymphomas (41). Despite their limits, nu/

nu, SCID and NOD-SCID mice have represented the most used

strains for xenotransplant of human tumour cell lines in the last 50

years. A great improvement in the rate of human cell engraftment

was then obtained with the backcrossing of NOD-SCID mice with

either truncated or deleted interleukin-2 receptor common gamma

chain giving origin to the NOG (42) or NSG (43, 44) strains,

respectively. Specifically, in the early 2000s the NOD.Cg-

PrkdcscidIl2rgtm1Sug (NOG) strain was developed at the Central

Institute for Experimental Animals, Japan, by backcrossing NOD/

ShiJic-Prkdcscid mice with IL2rgtm1Sug/ShiJic mice, carrying a

truncation of the intracellular signalling domain of the IL2

receptor gamma chain. The NOD-SCID gamma NOD.Cg-

PrkdcscidIl2rgtm1Wjl/Szj (NSG) strain, instead, a brand from the

Jackson Laboratories (USA), was developed by backcrossing NOD-

SCID mice with B6.129S4-IL2rgtmWjl/J (IL2Rgnull) carrying the
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knock-out of the IL2 receptor gamma chain. NSG and NOG mice

lack mature T and B cells, NK cells, and complement, have defective

macrophages and dendritic cells (DCs) and gave a great impulse to

the development of humanized mice models. In particular, these

mice represent elective recipients for the functional studies on

circulating tumor cells.

Cancer tissue represents a quite complex biological system, with

its peculiar microenvironment and heterogeneity of the malignant

and non-malignant components (45, 46). Therefore, the strategies

to generate human tumor tissues in immunocompromised mice

were generally conceived with the aim of reproducing at best such

original complexity. A valid approach in this field has been the

setting up of Patient Derived Tumour Xenografts (PDX), i.e. the

engraftment of small pieces of freshly collected tumour samples in

immunocompromised mice. PDXs warrant the conservation of the

original tumor components (47–49) and, for that reason, are widely

used for maintenance and therapy response experiments. In one

study on lung cancer PDX, it has also been shown that lymphocytes

present in the transplanted tumor (tumor infiltrating lymphocytes -

TIL) could partly reconstitute the immune system in the mouse.

Remarkably, in these mice, the combined treatment with IL-15 and

PD-1 inhibition could induce tumor regression, which was

dependent on human (tumor-derived) NK and T cells (50).

Therefore, the model could provide important information on the

interaction of the immune system with the tumor in the autologous

setting. The use of this model, however, appear to be limited by the

possible variability of the TIL component in different engrafted

tumor fragments. Moreover, it should be considered that murine

stroma can replace human one after two passages in the mice, and a

cross-talk between the human tumor component and murine

tumor-associated cells can easily take place in these models.

Another approach comes from the observation that certain

human tumor cell populations, especially those containing a cancer

stem cell component, can generate malignant lesions, partly

recapitulating the original tumor complexity, once injected into

immunocompromised mice. Following this observation, several

human-in-mice tumor models have been reproduced and studied

through the injection of selected tumor cells in NOD-SCID or NSG

mice. An interesting example is represented by the attempt to

reproduce a bone metastasis of human breast cancer or NSCLC

in a human bone fragment that has been subcutaneously implanted

in SCID mice (51, 52). In the case of NSCLC, it has been possible to

identify a subset of human NSCLC cells endowed with metastasis-

initiating-cell properties. Those cells, which were marked by the

CD133+CXCR4+EpCAM- phenotype, were shown to colonize the

bone implant and to generate tumor lesions.

The immunocompromised mice are optimal recipients for the

generation and development of human tumours, but their altered,

non-human, immune system represents an issue. Indeed, cancer is a

dynamic disease, showing plasticity in its cellular and extracellular

components, and its dynamics is often influenced by the interaction

with the host and, signally, by the selective pressure of the immune

system (46). Therefore, the lack of the human immune system in
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these murine models represents a limit, both for the attainment/

maintenance of reliable tumor units, and for the studies focused on

the development of immunotherapy strategies.

For this reason, there has been a flourishing interest in the

“humanized mice models” : immunocompromised mice

transplanted with hematopoietic precursors and/or lymphoid

tissues capable of reproducing in the mice several types of human

immune cells.
Humanized mice

Engraftment of human lymphoid cells in SCID mice was first

reported in 1988 by Mosier and co-workers, who injected

intraperitoneally human peripheral blood mononuclear cells

(PBMC) from EBV-positive donors and obtained “stable long-

term reconstitution of a functional human immune system” (53).

However, only human T and B cells could be satisfactorily

maintained in these mice, while engraftment of other

hematopoietic lineages was not effective. An additional problem

was represented by the development in the animals of xenogeneic

graft-versus-host-disease (GvHD), which usually took place 4-6

weeks after transfer of huPBMC, thus shortening the available

observation time (54, 55). Nevertheless, given its relatively easy

preparation, this model has been used over time, and, recently, the

generation of NSG mice carrying a deletion of the MHC-I or II

genes has been proposed to overcome the problem of xenogeneic

GvHD (56).

Encouraging results were also obtained by transferring CD34+

human hematopoietic stem cells (HSC) from cord blood into new-

born BALB/c Rag2-/-gc-/- mice by intrahepatic injection. However,

the reconstitution level remained low (57). The use of NOD-SCID

mice carrying the deletion of the Rag-1 or Rag-2 gene did not

change significantly the outcome (58). In these models, T cell

function was limited, probably due the absence of human

lymphoid organs supporting T cell maturation, selection, and

activation. To overcome this problem, in a new study, CD34+

HSC were transferred into NOD-SCID mice that were previously

transplanted with human foetal liver and thymic tissue in the renal

capsule (hu-bone marrow-liver-thymus - BLT) (59, 60). hu-BLT

mouse model exhibits a full reconstitution of human immune cell

repertoire, with T cells capable of mounting HLA-II- and HLA-I-

restricted specific responses. These models were initially prepared

to assess the immune response to viral infections (namely HIV),

and were then adapted for studies of onco-immunology (61). Their

employment for the study of NK cells in the tumor, however,

appeared to be limited by the fact that BLT-mice developed relative

low numbers of, poorly functional, NK cells.

The advent of the next generation murine models is now providing

specific tools to study restricted human immune cell types in selected

human tumors. These models are generated by using “knock in” and

“knock out” strategies in immunocompromised mouse background,

and can reach considerable complexity (62). Table 1 summarizes the

main models that can be used for the study of human NK cells in vivo.
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An important issue that is generally considered in the setting of

humanized mice regards murine cytokines, which may be poorly

expressed in immunocompromised mice and, due to the

evolutionary divergence, quite different from their human

counterparts. Therefore, several models have been developed

expressing human cytokines, generally in NOG or NSG background,

with the aim to improve development or persistence of given human

immune cells, including NK cells (Table 1).

Katano et al. established transgenic NOG mice sub-strains

expressing either human IL-2 (NOG-hIL-2 Tg) or human IL-15

(NOG-hIL-15 Tg) (63, 64). In NOG-hIL-2 Tg mice, human cord

blood-derived HSCs could mature and give rise to differentiated

KIR+ NK cells expressing IL-2–activated phenotype; while in NOG-

hIL-15 Tg mice, the high levels of IL-15 in the blood could support

survival of NK cells from transferred human PBMC. hIL-15 has also

been expressed in NSG, and the strain NSG-IL-15 Tg is now

commercially available (65). Recently, to improve the

development of human NK cells, Matsuda et al. created hIL-7

and hIL-15 double knock-in (hIL-7xhIL-15 KI) NSG mice (66).

Compared to NSG mice, these mice showed increased ability to

develop human NK cells after engraftment of human hematopoietic

stem cells. A hIL-15 and human signal regulatory protein alpha

(hSIRPa) double knock-in mouse on a Rag2-/- il2rg-/- background

(SRG-15) was described to support efficient development of innate

lymphoid cell subsets and NK cells, including tissue resident cells

(69, 72). Even more complex knock in mice have been generated

that express different combinations of human factors such as IL-3,

IL-15, GM-CSF, M-CSF, SIRPa, and thrombopoietin: NSG-SGM3,

MISTRG and BRGSF (see Table 1). On the whole, these latter

strains support the development of human myeloid cells, which in

turn can produce IL-15 and improve development of functional

human NK cells (67, 68, 70, 71). Finally, a potentially interesting

humanized model is also represented by the Nonirradiated

NOD.B6.SCID Il2rg-/- kitw41/w41 (NBSGW) mouse, which was

obtained by the crossing of NSG strain with the C57BL/6.-KitW-

41J/J strain (73). This model has the interesting advantage of

supporting the human HSC engraftment without the need for

pre-transplant conditioning (i.e. g-irradiation), which could

negatively affect the host microenvironment for the HSC

development (74). An ovarian cancer PDX has been now

developed in NBSGW mice, engrafted with human cord blood-

derived HSC, to study the tumor immune environment within the

peritoneal cavity (75). To date, such NBSGW model has not been

used yet to study human NK cells.

Some of the above-mentioned next generation humanized mice

have been assayed in different xenogeneic solid tumor models to

study various immune cell types, especially T cells and myeloid

cells, and only rarely NK cells (Table 2). Indeed, as yet, the large

majority of the studies on NK cells have been done on “traditional”

NOG or NSG mice. Nevertheless, the strategy of transferring

human NK cells in such immunocompromised mice proved

effective to evaluate which NK cell preparation, or way of cell

activation, would be more suitable to overcome the tumor escape

mechanisms and to deliver efficient NK cells into the tumor niches.
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Human NK cell transfer in
human-in-mice tumor models

As mentioned above, the human-in-mice tumor models,

combined with human NK cell transfer, represent a suitable mean

to assess the real effects of NK cells at the tumor site. Through these

studies, it is possible to gain knowledge on spatial localization of NK

cells within the tumor, and understand their impact on stroma,

tumor cells and other immune cell populations. Likewise, it is

possible to characterize phenotype and function of tumor-

infiltrating NK cells, and, also, to gain information on their

persistence. Therefore, on the whole, these models offer a

platform to test possible approaches to optimize survival,
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function, and safety of adoptively transferred human NK cells. As

described below, the animal model receiving human NK cells is

generally represented by the NSG mice.
Study of NK cells exposed to cytokines

One of the major limitations to the efficacy of adoptive NK cell

therapy is represented by the poor tumor-infiltrating capacity of

transferred NK cells (90). The generation of sufficient NK cell

numbers for adoptive immunotherapy represents an additional

issue. Several strategies, often involving the use of priming

cytokines, are employed to expand ex vivo NK cells exhibiting
TABLE 1 Summary of “first” and “next” generation immunodeficient mouse strains to study human NK cells in human solid tumors.

Mouse
strain

Full name Features of mouse strain References when first
described

NOD-SCID NOD.C.B-17-Prkdcscid - Impaired T and B cell lymphocyte development
- deficient NK cell function

(39)

Hu-BLT NOD SCID Rag2-/-gc-/- - Co-transplantation of human fetal thymus and fetal liver into the renal
capsule of mice

- Injection of HSC in mice
- T, B, Myeloid development

(59, 60)

NOG NOD.Cg-PrkdcscidIl2rgtm1Sug - Truncated intracytoplasmic domain of IL2 receptor gamma chain
- Defective mouse NK cell development

(42)

NSG NOD.Cg-PrkdcscidIl2rgtm1Wjl/
Szj

- IL2 receptor gamma chain deficiency
- lack mature T cells, B cells and functional NK cells
- deficient in cytokine signaling

(43, 44)

NOG-IL2 NOD SCID Il2rgnull hIL2 tg - Similar to NOG
- Transgenic expression of human IL2
- human NK cell proliferation

(63)

NOG-IL15 NOD SCID Il2rgnull hIL15 tg - Similar to NOG
- Transgenic expression of human IL15
- human NK cell proliferation
- human NK cells produce granzyme A and perforin upon stimulation

(64)

NSG-IL15 NOD SCID Il2rg_/_ hIL15 tg - Transgenic expression of human IL15
- human NK cell proliferation and maturation
- human NK cells produce granzyme A and perforin

(65)

NSG-IL7-IL15 NOD SCID Il2rg_/_ hIL7 KI
hIL15 KI

- Transgenic expression of human IL15 and IL7
- Efficient development of human NK cells
- Human NK cells undergo maturation process and exhibit cytotoxicity

(66)

NSG-SGM3 NOD SCID Il2rg_/_

hIL3/hGMCSF tg hSCF tg
- Transgenic expression of human IL3, GM-CSF and SCF
- Development of human myeloid cells (compared to NSG)
- Increased levels of human NK cells

(67, 68)

SRG-15 Balb/c x 129 Rag2_/_

Il2rg_/_ hSIRPA KI hIL15 KI
- Expression of human SIRPa enables mouse phagocytes to tolerate human cells
- Development of human ILC1 and NK cell subsets

(69)

MISTRG Balb/c x 129 Rag2_/_

Il2rg_/_ hMCSF KI hIL3/
hGMCSF KI
hSIRPA KI hTHPO KI

- Development of functional human myeloid cells and NK cells (70)

BRGSF Balb/c Rag2_/_

Il2rg_/_

SIRPANOD Flk2 _/_

- Development of functional human myeloid cells and NK cells (71)
NOD, nonobese diabetic; Scid, severe combined immunodeficient; Il2rg, interleukin 2 receptor gammal; prkdc, protein kinase DNA-activated catalytic polypeptide; BLT, Bone Marrow-Liver-
Thymus; hIL2 tg, humaninterleukin 2 transgenic; hIL15 tg, human interleukin 15 transgenic; hIL7 KI, human interleukin 7 knock-in; HSC, haematopoietic stem cells; hIL3/hGMCSF, human
interleukin 3/human Granulocyte-macrophage colony-stimulating factor knock-in; hMCSF KI, macrophage colony-stimulating factor knock-in.
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distinct phenotypes, which can be correlated with their anti-tumor

potency in vitro and in vivo (91). Cytokines are then used in vivo to

sustain persistency and activation of transferred NK cells.

IL-2 has been the most commonly used cytokine to expand NK

cells ex vivo and to boost proliferation of adoptively transferred NK

cells in vivo (92–95). These IL-2-based therapies, however, generally

demonstrated poor efficacy at the bed side, even showing negative

side effects. The limits of IL-2 were essentially related to its ability to

induce Tregs (with consequent suppressive effects on NK cells) (96–

98) and to promote Activation Induced Cell Death (AICD) on NK

cells. This latter aspect could be particularly relevant in the context of

the solid tumors, as IL-2-primed NK cells undergo AICD following

interaction with endothelial cells, with a possible negative impact on

extravasation and tumor infiltration (99). Finally, it cannot be

disregarded that IL-2 can contribute to the vascular leak

syndrome, an important adverse effect that limits its use in

therapy (100). In the attempt to improve suitability of IL-2 for

immunotherapy, engineered IL-2 molecules (termed superkines)

have been developed. Compared to IL-2, IL-2superkines induced

superior expansion of cytotoxic T cells, more prolonged and more

intense NK cell activation, and improved anti-tumour responses in

different syngeneic mouse models (101–103). These studies,

however have not yet been conducted using human-in-mice models.

Combining IL-2 with other cytokines to pre-activate NK cells

before transfer could improve NK cell efficiency, limiting the IL-2-

related negative effects. A candidate for such approach may be IL-21,

which has been shown to induce expansion of non-terminally

differentiated CD56bright NK cells (104) and functional NK cell

maturation (105, 106). The efficacy of human NK cells that were

expanded ex vivo using feeder cells + IL-2 + IL-21 was analysed in
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NSG mice injected with a human melanoma cell line. Adoptive

transfer of such pre-activated NK cells resulted in increased in vivo

persistence, as compared to NK cells pre-treated with IL-2 alone, and

in significant inhibition ofmelanoma-induced lungmetastases (107).

IL-15 has been proposed as valid alternative to IL-2 to stimulate

NK cells for therapeutic protocols. IL-15 and IL-2 are structurally

similar, share two of the three subunits of their receptors (namely,

IL-2Rb/CD122 and gc/CD132), and are both capable of activating

NK cells. However, the presence of distinctive receptor alpha

subunits (IL-15Ra/CD125, and IL-2Ra/CD25) accounts for their

different behaviour in vitro and in vivo. Thus, for example, IL-15

supports NK cell survival, proliferation and effector functions, but,

different from IL-2, it has no stimulatory effect on the CD25+ Tregs

(108). In addition, IL-15 can be associated to the IL-15Ra and trans

presented to NK and T cells by different immune and non-immune

IL-15Ra+ cells (109, 110). In different pre-clinical models of solid

tumors, IL-15, alone or in combination with additional cytokines

(i.e. IL-2, IL-12, and IL-18), has been assayed to stimulate human

NK cells before transfer, and/or to support human NK cell

persistency after transfer. For example, in a study aimed at

evaluating the anti-tumor properties of human NK cells generated

ex vivo from HSPC, recombinant IL-15 was infused together with

NK cells in NSG mice bearing ovarian carcinoma, and this infusion

was then followed by a further boost of IL-15 (111). The study,

showed efficacy of HSPC-derived NK cells in reducing tumor

burden, and was then followed by a clinical trial (NCT:

03539406), which is still ongoing. In this study, patients with

recurrent ovarian cancer, pre-treated or not with chemotherapy,

are infused intra-peritoneally with allogeneic NK cells generated

fromUCB CD34+ HSPC. Once completed, this trial will give crucial
TABLE 2 Next-generation humanized mice used in preclinical studies for solid tumors.

Humanized mouse
model

Solid tumor engrafment Studied human immune
cells

References

NOG-IL2 Melanoma
Uveal and cutaneous melanoma
Cutaneous melanoma

TIL
CAR T
TIL

(76)
(77)
(78)

NOG-IL15* - - –

NSG-IL-15 Human sarcoma
Melanoma
Non-small-cell-lung-cancer

NK cells
T cells, NK cells
T cells, NK cells

(79)
(65)
(80)

NSG-IL7-IL15* - - –

NSG-SGM3 Head and neck cancer (HNC)
Clear-cell renal cell carcinoma
Metastatic breast cancer
Metastatic melanoma
Melanoma
Atypical teratoid/rhabdoid tumors and central nervous system primitive
neuroectodermal tumors
Glioblastoma
Ovarian cancer
Ovarian cancer

T cells
CAR T cells
Myeloid cells
Myeloid cells
Dendritic cells
CTL
T cells
Macrophage
T cells

(81)
(82)
(83)
(84)
(85)
(86)
(87)
(88)
(89)

SRG-15* – – –

MISTRG* – – –

BRGSF* – – –
*Humanized mouse models not yet employed in preclinical studies.
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information on feasibility, safety and toxicity of this innovative

therapeutic approach. In a xenografted mouse model of colon rectal

cancer (CRC), human NK cells were first expanded in vitro in the

presence of IL-15 and IL-2, then were transferred into the mice

combining infusion of NK cells and IL-2. Further boosts of IL-2

were given to the mice to maintain NK cells in vivo. NK cell transfer

induced a delay in tumor growth at an early stage (112).

To improve biological activity and to extend in vivo half-life of

IL-15 (≈40 min), a super-agonistic molecular complex has been

developed that combines mutated activating IL-15, the trans-

presenting IL-15Ra sushi domain and IgG1-Fc (113). Such super-

agonist, termed N-803 (also known as ALT-803) has been tested in

an ovarian carcinoma model, where it was demonstrated to promote

HPC-NK cell expansion and functionality (114, 115). First reported

clinical trials (NCT: 01885897) (NCT: 01727076) of ALT-803 in

cancer patients revealed that it is well tolerated and stimulatesNK cell

activation and expansion and CD8+ T cells, but not Tregs (116, 117).

IL-15 is also the main component of the IL-12/15/18 cytokine

cocktail known to induce the so-called cytokine-induced memory-like

(CIML)NK cells. These cells, which can be easily induced in vitro from

PB NK cells, display enhanced anti-tumor effector functions that can

be preserved in vitro and even increased in vivo (118–120). CIML-NK

cells have been initially considered for the cure of hematologic

malignancies, and clinically assessed for the immunotherapy of acute

myeloid leukemia (AML) (NCT: 01898793) (118, 120). Interestingly,

in this clinical study CIML NK cells were shown to persist in the

patients, and further differentiate. With regard to solid tumors, CIML

NK cells have not yet been assessed in clinics, however they revealed

potent anti-tumor activity after transfer in xenogenic melanoma and

ovarian cancer NSGmousemodels (121, 122). As CIMLNK cells have

been shown to express CD25, mice bearing the melanoma xenograft

were given serial boosts of IL-2 to support persistency and activation of

transferred NK cells.

An additional interesting anti-tumor effector lymphocyte

population is represented by Cytokine Induced Killer (CIK) T

cells. These effectors, which can be expanded in vitro by exposure

to IFN-g and IL-2, are characterized by the expression of the CD56

NK cell marker and the activating NKG2D receptor. Remarkably,

NKG2D supports their TCR-independent anti-tumor activity,

which has been demonstrated both in vitro and in xenogeneic

tumor models developed into NOD-SCID mice (123–125). Given

the promising results obtained in vitro and in vivo, the use of CIK

could contribute to innovative clinical approaches for both

hematologic and solid malignancies (126, 127).
Study of CAR-NK and NK cell engagers

Innovative tools to enhance and address anti-tumor NK cell

function are represented by engineered chimeric activating

receptors (CARs), whose expression is induced on NK cells by

transduction protocols to generate CAR-NK, or by multivalent

soluble molecules, which are developed as NK cell engagers. In

both the cases, the effectiveness of the effector molecules or cells has

been evaluated in xenogeneic tumor models.
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CARs are generally constituted by a single-chain Fragment

variable (scFv), recognizing a specific tumor-expressed antigen,

combined with an intracytoplasmic tail of activating transducing

molecules (such as the CD3z chain). Once expressed on transduced

T or NK cells, CARs drive recognition of tumor cells and the

subsequent triggering of the effector functions. CARs have been

initially set to enhance and address T cell anti-tumor activity and

several studies have already been done on these engineered

effectors. Therapy with CAR-T, however, appears to be still

hampered by several issues, including T cell exhaustion, the

appearance of suppressive/regulatory responses, the induction of

the cytokine release syndrome (CRS), and even GVHD (128). Given

their features, NK cells could be advantageously employed to

generate CAR-effectors with minimized side effects.

CAR-NK have been developed especially for hematological

malignancies (129, 130), while for solid tumors the studies are still

limited. An interesting CAR-NK effector targeting solid tumors has

been prepared by transducing ex-vivo expanded human NK cells to

express the DAP-12-anti-HLA-G CAR. HLA-G molecules are ligands

for the inhibitory immune receptors, LILRB1 and LILRB2 (also known

as ILT2 and ILT4) (131), and are frequently expressed by solid tumors,

therefore, anti-HLA-G CAR-NK can both target tumor cells and

relieve immunosuppression. These anti-HLA-G CAR-NK showed

tumor cytotoxicity in orthotopic xenograft models of triple negative

breast cancer and glioblastoma, developed in NSG mice (132).

Several bivalent or trivalent NK cell engagers have been

synthesized and defined with different acronyms depending on

the used technical platform and the originating lab. Bi- or tri-

specific killer engagers (BiKE or TriKE) consist of a single-chain

Fragment variable (scFv) targeting tumor specific antigens, a scFv

targeting activating receptors on NK cells (generally CD16), and (in

the case of TriKEs) an additional domain generally targeting

cytokine receptors to support activation and survival of NK cells

(133, 134). The therapeutic efficacy of BiKEs/TRiKEs with different

tumor antigen specificities has been demonstrated in various

xenograft tumor models, using NSG recipients and evaluating

transferred human NK cells (135–138). In a study, the authors

analysed the effectiveness of both the engager (which was the bi-

specific anti-CD30/CD16 antibody) and of different NK cell

effectors, by transferring into the mice either CIML-NK or cord

blood-derived NK cells (139).

Recently, a trifunctional NK cell engager (NKCE) triggering

simultaneously NKp46 and CD16 on NK cells and targeting a

tumor antigen has been developed (140). An upgrade of this

engager is then represented by the tetraspecific antibody-based

natural killer cell engager therapeutics (ANKETs), which adds the

ability to engage IL-R2b to the previous multiple specificity (141).

For the preclinical studies, engagers with surrogate anti murine

NKp46 were generated and evaluated for their capability to trigger

murine NK cells in SCID mice injected with the RAJI or other

human lymphoma cells. In some cases, the RAGko huNKp46Tg

mice were used to better track NK cells in the tissues, as in these

mice NK cells expressed both the human and the murine NKp46,

and could be stained by anti-human NKp46 abs without the

interference of the anti-murine ANKET.
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Several engagers proved promising in the preclinical models, so

that phase I/II clinical trials in advanced solid tumors are

ongoing (133).
Other ways to enhance NK cell activity to
solid tumors

As mentioned above, the use of irradiated feeder cells combined

with cytokines represents a possible strategy to obtain large-scale

expansion and activation of NK cells. A recently proposed approach

involves, as feeder cells, the NK-92 cell line engineered to express

OX40L and to secrete neoleukin-2/15, an artificial peptide that

binds with high affinity the human IL-2Rbg complex. These

engineered NK-92 cells were irradiated and used to expand ex

vivo-derived human NK cells, which were then transferred in three

different xenogeneic tumor mouse models: lung, liver, or ovarian

cancers, all developed into NOD-SCID mice. In these experiments,

NK-92-induced NK cells showed stronger capability to infiltrate the

tumors and a higher antitumor effect compared to NK cells

expanded with IL-2 (142).

Chemical approach to increase the antitumor activity of NK

cells was reported by Choi et al. who showed how 25kDa branched

polyethyleneimine (25KbPEI) could enhance cytotoxicity and

migration properties of human NK cells. 25KbPEI-induced NK

cells were transferred into xenogeneic breast and ovarian cancer

models, which were developed in SCID/nude and NSG mice

respectively. In both models 25KbPEI-induced NK cells were

demonstrated more effective than IL-2-induced NK cells in

infiltrating the tumor and limiting its growth (143).
Study of the strategies to sensitize tumor
cells to NK cell activity

More recently, human tumor xenografts in NSG mice have also

been used to evaluate strategies directly targeting the tumor to

increase its susceptibility to NK cells. Most strategies are focused on
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the study of genotoxic or non-genotoxic agents acting on the DNA-

Damage-Response (DDR) or related pathways, which lead to

increased expression of activating NK Receptor ligands (144).

These agents are first evaluated in vitro and then validated in

vivo. Thus, for example, in a xenogeneic neuroblastoma model,

mice were given nutlin3a, a non-toxic p53-activating molecule that

was demonstrated to increase expression of NKG2D- and DNAM-

1-ligands on tumor cells. These mice, compared to those receiving

vehicle alone, showed increased NK cell infiltration in their tumor

xenografts and reduced tumor growth following human NK cell

transfer (95). Analogously, in a xenogeneic ovarian carcinoma

model, it has been demonstrated that the chemotherapeutic drug

gemcitabine increased the expression of NKG2D ligands and death

receptors on tumor cells, and the adoptive transfer of NK cells in

combination with gemcitabine additively decreased ovarian cancer

growth (145). Finally, in a recent study, combined high-dose

radiotherapy and adoptive human NK cell transfer resulted in

improved tumor control over monotherapies in NSG mice

engrafted with melanoma and pancreatic tumor cells. Such

improvement, however, appeared to be related to the

radiotherapy-induced CXCL8 release by tumor cells and

subsequent recall of CD56dim cytotoxic NK cells (146).
Final considerations and
future development

The increasingly sophisticated analytic tools for the in-vivo and

ex-vivo characterization of tumors are improving clinical decision

making, and also, provide means for conducting research directly in

the patients. These new approaches add support to the preclinical

research but do not replace its fundamental phases, which comprise

the studies in vitro to dissect molecular and cellular processes, and

the validation studies in vivo.

The “traditional” 2D in vitro cultures address important

questions on specific biological, genetic and epigenetic features

and on the direct cellular effects of drugs or cytokines, while

animal models are amply used to evaluate the actual significance
FIGURE 1

Schematic representation of the different available approaches to get insights in the tumour biology, and to design innovative and personalized
therapies. These strategies span from the direct evaluation of the patients’ samples with advanced analytic techniques to the tumour complexity
reproduction and the data validation in both in vitro and in vivo models. The main goals of the various approaches are indicated in red, and suggest
how they can be inter-connected to obtain optimal results.
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of the dissected processes and to test therapeutic efficacy of drugs

and dose-limiting toxicity of clinical treatments. On the other hand,

the animal studies are generally expensive, time-consuming, and,

for years, they have been based on a limited range of models (147,

148). Furthermore, there are ethical issues, which, for the animal

welfare, limit the use of animals to what is strictly necessary. The

principle of the 3Rs (Replacement, Reduction, and Refinement) is

presently applied in all projects involving the use of animals. In

particular, the Replacement is supported by the development and

use of predictive and robust models and tools, based on the latest in

vitro technologies, to address important scientific questions (149).

In this context, the setting of the 3D cultures has been proposed

as an important tool for the development of innovative in vitro assays

and models of neoplastic cell growth with potentially high clinical

relevance. By the setting of 3D models, it is tempting to partly

reproduce the complexity of the TME, in terms of extra-cellular

matrix, cell types, vasculature, and oxygen, nutrients and catabolites

distribution. If fully realized, these 3D tumor models would be a

powerful mean to study a number of tumor-related processes, to

validate specific findings, and to test the efficacy/toxicity of drug

treatments, replacing the employment of animals (150, 151). This

goal, however, is presently far to be achieved, as it is not easy to set a

reliable balance among all the different fundamental components

within a single in vitro-generated structure.

Therefore, the employment of animals remains indispensable

for the preclinical studies, especially considering the recent

development of the next generation humanized mouse models

(65, 76–79, 81–89) (Table 2). Indeed, these models can reproduce

ever more accurately the complexity of the immune response within

the TME, and also offer the interesting perspective of dissecting in

vivo crucial frames of such complexity. In this context, these models

also represent suitable tools to study the behaviour of human NK

cells. In conclusion, a powerful strategy to efficiently struggle against

cancer should consider the wise integration of the different available

tools to gain precise data on the single malignancies, to dissect

molecular and cellular pathways, and to evaluate new related

therapeutic strategies (Figure 1). In this scenario, in which
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different strategies are connected, the animal models maintain a

pivotal role.
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A new method for oral cancer
biomarkers detection with a
non-invasive cyto-salivary
sampling and rapid-highly
sensitive ELISA immunoassay:
a pilot study in humans
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Department of Medical-Surgical and Dental Specialties, University of Campania “Luigi Vanvitelli”,
Napoli, Italy, 3Oral and Maxillofacial Surgery, San Camillo-Forlanini Hospital, Roma, Italy, 4Department
of Maxillofacial and Plastic Reconstructive Surgery, E.O. Ospedali Galliera, Genova, Italy, 5Department
of Biological and Environmental Sciences and Technologies, University of Salento, Lecce, Italy,
6Private Practice, Lugano, Switzerland, 7IRCCS Ospedale San Martino, Unità Operativa Complessa di
Chirurgia Maxillofacciale e Odontoiatra, Genova, Italy, 8Department of Health Promotion, Mother and
Child Care, Internal Medicine and Medical Specialties, University of Palermo, CQRC (Quality Control
and Chemical Risk) Hospital Company, Hospitals Reunited Villa Sofia Cervello, Palermo, Italy, 9Private
Practice, President of Bio.C.R.A. (Biomaterials Clinical-Histological Research Association),
Genova, Italy, 10IRCCS Ospedale Policlinico San Martino, Genova, Italy
Introduction:Oral squamous cell carcinoma (OSCC) accounts for approximately

90% of oral malignancies and has a 5-year mortality rate close to 50%. A

consistent part (70%) of all oral cancers is diagnosed at an advanced stage since

available screening techniques are ineffective. Therefore, it would be urgent to

improve them. The diagnostic gold standard is tissue biopsy with histological and

immunohistochemical assessment. This method presents some limitations.

Biopsy is invasive and the histopathological evaluation is semi-quantitative, and

the absolute abundance of the target cannot be reliably determined. In addition,

tissue is highly processed andmay lead to loss of information of the natural state.

The search for classical and new clinical biomarkers on fragments of tissue/cells

collected with a cytobrush is a highly hopeful technique for early detection and

diagnosis of OSCC, because of its non-invasive sampling and easy collection

method.

Methods: Here we analyzed cytobrush biopsies samples collected from the oral

cavity of 15 patients with already diagnosed OSCC by applying an innovative

high-sensitivity ELISA technique, in order to verify if this approach may provide

useful information for detection, diagnosis, and prognosis of OSCC. To this end,

we selected six biomarkers, already used in clinical practice for the diagnosis of
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OSCC (EGFR, Ki67, p53) or selected based on recent scientific and clinical datawhich

indicate their presence or over-expression in cells undergoing transformation and

their role as possible molecular targets in immunecheckpoints blockade therapies

(PD-L1, HLA-E, B7-H6).

Results: The selected tumor biomarkers were highly expressed in the tumor

core, while were virtually negative in healthy tissue collected from the same

patients. These differences were highly statistically significant and consistent with

those obtained using the gold standard test clearly indicating that the proposed

approach, i.e. analysis of biomarkers by a custom ELISA technique, is strongly

reliable.

Discussion: These preliminary data suggest that this non-invasive rapid phenotyping

technique could be useful as a screening tool for phenotyping oral lesions and

support clinical practice by precise indications on the characteristics of the lesion,

also with a view to the application of new anti-tumor treatments, such as

immunotherapy, aimed at OSCC patients.
KEYWORDS

oral cancer, screening, tumor biomarkers, natural killer cells, immunotherapy, ELISA
immunoassay, cytobrush, immune checkpoints
1 Introduction

Oral cancer is the sixth most common malignancy worldwide

(1). Globally, over 400,000 new cases of oral cancer are diagnosed

each year. The incidence increases with age, even though cases in

subjects younger than 40 years are growing. In more than 90% of

cases, oral cancers are squamous cell carcinomas (OSCCs) with a

tendency to lymphatic and metastatic spreading (2–5). Oral cancer

has poor prognosis, with a 40% overall 5-year survival rate but when

diagnosed in the early stage, survival rates can exceed 80% (6–8).

The high mortality rate associated with this tumor is attributable to

many factors, including generic and non-specific symptoms and

absence of validated screening strategies that allow for early

diagnosis, thusmost of the oral cancers (70%) are diagnosed late

at an advanced stage (II-III-IV) (9–14).

Treatments for advanced stage oral cancer require mutilating

interventions and the evolution of the disease leads to a very low

quality of life. Oral cancer should be detected at a very early stage

which will improve the effectiveness of therapies, to reduce

mortality and morbidity (13, 15–18).

Up to now, there are no scientifically approved systems able to

detect a lesion in the early phases of tumor transformation (19)

other than the conventional clinical visual oral examination (VOE),

with the aid of magnifying optics and fluorescent systems as well as

the palpation of the oral cavity and neck to detect abnormalities.

Currently, surgical biopsy is the most effective method to collect

tissue useful for diagnosis (20) and it represents the gold standard as

a diagnostic method. However, this approach is invasive and does

not allow an early diagnosis because it is done on lesions that are

visible at clinical examination. Moreover, the histopathological
0221
specimen examination is a method with some limitations because

it is semi-quantitative, and the absolute abundance of the target

cannot be reliably determined. Furthermore, the tissue is highly

processed and may lead to loss of information of the natural state

(21). Currently, one the main aims of clinical research is the

identification of biomarkers to monitor and discover effective

therapeutic strategies. In other fields of medicine, such as

gynecology, the early diagnosis of cervical cancer through

cytobrush biopsy, PAP test and HPV test, has proven to be very

effective in reducing mortality, morbidity, and costs for the

community (22). Oral cytobrush was proposed to collect tissue

particles, cells, and a small amount of saliva at the same time (23).

For this reason, it is a promising method in identifying early disease

onset. Recently, the ability to detect molecules with cytobrush from

patients with head and neck cancer (24) provided along with saliva

samples (25) was claimed to be a unique opportunity to develop

noninvasive diagnosis. Nevertheless, no single biomolecule has been

shown to meet the real-world requirement for high accuracy in

identifying early disease onset, suggesting that multiple biomarkers

are needed for high accuracy and sensitivity in detecting OSCC (26).

Surgical biopsy is an invasive diagnostic method, while cytobrush

technique is suitable for the screening of pathological conditions

considering its minimal invasiveness (23). Therefore, it is important

to evaluate whether the cytobrush might be sufficient to be used as a

reliable standard method to aid in the diagnosis of suspicious oral

lesions. To date, the diagnostic precision and accuracy of the

cytobrush technique for finding oral cancer biomarkers versus

histopathologic diagnosis has not been examined in detail (27).

Our preliminary study aims to establish whether cytobrush biopsy

is effective in collecting OSCC selected biomarkers (22, 28–34) from an
frontiersin.org
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oral cancer lesion and to evaluate, from a statistical point of view, its

accuracy (as diagnostic effectiveness) and precision (as discriminatory

effectiveness between the tumor lesion and the surrounding healthy

tissue) in order to perform a correct diagnosis by using the Stark Oral

Screening® IVD test (Stark S.a.r.l., Principaute de Monaco) and the

Femtohunter® device (Stark S.a.r.l.) and comparing its outcome with

the biopsy results, taken as the gold standard.
2 Materials and methods

To perform our study, we used a diagnostic system consisting of

the Femtohunter® device and Stark Oral Screening® IVD test kits.
2.1 Subjects

Fifteen patients (9 males, 6 Females) with a newly diagnosed

primary OSCC (staged I-IV according to the tumor-node-

metastasis-TNM criteria) without prior chemotherapy or

radiotherapy were enrolled for the study between May 2022 and

April 2023.
2.2 Criteria of inclusion

Adult patients (>18years old) diagnosed with oral cancer

(confirmed by histological diagnosis), all cancer stages, no

previous treatment.
2.3 Criteria of exclusion

Patients without a confirmed diagnosis of oral cancer by

histology or immunohistochemistry. Brush samples with evident

blood traces or pyrogens with quantitative negative channel noise

background values equal to or greater than 20. Brush samples with

an insufficient cell load expressed by beta-actin channel value less

than or equal to Femtohunter F.M. 2.
2.4 Samples collection

We collected cytobrush biopsies from the patients and analyzed

them for the expression of selected biomarkers with a high-

sensitivity fully automated ELISA technique. Patients were asked

to rinse their mouths with physiologic solution before performing

the cytobrush biopsy retrieval. Two non-invasive cytobrush biopsies

were taken from the mouth of each patient with cancer. For each

patient, the first sample was obtained from the center of the lesion

and the second one from surrounding healthy tissue. Each

cytobrush was rubbed applying a mild pressure and a rotation

over the area under analysis to collect cells and fragments of tissue

exfoliation, while limiting bleeding as much as possible. Cytobrush

tips were inserted in sealed Eppendorf vials, cataloged, and stored at

0-4°C and then sent to the lab for analysis in refrigerated boxes.
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2.5 Selection of biomarkers

We selected six biomarkers:
• EGFR (35–38), p53 (39–41), Ki67 (29, 42–48), already

available and consolidated in their diagnostic effectiveness

of OSCC;

• PD-L1, B7-H6, HLA-E, selected based on recent scientific

and clinical data which indicate their de novo or over-

expression in cells undergoing transformation as a

mechanism of tumor-mediated immune resistance and

their role as possible molecular targets in immune

checkpoints blockade therapies (30–34).
2.6 Biomarkers detection technique

Two different disposable Stark Oral Screening® test kits (Stark

S.a.r.l.) were used for the analysis of the biological samples:
• Stark oral screening quantitative metabolic (REF:

SOSFMTCKIT) detection of EGFR/p53/Ki67

• S t a r k o r a l s c r e e n i n g qu an t i t a t i v e NK t ime

(REF.SOSBHPDQNT) detection of B7-H6/PD-L1/HLA-E.
The Stark Oral Screening® test is a patient side in vitro

diagnostics (IVD) and quantitative test based on a bioluminescent

signal response. The Stark Oral Screening® test has a very high

sensitivity with the following limit of detection value (LOD) “In

vitro”: LOD = 20 Femtograms/microliter.

Disposable kits are made up of 3 elements:
1) Cytobrush for non-invasive sampling of the biological

sample.

2) Reagent slots - A thermoformed tray in two superimposed

layers defined in slot caps and test tube slots so designed to

keep the solid phase separate from the liquid phase, in order

to be able to make the storage at room temperature. The

reagent slot has 10 cavities, called “stations” necessary for

the correct automatic execution of the ELISA procedure.

3) Slot detector membranes in PVDF - The thermoformed tray

has 3 cavities which allow the anchoring of 3 membranes

armed with polyclonal antibodies towards markers of

interest as well as 1 control membrane.
Disposable kits had to be processed through Femtohunter

(Stark Sarl, Principaute de Monaco).
2.7 Data preparation

The biological samples were inserted into the respective cavities

of the Stark kit reagent slot to identify:
• EGFR, p53, Ki67 markers (Cod kit SOSFMTCKIT)

• B7-H6, PD-L1, HLA-E markers (Cod Kit SOSBHPDQNT)
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The reagent slots, loaded with the biological sample from the

patient, were inserted into the automatic ELISA developer device

(Femtohunter) with chemiluminescent signal and qualitative and

quantitative analysis response. The slot membranes, armed with

polyclonal antibodies against the marker of interest, were inserted

into the automatic developer device.

The automatic procedure took place in 13 development steps:

12 steps included the correct ELISA procedure and 1 step was

focused on chemiluminescent signal detection and analysis.

Each chemiluminescent signal (S) detected with the

Femtohunter device (Figure 1) is calibrated at each test by

measuring the intensity of the background noise (N), generated

by non-specific luminescence on a control PVDF membrane. The N

value is then subtracted from the S value present on the PVDF

membrane dedicated to the marker. If the result is a positive value

(S-N>0) then it assesses that there is a specific signal S for the sought

marker, therefore its presence in the sample. The positive value S is

then divided by N generating a multiplication factor and allowing

the operator to understand how many times the specific signal S is

intense compared to the background noise N (Signal/Noise ratio).

The obtained S/N value is defined as FM (multiplication factor for

the Femtohunter®) and included in the Femtohunter® FM patient

report. For instance, the value 2.4 EGFR expresses that there is a

chemiluminescent signal S on the PVDF dedicated to EGFR greater

2.4 times the background noise N. The test was considered

POSITIVE for a malignant tumor lesion when it showed the

Femtohunter® FM > 1.2 for all six markers of interest. The test

was considered NEGATIVE for a malignant tumor lesion when it
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showed a Femtohunter® FM < 1.19 for any of the markers

of interest.
2.8 Statistical methods

First, a power analysis (Table 1) was carried out to estimate the

minimum number of statistical units necessary to guarantee the test

a power of at least 0.8. The significance level chosen is 0,05.

The primary outcome identified to perform the power analysis

is the parameter PD-L1.

The reasons why we chose the PD-L1 marker are related to

its characteristics:
- PD-L1 is also expressed in oral cancer precancerous lesions

(49), and it is usually overexpressed in tumor lesion, so it is

a statistically strong parameter.

- PD-L1 expression can render the cancer invulnerable to

immune attack. In fact, the PD-1/PD-L1 axis plays an

important role in oral cancer therapy. Thus, PD-L1 is not

only a guidance for the use of immune checkpoint

inhibitors (50), but also a potential prognostic indicator

for oral cancer (51). Therefore, focusing on its presence in

the sample is not only useful for statistical purposes since it

could have a prognostic value.
Empirical data, observed in a first pilot sample, were used to

identify the expected value for the “PD-L1 tumor center” variable,
A

B

FIGURE 1

An example of Chemiluminescent Phenotype showing the six selected biomarkers in an intra-tumoral sample (A) and healthy tissue sample (B).
TABLE 1 Power analysis.

N Actual
Powerb

Test Assumptions

Power Std. Dev. Effect Size Sig.

Test for Meana 7 0,820 0,8 14,39 1,098 0,05

a. One-sided test.

b. Based on non-central t distribution.
frontiers
in.org

https://doi.org/10.3389/fimmu.2023.1216107
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Rebaudi et al. 10.3389/fimmu.2023.1216107
as no literature data are available. Healthy tissue for the variable

PD-L1 has an expected value, by definition, equal to 0, with no

standard deviation. Therefore, a one-sample power analysis was

performed to compare the expected mean value of “PD-L1 tumor

center” with the reference value of 0.

A univariate descriptive analysis of the FM parameters was then

carried out by calculating the centrality and variability indexes for

quantitative variables. Therefore, nonparametric Wilcoxon tests for

paired samples were used to verify whether there was a statistically

significant difference, in terms of distribution of EGFR, p53, Ki67,

B7-H6, PD-L1 and HLA-E parameter values, between the tumor

center and the healthy tissue of the same subjects.

The null hypothesis is H0 = no significant differences in the

distribution of parameters between the tumor center and the healthy

tissue. An alpha significance level of 0.05 was used in all these analyses.

Healthy patients have not been added to the study, as control is

the healthy tissue of the patients themselves, thus making the

recruitment of additional patients without pathology superfluous.

In fact, the patients were enrolled in the study because they were

diagnosed with OSCC by biopsy, considered as a gold standard, i.e.

the most accurate diagnostic examination to confirm a certain

diagnostic question, to which every other examination (or any

other new examination) must relate to have diagnostic validity

(52). Moreover, in this type of statistical evaluation, the use of a

cohort as a control would inevitably increase overall bias (i.e. false

negatives and false positives).

IBM SPSS Statistics software in version 28 was used for

statistical analysis of data.
3 Results

3.1 Power analysis

The PD-L1 parameter, chosen as the primary outcome for the

power analysis, shows in the preliminary data an average value of 15,8

with a standard deviation of 14,39 for the tumor center. While the
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score for PD-L1 parameter in healthy tissue is by definition equal to 0.

The final mean PD-L1 score of the 15 enrolled patients, as evident in

the table “FM Descriptive statistics for each parameter andWilcoxon

comparison test”, turns out to be different (i.e. 13.1) from the mean

value hypothesized in the power analysis (i.e. 15.8) since the latter,

being by definition an analysis that is carried out “a priori”, was

carried out on the preliminary data, i.e. on the data relating only to

the first 7 patients enrolled (as evidenced by the value “7” in the

column called “ N” of the Power analysis table), whose mean and

standard deviation were respectively 15.8 and 14.39. A one-tail t-test

was used for the single-sample mean (H0: m = 0; H1: m > 0) (Table 1).

The power analysis showed that the minimum number of

statistical units necessary to obtain a power of 0,8 with reference

to the PD-L1 parameter is 7 units. Therefore, our sample size can be

considered definitely adequate in terms of actual power of the tests

and should be able to accurately represent the total population.
3.2 Statistical analyses

After sample collection, data was analyzed obtaining the

following results:

Intra-tumoral markers (Table 2): All samples from the tumor

center showed 6 over-expressed markers out of 6 markers, except

for two subjects who had only 5 markers out of 6.

Healthy tissue markers (Table 3): All samples from the healthy

tissue showed 0 to 3 over-expressed markers out of 6 markers.

FM Descriptive statistics for each parameter and Wilcoxon

comparison test (Table 4)

The Wilcoxon non parametrical paired test is statistically

significant for all six analyzed parameters (EGFR p:0,001; p53 p:

<0.001; Ki67 p:0.008; B7-H6 p:0.001; PD-L1 p:<0.001; HLA-E p:

<0.001). Therefore, we can reject the null hypothesis that there is no

significant difference in the distribution of parameters between the

tumor center and healthy tissue. Specifically, all the six parameters

have significantly higher values in the tumor center than in healthy

tissue (Figure 2).
TABLE 3 Healthy tissue markers.

Frequency Percent Cumulative Percent

Markers 0 out of 6 5 33,3 33,3

1 out of 6 7 46,7 80,0

2 out of 6 2 13,3 93,3

3 out of 6 1 6,7 100,0

Total 15 100,0
TABLE 2 Intra-tumoral markers.

Frequency Percent Cumulative Percent

Markers 5 out of 6 2 13,3 13,3

6 out of 6 13 86,7 100,0

Total 15 100,0
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The bioluminescent phenotype observed in the two different

sampling sites (healthy tissue and center of the lesion) differs not only

in signal quality but also in quantitative intensity with a signal that is

on average 213% more intense in the center of the tumor than in the

health tissue, confirming a marked over-expression of markers in the

tumor center and a sharp decay or a disappearance of the signal in

healthy tissues. This result was independent of tumor staging.

These results are consistent with those obtained using the gold

standard test and clearly indicate that the proposed approach

(analysis of biomarkers by an automated proprietary ELISA

technique) is highly reliable, being able to detect tumor markers

only in the core of the tumor and not in the healthy tissue.
4 Discussion

The Femtohunter® is an automatic ELISA developer device that

automatically performs the chemiluminescence analysis on samples
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taken by cytobrush and submitted to the Stark Oral Screening® IVD

test, provides the results as a graphical image within 60 minutes, as

well as the analytical data of the markers and prints a patient report.

The Stark Oral Screening® test is a patient side in vitro diagnostics

(IVD) and quantitative test based on a bioluminescent signal

response. The Stark Oral Screening® test has a very high

sensitivity with the following limit of detection (LOD) values of

20 Femtograms/microliter.The aim of the present study was to

verify whether the detection of appropriately selected biomarkers in

cytobrush biopsies samples by the Femtohunter can discriminate

the lesions of OSCC from the surrounding healthy tissue. To this

end, we have selected 6 biomarkers, some of these already used in

clinical practice for the diagnosis of OSCC (EGFR, p53, Ki67), other

selected based on recent scientific and clinical data which indicate

their de novo- or over-expression in cells undergoing

transformation and their role as possible molecular targets in

immune checkpoints blockade therapies (B7-H6, PD-L1, HLA-E).

The choice of these markers is based on recent evidence of the
TABLE 4 FM Descriptive statistics for each parameter and Wilcoxon comparison test.

Mean Standard Deviation Median Percentile 25 Percentile 75 p-value

EGFR Tumor tissue 7,7 6,7 5,1 4,8 7,9 0,001***

EGFR Healthy tissue 0,8 2,3 0,0 0,0 0,0

p53 Tumor tissue 8,0 8,2 5,5 4,3 7,0 <0,001***

p53 Healthy tissue 0,0 0,0 0,0 0,0 0,0

Ki67 Tumor tissue 9,1 6,1 6,7 5,4 10,5 0,008**

Ki67 Healthy tissue 2,8 4,8 0,0 0,0 4,9

B7-H6 Tumor tissue 8,0 4,8 6,9 4,6 9,4 0,001***

B7-H6 Healthy tissue 1,4 2,4 0,0 0,0 3,4

PD-L1 Tumor tissue 13,1 12,4 8,4 5,7 15,8 <0,001***

PD-L1 Healthy tissue 0,0 0,0 0,0 0,0 0,0

HLA-E Tumor tissue 10,3 6,9 6,9 5,8 15,4 <0,001***

HLA-E Healthy tissue 0,2 0,6 0,0 0,0 0,0
fron
FIGURE 2

Bio-marker detectability in intra-tumoral and healthy tissue samples. Variation in the FM (moltiplicative factor) of each of the six bio-markers
between intra-tumoral (red) and healthy (blue) samples in patients with OSCC (N=15). P value of less than 0.01 (**) and less than 0.001 (***) was
considered statistically significant.
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important role that the immune system plays in preventing but also

in promoting the development of tumors. Indeed, resistance

mechanisms are commonly employed by tumors in response to

immune pressures exerted by effector cells, such as natural killer

(NK) cells and cytotoxic T cells. Among such resistance

mechanisms, increased expression of inhibitory receptors on

CD8+ T cells and Natural killer (NK) cells constrains their

antitumor cytotoxic potential (53, 54). Monoclonal Antibodies

(mAbs) that abrogate these inhibitory interactions between

immune checkpoint receptors and their ligands have transformed

the therapeutic landscape for treatment of solid tumors (54–56).

NK cells are lymphocytes of the innate immune system that sense

target cells through a panel of activating and inhibitory receptors

expressed at their surface. Integration of the opposing signals

transduced by the engagement of such receptors defines the

functional outcome for NK cells (57). Inhibitory receptors include

the KIRs and CD94/NKG2A molecules, and their interaction with

classical (HLA-I molecules) and non-classical (HLA-E) on target

cells prevents activation of NK cells. Thus, downregulation of

normally ubiquitously expressed HLA-I molecules on target cells

activates NK cells, a process coined as “missing self” recognition,

while the maintaining of HLA-I expression on the tumor surface

blocks NK cell ability to kill the tumor. Recently, the PD-1 receptor,

originally identified on T cells, has been described on a subset NK

cells as an additional inhibitory receptor that can block NK cell

function against tumor cells expressing the specific ligands PD-L1

and PD-L2. Thus, in pathological conditions, these inhibitory

receptors (primarily NKG2A and PD-1) can function as immune

checkpoints by blocking the functional activity of NK cells against

tumor cells expressing the relative ligands. These NK cell

impairments can be rescued using specific mAbs able to disrupt

the receptors/ligands interactions, thus demonstrating a role for

these inhibitory receptors as true immune checkpoints

(clinicaltrials.gov). For these reasons, these receptors, mainly

NKG2A and PD-1, and their relative ligands (HLA-E and PD-L1)

are considered possible molecular targets in the immune checkpoint

blockade immunotherapy. HLA-E is a non-classical MHC class I

molecule that is ubiquitously expressed on hematopoietic cells at

low abundance on the cell surface and is sensitive to inflammatory

signals. HLA-E binds to the heterodimeric complex CD94/NKG2A

(58–61). A humanised mAb binding to the NKG2A receptor,

Monalizumab, has been developed, and numerous clinical trials

are ongoing across multiple tumor indications (clinicaltrials.gov).

Monalizumab can be potentially used in the treatment of oral

cancers (30, 61). In vitro blockade of NKG2A, alone or in

combination with targeting the PD-1 pathway, stimulates NK cell

functions but is collectively required to stimulate a strong CD8+ T

cell response to HLA-E+ PD-L1+ tumors. The combined

administration of anti-NKG2A and anti-PD-L1 blocking

antibodies unleashes NK and CD8+ T cells and subsequently

slows tumor progression in mouse models and preliminary

analyses suggest in vivo efficacy of Monalizumab when in

combination with the EGF receptor (EGFR) blockade antibody

(Cetuximab) in recurrent/metastatic squamous cell carcinoma of

the head and neck (HNSCC) (30). PD-1/PD-L1 blockade has been

tested in clinical trials for various malignancies including metastatic
Frontiers in Immunology 0726
oral carcinoma, with significant response rates and limited side

effects. Immunotherapies targeting the PD-1/PD-L1 pathway have

particularly proven effective in controlling tumor growth through

the reinvigoration of CD8+ T cells and/or NK cells across numerous

tumor settings, including oral cancer (30). PD-L1 expression has

also been proposed as a prognostic marker for different types of

cancers with mixed results. Based on these data and considering the

high expression of HLA-E and PD-L1 on the surface of oral cancer

cells (30), we selected these two molecules as potential OSCC

biomarkers. Regarding the selection of B7-H6 as a possible

additional marker of oral cancer, we should consider that NK

cells (and other immune cells) also express a series of activating

receptors, including the so-called Natural Cytotoxicity Receptors

(NCR), that include NKp46 (NCR1), NKp44 (NCR2) and NKp30

(NCR3). NKp30 was identified at the end of the 1990s as a novel 30-

kDa triggering receptor expressed by all resting and activated

human NK cells (57, 62). Cells expressing NKp30 ligands are

sensitive to the cytotoxicity of human NK cells. The identification

of B7-H6 as a counter structure of the NCR3 NKp30 shed light on

the molecular basis of NK cell immunosurveillance. B7-H6, a

member of the B7 family of immune modulators, is expressed in

a variety of tumor cell types while minimally or not expressed in

normal tissues. Expression of B7-H6 on the tumor cell surface can

markedly enhance the sensitivity of tumor cells to NK cells. Several

studies suggest that NK cells can potentially eliminate B7-H6-

positive tumor cells in cancer patients. However, as clinically

observed, most of the human tumors are found to be B7-H6+

rather than B7-H6−, which suggests the functional compromise of

the B7-H6 ligand-NKp30 receptor system in cancer patients to

permit the growth of B7-H6+ tumor cells (33). A study evaluating

different doses of BI 76504, an anti-B7-H6/Anti-CD3 bispecific

antibody, given alone and given with Ezabenlimab (an anti-PD-1

drug) to patients with advanced solid tumors (including oral

cancers) having the B7-H6 marker is currently recruiting

participants (clinicaltrials.gov). BI 765049 is an immunoglobulin

G (IgG)-like bispecific T-cell engaging antibody directed against

both NCR3 (NKp30) ligand 1 (NCR3LG1; B7-H6) and T-cell

surface antigen CD3, with potential immunostimulating and

antineoplastic activities. Upon administration, anti-B7-H6/anti-

CD3 bispecific antibody BI 765049 targets and binds to both B7-

H6 on tumor cells and CD3 on T cells. This results in the cross-

linking of B7-H6-expressing tumor cells and T-cells, redirects

cytotoxic T lymphocytes (CTLs) to B7-H6-expressing tumor cells,

which leads to the CTL-mediated cell death of B7-H6-expressing

tumor cells. Thus, considering these clinical data, and the presence

of B7-H6 in certain cancers including oral cancers, and its ability to

modulate immune cell function that can be exploited in

immunotherapeutic approaches, we selected this molecule as a

further OSCC biomarker to detect in our system. To confirm the

validity of this technique, multiple cytobrush samples were collected

from the oral cavity of 15 patients with already diagnosed OSCC

in order to search the selected markers. Patients had diagnosed

oral cancers ranging from stage I to IV, representing the full

spectrum of OSCC. Cytobrush samples analyzed with the novel

high-sensitivity ELISA technique demonstrated reliability,

specificity, discriminatory value, and low cost. These results are
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consistent with those obtained using the gold standard test and

clearly indicate that the proposed approach is highly reliable,

being able to detect tumor markers only in the core of the tumor

and not in the healthy tissue. This innovative approach could

pave the way for the realization of a new method of screening

and phenotyping of oral lesions with advantages on patients’

health and possible simplification of screening procedures for

obtaining early diagnosis. Many patients are currently being

discharged after a negative biopsy result of a suspected

precancerous lesion or potentially malignant oral disorders. On

the contrary, these patients should be placed on a regular follow-

up schedule to prevent a precancerous lesion from turning into

cancer over time. Although biopsy with histological examination

is universally recognized as the best diagnostic system available

today, it cannot be used for a screening or periodic monitoring

of potentially malignant oral disorders, precancerous lesions or

suspicious lesions that could evolve, because it is invasive and

could leave a scar that could alter the outcome of future

diagnoses. A screening test is not intended to be diagnostic but

aims to capture patients with such abnormal oral findings and to

accelerate the referral and application of more specific diagnostic

procedures by a specialist.

Human saliva has been considered a valuable source for protein

or nucleic acid biomarkers for various infections, systemic and non-

systemic diseases (63). Exfoliated cancer cells may release proteins

and free molecules representing gene expression changes associated

with tumor development into the saliva, thus salivary proteins

provide a strong option for development of non-invasive, point-

of-care assays for screening/early detection of oral cancers. Among

the proteins verified, CD44, S100A7 and S100P showed significant

potential for use as early detection markers in patients with

dysplastic leukoplakia and OSCC (64).

In a previous study, Lichieh Julie Chu et al. identified matrix

metalloproteinase-1 (MMP-1) as one of the most promising salivary

biomarkers for OSCC and developed a sensitive ELISA for MMP-1

with good performance in detection of OSCC. More recently, they

developed a time-saving rapid strip test (RST) and demonstrated

that salivary MMP-1 levels measured using RST and ELISA were

highly comparable and both assays could effectively distinguish

between OSCC and non-cancerous groups (65).

The technique proposed in the present paper aims to be non-

invasive and capable in the future of phenotyping suspicious lesions

based on the number and quantitative level of tumor markers

present on a lesion. Moreover, the source in which to search for

the markers has been carefully evaluated, preferring cytobrush

samples containing fragments of tissue and cells directly from the

suspicious lesions where the markers would be much more

concentrated than samples of blood, saliva, or other organic

fluids. Such a technique aims in the future to become valuable as

an aid for obtaining an early diagnosis and help clinicians in setting

up a prompt therapy in case of malignant positivity. This technique

was also designed to be also rapid, cost effective and patient-side.

The small number of cases does not allow the authors to indicate the

materials and methods adopted for the present study as a new

diagnostic tool that can be used for point of care screening,

although, from a statistical perspective, the number of samples is
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already significant enough to validate our observations. Therefore,

the extremely positive and encouraging results of our study require

the future evaluation of larger samples to confirm its potential value

for the early detection of oral cancer and the assessment of

disease progression.
5 Conclusions

In conclusion, our study strongly suggests that the search of

selected tumor markers on brush biopsy could be successful for the

detection of oral cancers and precancers.The proposed technique

consists in a rapid non-invasive possible alternative or companion

examination to the gold standard (biopsy). This procedure

quantitatively and qualitatively evaluates the presence of six

markers proven to be associated with neoplastic transformation.

The results showed how each of the six markers selected is

significatively overrepresented in the neoplastic lesion compared

to the healthy tissue, therefore the combined evaluation of the six

markers could be able to determine the presence of neoplastic

formations with high accuracy.

Statistical power analysis showed that the study sample has

the necessary size, anyway it would be very interesting, in future

works, to further expand the sample population to confirm the

effectiveness of the proposed test on a large statistical base. If

the results of the present study are confirmed for a large sample

as well, this technique could be applied to define the phenotype

of precancerous lesions based on the markers expressed, paving

the way to an innovative method of screening to prevent

oral cancer.
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NK cells represent important effectors that play a major role in innate defences

against pathogens and display potent cytolytic activity against tumor cells. An

array of surface receptors finely regulate their function and inhibitory

checkpoints, such as PD-1, can dampen the immune response inducing an

immunosuppressive state. Indeed, PD-1 expression in human NK cells correlated

with impaired effector function and tumor immune evasion. Importantly,

blockade of the PD-1/PD-L1 axis has been shown to reverse NK cell

exhaustion and increase their cytotoxicity. Recently, soluble counterparts of

checkpoint receptors, such as soluble PD-1 (sPD-1), are rising high interest due

to their biological activity and ability to modulate immune responses. It has been

widely demonstrated that sPD-1 can modulate T cell effector functions and

tumor growth. Tumor-infiltrating T cells are considered the main source of

circulating sPD-1. In addition, recently, also stimulated macrophages have been

demonstrated to release sPD-1. However, no data are present on the role of

sPD-1 in the context of other innate immune cell subsets and therefore this study

is aimed to unveil the effect of sPD-1 on human NK cell function. We produced

the recombinant sPD-1 protein and demonstrated that it binds PD-L1 and that its

presence results in increased NK cell cytotoxicity. Notably, we also identified a

pathway regulating endogenous sPD-1 synthesis and release in human NK cells.

Secreted endogenous sPD-1, retained its biological function and could modulate

NK cell effector function. Overall, these data reveal a pivotal role of sPD-1 in

regulating NK-mediated innate immune responses.
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Introduction

Natural Killer (NK) cells are potent immune effector cells that

play a major role in innate defences against viruses and tumors (1).

Through an array of inhibitory and activating surface receptors,

able to recognize specific ligands induced by virus infection or

tumor transformation, NK cells are able to discriminate between

healthy and neoplastic cells (2, 3). Indeed, while on one side

activating receptors allow recognition and killing of tumor cells,

on the other side inhibitory receptors, recognize the HLA class-I

molecule expressed on healthy cells preventing their killing and

counterbalancing NK cell activation (4–6). However, during cancer

progression, the transformed cells might decrease or even lose

MHC expression increasing their susceptibility to NK cell-

mediated killing. In this context, NK cells are considered

powerful weapons against tumors characterized by a very low or

absent expression of HLA-I, such as Neuroblastoma (NB) (7–9).

Nevertheless, neoplastic cells have developed different mechanisms

which sharply dampen NK cell anti-tumour activity. In this context,

inhibitory checkpoints have been shown to play a pivotal role in

regulating the immune response. Their interactions with specific

ligands, often overexpressed or expressed de novo by transformed

cells, activates a signaling cascade that can dampen NK cell effector

function thus promoting tumor growth. One of the major

inhibitory checkpoints is represented by the Programmed Cell

Death-1 (PD-1) protein that specifically interacts with

Programmed Cell Death Ligand 1 and 2 (PD-L1, PD-L2) that

have been found to be expressed on different tumors, including

NB (10). Several studies have demonstrated that PD-1 can be

detected on human NK cells and this expression is associated

with impaired NK cell function (11–14). Of note, the PD-1/PD-

L1 axis represents a mechanism widely adopted by tumor cells to

escape the anti-tumor immune control and blockade of this

interaction has been shown to recover NK cell function increasing

their cytolytic activity (11, 15).

Recently, soluble counterparts of checkpoint receptors and

ligands, in particular of PD-1 (sPD-1) and PD-L1 (sPD-L1), are

rising high interest because they could positively or negatively

regulate the immune response and are considered novel

prognostic markers and therapeutic targets (16–18). sPD-1

originates from an alternative splicing event where the Exon3,

containing the coding sequence for the transmembrane domain

of PD-1, is deleted from the mRNA transcript (19). Thus, the

DExon3 isoform, lacking the sequence determining membrane

localization, encodes for the soluble form of PD-1. Even though it

was reported that no soluble form of sPD-1 could be detected in

freshly isolated PBMC from HD, it has been suggested that tumor-

specific T cells might be the prime source of circulating sPD-1.

While it has recently demonstrated that stimulated macrophages

are also able to express sPD-1, no data are available on sPD-1

production by other cell subsets involved in anti-tumor response

(20). Of note sPD-1, comprising the extracellular domain required

for ligands binding, retains the biological function of the full length

PD-1 protein. Accordingly, it is able to interact with PD-1 ligands

and thus, blocking their interaction with membrane PD-1 it can
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regulate the immune response (21). Moreover, few studies indicate

that prolonged engagement of PD-Ls by sPD-1 can deliver a reverse

signaling altering cell functions (22, 23).

Several in vitro and in vivo studies on mouse models, aimed to

investigate the anti-cancer effect of sPD-1, demonstrated that sPD-1

blockade of PD-L1 could increase activation and cytotoxicity of T

cells as well as promote reduction of tumor growth (24–27).

Similarly, enhancement of anti-tumor immunity was observed

when sPD-1 was combined with gene-therapeutic agents further

confirming the broad and pivotal anti-cancer properties of sPD-1

(28, 29). In addition, it has been demonstrated that release of sPD-1

strengthen CAR-T cytotoxicity against CD19+ pediatric acute

lymphoblastic leukemia cell line and breast cancer cells further

demonstrating how sPD-1 could represent a successful therapeutic

strategy (30, 31). Importantly, soluble checkpoints are also

considered novel therapeutic targets and potential biomarkers.

Indeed, high levels of both sPD-1 and sPD-L1 forms have been

detected in plasma/serum of different cancer patients, compared to

healthy donors (HDs), and have been associated with tumor

prognosis, therapeutic response and overall survival (OS) (32–37).

Although, several studies demonstrated the pivotal role of sPD-1 in

controlling cytotoxic T cells anti-cancer function, there is a lack of

knowledge on the role of sPD-1 toward human NK cells. Therefore,

in this study we aimed to investigate, on one side whether human

NK cell function could be affected by sPD-1 and, on the other side,

the mechanisms regulating its production and release.
Materials and methods

Human samples

Buffy coats were collected from healthy donors (HD) admitted

to the blood transfusion service of IRCCS Bambino Gesù Children’s

Hospital after obtaining informed consent. The Ethical Committee

of IRCCS Bambino Gesù Children’s Hospital approved (AIRC

IG2017#19920) and conducted the study in accordance with the

tenants of the Declaration of Helsinki.
Cells lines

Human neuroblastoma SKNAS and IMR-32 cell lines were

purchased from American Type Culture Collection (ATCC,

Rockville, MDA) and were cultured in Dulbecco’s Modified Eagle

Medium high glucose (Euroclone MI, IT) supplemented with 2 mM l-

glutamine (Euroclone), 1% penicillin-streptomycin-neomycin mixture

(Euroclone) and 10% heat-inactivated Fetal bovine Serum (FBS)

(Euroclone). To detect PD-L1expression, SKNAS and IMR32 cell

lines were incubated with anti-PD-L1-PeCF594 (BD Erembodegem,

Belgium) and anti-PD-L2-PE-Vio615 (Miltenyi Biotec, Bergisch

Gladbach, Germany) for 30 min at 4°C. After wash, samples were

acquired using the Cytoflex S (Beckman Coulter) flow cytometer and

analysed with the CytExpert 2.4 software (Beckman Coulter, Brea, CA,

USA) and the Kaluza software (Beckman Coulter, Brea, CA, USA).
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Isolation and stimulation of NK cells

PBMC were obtained after density gradient centrifugation over

Ficoll Lumpholyte®-H (Cederlane, Burlington Canada). Highly

purified (≥ 95%) CD56+, CD3- Peripheral Blood NK (PB-NK) cells

were isolated with the Rosette Sep and purity of isolated NK cells was

verified incubating NK cells with CD-56-PeCy7 and CD3-APC

antibodies. For PD-1 induction, NK cells were stimulated for six

days with a cocktail of cytokines consisting of IL-12 (10 ng/ml), IL-15

(25 ng/ml), IL-18 (100 ng/ml) (all purchased from Myltenyi) and

DMSO (1:2000; SIGMA) (control NK cells) or 1mMDexamethasone

(Stimulated NK cells) (1:2000, SIGMA) (stimulated NK cells). To

verify PD-1 expression, NK cells were stained with CD56-Pe-Cy7 and

PD-1-PE (130-117-384, Miltenyi) mAbs 30 min 4°C and acquired

using the Cytoflex S (Beckman Coulter) flow cytometer and analysed

with the CytExpert 2.4 software.
Analysis of cytotoxic activity, degranulation
and IFN-g accumulation

For cytotoxicity analysis, control and stimulated NK cells were

incubated with SKNAS or IMR-32 cell lines at an effector-to-target

(E:T) ratio ranging from 40:1 to 0.3:1. For analysis of both

recombinant and endogenous sPD-1, target cells were previously

treated with sPD-1 or conditioned media for 30 min at 37°C and

then incubated with NK cells. Cytotoxicity was assessed using a flow

cytometric assay for NK-cell killing developed by McGinnes (38)

and modified as follow: target cells were stained with 5uM of Cell

Tracker Green (CMFDA, Invitrogen) for 15 min at 37C. After wash,

target cells were incubated with recombinant sPD-1 at 37C for 30

min and then with the effector NK cells. After 4 hrs incubation

propidium iodide (Sigma-Aldrich) was added. Live and dead (Td)

target cells were identified as CMFDA+ PI− and CMFDA+ PI+,

respectively. Specific lysis was calculated as dead target cells (Td) of

target cells cultured with effector cells minus Td of target cells

cultured alone. To assess degranulation, NK cells were incubated for

4 hrs with SKNAS cells in the presence or not of sPD-1 at 1:1

Effector/Target (E/T) ratio. Monensin (BD, GolgiStop), Golgi Plug

(BD) and CD107a-APC (BD) were added to the cocultures. After

incubation, cells were stained for surface markers with the following

antibodies: CD56-PeCy7 and PD-1-PE. For IFN-g accumulation

NK cells were incubated with SKNAS target cells for four hours in

the presence or not of sPD-1. Monensin (BD, GolgiStop), Golgi

Plug (BD) were added to the coculture. After incubation, cells were

stained with CD56-PeCy7 and PD-1-PE for 30 min at 4°C. After

wash cells were fixed and permeabilized with 1% Formalin and 0.1%

of Saponin, respectively and then incubated with IFN-g APC-eF780
(eBiosciences) for 30 min at RT. All samples were acquired with the

Cytoflex S flow cytometer and samples were analysed with the

CyteExpert and Kaluza software.
Protein extract and Western Blot analysis

For protein extraction, NK cells pellet were resuspended in

RIPA buffer with 1X Halt Protease and phosphatase inhibitor
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cocktail (Thermo Fisher Scientific, Waltham, Massachusetts,

USA), incubated on ice for 20 min and centrifuged for 15 min at

21.130 g at 4°C. Supernatants were recovered and protein

concentration was measured with the BCA assay (Perkin Elmer,

Waltham, Massachusetts, USA) according to manufacturer’s

instruction. For Western Blotting, protein extracts were

fractionated by SDS-page gel electrophoresis and transferred to a

PVDF membrane (Ge Healthcare, Little Chalfont, UK). Membrane

was initially incubated in TBST with 5% nonfat dry milk (Cell

Signaling Technology, Danvers, Massachusetts, USA) with gentle

agitation for 60 min, and then with TBST with 3% nonfat dry milk

containing the following antibodies: a-PD-1 1:1000 (Abnova,

Taipei , Taiwan), a-b-Actin 1:10000 (Sigma-Aldrich) ,

Streptavidin-HRP (NEL 75000 1EA, Perkin Elmer) and anti-

mouse-HRP (Cell Signaling Technology). Signals were developed

with the ECL prime system (Ge Healthcare) according to

manufacturer’s instruction and detected with the Uvitec Mini

HD9 technology (Uvitec Ltd, Rugby, UK). Quantifications were

performed using the Ninealliance© software (Uvitec).
mRNA extraction and real-time PCR

To isolate RNA, NK cells pellets were resuspended in Trizol

(Ambion). Chloroform was added and after incubation on ice for 10

minutes, samples were centrifuged at 12,000g for 15 min at 4°C. The

aqueous phase was removed and RNA was then isolated with the

Qiagen RNeasy Plus Micro kit (Qiagen, Hilden, Germany)

according to manufacturer’s instruction. cDNAs were synthetized

by random priming using the Superscript® IV First-Strand

Synthesis System (Invitrogen) according to the manufacturer’s

instruction. Quantitative Real-time PCR was performed with the

QuantStudio 6 Flex PCR (Applied Biosystems) using the PowerUp

SYBR Green Master mix (Applied Biosystems) according to

manufacturer’s instruction. Relative quantification of mRNA was

determined by the DCt method. PD-1DExon3 mRNA expression

was normalized against ActinB expression. Primers for real time are

as follow: PD-1- DExon3 F 5’- AGGGTGACAGGGACAATAGG

-3’; PD-1- DExon3 R 5’- CCATAGTCCACAGAGAACAC -3’;

ActB-F 5’-ACCGCGAGAAGATGACCCAGA-3’; ActB-R 5’-

GGATAGCACAGCCTGGATAGCAA-3’.
sPD-1 ELISA

sPD-1 leve l s were quant ified by enzyme – l inked

immunosorbent assays (ELISA) using the human PD-1 antibody

duoset kit (DY1086, R&D Systems) and the DuoSet ELISA

Ancillary Reagent kit 2 (DY008, R&D). Plates were coated over

night with capture antibody (2 ug/ml). After washes (3 x 300ul with

Wash Buffer 1X), 100ul of Reagent Diluent were added to each well

and plate was incubated for 1 hr at 700rpm. After a washing step as

before, plate incubated with 100ul of sample or standards for 2 hrs

with gentle shaking. Calibration curve consisted of 1:2 dilutions of

the standard material ranging from 2,5 ng/ml to 0,0097 ng/ml. Plate

was subsequently washed and incubated with 100ul of Detection
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Antibody (200ng/ml) for 2 hrs with gentle shaking. After repeating

the washing step, 100ul of Streptavidin-HRP was added to each

well. Plate was incubated in the dark for 40 min, washed and then

treated with 100ul of Substrate Solution for 20 min. After addition

of 50ul of Stop Solution, optical density was measured using the

Synergy H1 Reader (Biotek, Winooski, USA). Sample were read

at 450 nm and 540 nm wavelengths and to correct optical

imperfection reading at 540nm was subtracted to reading at

450 nm. sPD-1 concentrations (pg/ml) were calculated using the

four-point-fit calibration curve of standard dilutions.
Luminex

Analysis of soluble forms of inhibitory checkpoints was

performed using the MILLIPLEX MAP kit Human Immuno-

Oncology Checkpoint Protein Panel 1 HCKP1-11K (Merck)

according to manufacturer’s instruction.
Cloning

The pEX-A258-sPD-1-Tev-T2A-tGFP plasmid, containing the

sequence for the PD-1 DExon3 isoform in frame with Twin-Strep

Tag, T2A and turbo GFP (tGFP) tags with the HindIII and BamHI

restriction sites at the 5’ and 3’ends respectively, was obtained from

Eurofins Genomics. Sequence verification was performed after each

cloning step and congruence was 100%. After transformation into

MAX Efficiency® DH5a (Invitrogen) bacterial cells, colonies were

selected on Ampicillin (Sigma) plates and DNA was isolated with

the QIAprep Spin Miniprep Kit (27106, Qiagen). DNA samples

were restricted with BamHI, HindIII and PvuI (New England

Biolabs) and products, along with the 1Kb DNA ladder (N3232S,

New England Biolabs) were separated by electrophoresis on a 1%

agarose gel. Images were collected using the Uvitec Mini HD9

transilluminator system. The band corresponding to the sequence

of interest was isolated from the gel with the MinElute Gel

Extraction Kit (28604, Qiagen) according to manufacturer

instruction. The eluted DNA samples was cloned into the

pcDNA3.1 vector, previously restricted with BamHI and HindIII,

using the T4 DNA ligase (M0202S, NEB). After antibiotic selection

(Ampicillin), DNA was isolated as described before, restricted with

BamHI and HindIII enzymes and separated on 1% agarose gel to

confirm efficient cloning of the sequence of interest.
Recombinant sPD-1 protein expression
and purification

BL21 DE3 bacterial cells (Invitrogen) transformed with the

pCDNA3.1-sPD-1 plasmid were grown in Terrific Broth (Sigma)

over night at 30°C and then stimulated with IPTG 1mM (Promega)

for 4 hrs. After centrifugation at 3200g 30min at 4°C, cell pellet was

resuspended in 20 ml of Sonication Buffer (Hepes 100mM, NaCl
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500mM, DTT 1mM and EDTA 0,1mM) and then sonicated as

follow: 40% amplitude with 40 sec on/off for 10 times. Sample was

centrifuged at 21000g for 30min at 4°C and sPD-1 protein was then

purified with the Strep-Tactin®XT purification column according

to manufacturer instructions. The purified sample was transferred

into Amicon Ultra-4 10K centrifugal filter devices (Merck),

centrifuged at 3000g for 20min at 4°C and washed as follow:

4ml of Storage Buffer (NaCl 330mM, Tris-HCl pH6.8 11mM,

EDTA 0,11mM and DTT 1,1 mM) at 3000g for 20 min at 4°C for

8 times. Protein concentration was measured with the BCA assay

(Perkin Elmer, Waltham, Massachusetts, USA) according to

manufacturer’s instruction.
Coomassie staining

Purified protein sample was fractionated by SDS-Page gel

electrophoresis and detected by Coomassie blu dye staining. After

run, gel was incubated with the Fixing solution (50% methanol and

10% acetic acid) for 1hr and then stained (50% methanol, 10%

acetic acid and 0.1% Coomassie Brilliant Blue R-250) for 20min

with gentle agitation. Gel was incubated in the Distaining solution

(40% methanol and 10% acetic acid) replenishing the solution

several times until background of the gel was fully distained. Gel

was stored in 5% acetic acid solution and images were acquired with

the Uvitec Mini HD9 technology.
sPD-1 and sPD-L1 binding

SKNAS and IMR32 cells were firstly treated with PBS and 1%

FBS for 30 min and then incubated with 1mg or 5mg of recombinant

sPD-1 for 30min at 37°C. After washing, samples were incubated

with Streptavidin-PE (Biolegend) antibody 1:50 or PD-L1 1:50 for

30min at 4°C. To demonstrate the specificity of sPD-1 for PD-L1,

SKNAS were initially incubated with IgG1 Isotype control

(DDXCH01P-100, Novus Biological) or Atezolizumab (A2004,

Selleckchem) for 30 min at 4°C and subsequently with

recombinant sPD-1 for 30min at 37°C. After washing, samples

were incubated with anti-Streptavidin-PE (Biolegend) antibody for

30min at 4°C. Binding of Atezolizumab to PD-L1 was performed

incubating SKNAS with IgG1 Isotype control or Atezolizumab for

30 min at 4°C and then with anti-PDL1 for 30 min at 4°C. SKNAS

treated with PBS were used as control. All samples were acquired

using the Cytoflex S as described before. For analysis of sPD-1 and

sPD-L1 binding SKNAS, Ctrl and Stimulated NK cells were

incubated with the conditioned media for 1 hours at 37°C and,

after washes, samples were incubated with PD-1 or PD-L1 antibody.

Binding of Nivolumab (A2002, Selleckchem) to PD-1 was

performed incubating stimulated NK cells with IgG4 control

Isotype (DDXCH04P-100, Novus Biological) or Nivolumab for 30

min at 4°C and then with anti-PD1 for 30 min at 4°C. Stimulated

NK cells, treated with PBS were used as control.
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Statistical analysis

Statistical analyses were performed using the GraphPad Prism

6.0 (La Jolla, CA, USA) software. Values were expressed as mean ±

SEM. P values less than 0.05 were considered statistically significant.

* P< 0.05, ** P< 0.01 *** P< 0.001.
Results

In the recent years, soluble counterparts of the inhibitory

checkpoints, in particular sPD-1 and sPD-L1, have gained

attention due to their ability to regulate immune responses.

Importantly, these soluble forms retain the ability to bind their

ligands and therefore they can inhibit PD-1/PD-DL1 interaction.

Indeed, local delivery of sPD-1 in the tumor microenvironment

(TME), has been demonstrated to enhance T cell cytotoxicity

through PD-L1 binding and the consequent blockade of the PD-

1/PD-L1 axis. However, little is known on its biological effect on NK

cell function and on the mechanisms regulating its release.

Therefore, we decided to investigate whether sPD-1could be able

to modulate NK cell effector function. For this purpose, we first

synthetized the recombinant sPD-1 protein. To this end, the

designed the sPD-1-T2A-tGFP sequence was subcloned into the

pcDNA3.1 plasmid and then transformed into the BL21 bacterial

cells for protein induction (Figures S1A, B). Coomassie staining

confirmed that the purified protein was of approximately 20 kDa

(Figure 1A, left panel), as expected for the recombinant sPD-1

protein. To further evaluate the purity of the isolated protein and

also confirm that it effectively corresponded to the soluble

counterpart of PD-1 we performed western blot analysis using the

a-Streptavidin and a-PD-1 antibodies. As reported in the right

panel of Figure 1A, hybridization with a-Streptavidin antibody

allowed detection of one band corresponding to the isolated

recombinant sPD-1 protein. In line with this data, incubation

with the a-PD-1 antibody allowed detection of the same band

observed with the Streptavidin antibody, thus confirming that the

recombinant sPD-1 protein was efficiently purified (Figure 1A, right

panel). To better characterize the isolated sPD-1 protein, we then

investigated whether it retained the functional capability of binding

to PD-1 ligands. For this purpose two NB cell lines, SKNAS and

IMR-32, that differentially express PD-L1 while having almost

undetectable levels of the PD-L2 receptor, were used (Figure 1B).

The SKNAS and IMR-32 cell lines were incubated alone or with

different amounts (1-5 mg) of the recombinant protein and sPD1/

PD-L1 interaction was detected as binding of the a-Streptavidin
antibody to the Strep-tag present on sPD-1. As reported in

Figure 1C a shift in the Streptavidin signal could be observed

only when sPD-1 was added to the cell cultures, demonstrating

that the recombinant protein was able to bind PD-L1 expressed on

both cell lines. Interestingly, the intensity of the signal

proportionally increased with the amount of sPD-1 (Figure 1C).

To demonstrate the specificity of sPD-1/PD-L1 interaction, we used

Atezolizumab, a fully humanized IgG1 monoclonal antibody (mAb)

that engages PD-L1. Indeed, following incubation of SKNAS with
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Atezolizumab, IgG1 isotype or PBS, abrogation of PD-L1 signal was

observed only in the presence of the anti-PD-L1 mAb (Figure 1D,

left panel). Therefore, to investigate whether mAb treatment would

affect PD-L1 engagement by sPD-1, SKNAS were incubated with

PBS, Atezolizumab or control IgG1 isotype antibody and

subsequently treated with recombinant sPD-1. The interaction

between PD-L1 and sPD-1 was analysed by Streptavidin signal

and samples treated with PBS represented the negative control. As

expected, sPD-1 binding was detected in SKNAS cells treated with

PBS and the control isotype while in tumor cells that have been

previously treated with Atezolizumab loss of streptavidin signal was

detected, demonstrating that masking of PD-L1 prevented sPD-1

binding to its molecular target (Figure 1D, right panel). To further

investigate the property of sPD-1 binding, the PD-L1 Mean

Fluorescent Intensity (MFI) of both SKNAS and IMR32 was

analysed. In line with previous data, a partial reduction of PD-L1

MFI was observed in both the NB cell lines incubated with

recombinant sPD-1, showing that sPD-1-dependent engagement

of PD-L1 could reduce antibody binding (Figure 1E). No significant

differences regarding PD-L1 MFI were detected upon treatment

with 5mg of recombinant sPD-1 (data not shown). Together, these

data demonstrate that we efficiently purified the recombinant

soluble counterpart of PD-1. Importantly, the isolated sPD-1

protein retained its ability to specifically bind PD-L1 expressed on

NB tumor cell lines, as demonstrated by the abrogation of sPD-1/

PD-L1 interaction upon treatment with Atezolizumab.

We then asked whether the interaction between sPD-1 and PD-

L1, expressed on tumor cells, could affect the ability of NK cells to

kill NB target cell lines. For this purpose, freshly isolated NK cells

were stimulated in vitro, as previously described by our group, with

IL-12/IL-15/IL-18 in the presence of DMSO (Ctrl) or

Dexamethasone (Stim), in order to induce the expression of PD-1

on the cell membrane (13). Indeed, increase of membrane PD-1

expression was detected in stimulated NK cells compared to control

cells (Figure 2A). Recently, it has been shown that incubation of NK

cells with the same cytokine milieu induces PD-L1 membrane

upregulation (39). In line with published data, Ctrl NK cells

showed a massive PD-L1 expression (Figure 2A left panel).

Interestingly, stimulated NK cells do not express PD-L1 at the

surface indicating that these receptors are regulated by different

mechanisms (Figure 2A right panel). Therefore, to investigate any

effect of sPD-1 in regulating the immune response we performed

the following experiments on Stimulated NK cells that being PD-1+

PD-L1- ensure that sPD-1 would bind exclusively to PD-L1

expressed on tumor cells. To analyse the effector functions of

stimulated NK cells, cytotoxicity was analysed after 4 hrs

incubation with SKNAS or IMR-32 cell lines, in the presence or

in the absence of recombinant sPD-1. As reported in Figure 2B an

increase of NK cell killing was detected, against both NB cell lines,

only when sPD-1 was present in the culture medium demonstrating

that sPD-1 dependent blockade of PD-1/PD-L1 axis would promote

NK cell effector function. In line with these data, increase of

degranulation and IFN-g accumulation were detected in the

presence of sPD-1 compared to untreated samples (Figure 2C left

and right panels).
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To further investigate the effect of sPD-1 on the regulation of

the immune response, we compared its effect with Nivolumab, an

IgG4 humanized mAb able to block membrane PD-1. Indeed,

Nivolumab incubation abrogated PD-1 detection on Stimulated

NK cells compared to Ctrl and IgG4 isotype-treated cells

(Figure 2D, left panel). Cytotoxicity was analysed between

stimulated NK cells treated or not with Nivolumab in the

presence or in the absence of sPD-1. As previously demonstrated,
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increased tumor cell killing was detected in Stimulated NK cells

incubated with sPD-1 compared to ctrl cells (-sPD-1) (Figure 2D

right panel). Similarly, higher cytotoxicity was detected in

Nivolumab-treated cells only in the presence of sPD-1.

Interestingly, Nivolumab-treated NK cells exerted an effector

function similar to Ctrl cells and it was significantly lower as

compared to the same conditions incubated with recombinant

sPD-1. No significant differences, except at the higher E:T ratio,
E

A

B

D

C

FIGURE 1

Characterization of the isolated recombinant sPD-1 protein. (A) Gel-based proteomic analysis of purified sPD-1. Left panel: Coomassie staining of
the isolated recombinant sPD-1 revealed a band of approximately 20 kDa corresponding to sPD-1 molecular weight. BSA sample was used as a
control. Right panel: western blot analysis allowed detection of the recombinant sPD-1 protein with both the anti-Streptavidin-HRP and anti-PD-1
antibodies. (B) SKNAS and IMR-32 cell lines were analysed for PD-L1 and PD-L2 expression. Only PD-L1 could be detected on the surface of both
cell lines. (C) Analysis of recombinant sPD-1 binding to PD-L1 ligand. Flow cytometry analysis demonstrated that recombinant sPD-1 was able to
bind PD-L1 expressed by SKNAS and IMR-32 cell lines. (D) SKNAS were incubated with PBS, IgG1 Isotype or Atezolizumab and then analysed for PD-
L1 expression. Abrogation of PD-L1 signal occurred only when tumor cells were treated with Atezoliumab (left panel). Binding of sPD-1 to tumor
expressed PD-L1 was abrogated when NB cells were previously incubated with Atezolizumab. (E) Incubation of PD-L1+ SKNAS and IMR-32 cell lines
with recombinant sPD-1 resulted in a decreased PD-L1 signal. MFI from ctrl (not stained) samples was subtracted from their corresponding stained
samples. Values are mean ± SEM. Statistical significance has been determined by Paired T test, p< 0.01 **; p<0.05 *.
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could be observed between the two sPD-1 treated samples

indicating that, in this condition, Nivolumab treatment does not

further improve NK cell killing (Figure 2D right panel). These data

demonstrate that recombinant sPD-1, through its interaction with

PD-L1 expressed by tumor cells, can partially block the inhibitory
Frontiers in Immunology 0736
axis thus improving human NK cell effector function toward NB

cell lines.

As discussed above, the soluble form of the PD-1 checkpoint

inhibitor has been detected in the plasma of cancer patients.

However, despite its clinical importance little is known on cell
D

A

B

C

FIGURE 2

Recombinant sPD-1 can modulate NK cell effector function. (A) Control and stimulated NK cells were analysed for membrane PD-1 and PD-L1
expression. Membrane-bound PD-1 was detected only in stimulated NK cells compared to control cells. Conversely, while Ctrl NK cells expressed
PD-L1, it was barely detectable on stimulated NK cells. One representative experiment has been shown. Quantifications of four different experiments
have been reported. Values are mean ± SEM. Statistical significance has been determined by Paired T test, p< 0.01 **; p< 0.001 ***. (B) NB cell lines
were incubated with stimulated NK cells, expressing PD-1, with or without recombinant sPD-1. An increase in cytotoxicity toward both SKNAS (n=7)
and IMR-32 (n=8) cell lines at different Effector (E) Target (T) ratios was observed only when recombinant sPD-1 was present in the co-culture. Data
have been compared using paired T test, p< 0.05 *; p< 0.01 **, p< 0.001 ***. (C) Similarly, in the presence of recombinant sPD-1 an increase in
degranulation (left and middle panels) and accumulation of IFN-g (right panel) of NK cells were observed. Values are mean ± SEM. Statistical
significance has been determined by Paired T test, p< 0.01 **, p< 0.001 ***. (D) Comparison of sPD-1 and Nivolumab treatments on cytotoxicity of
stimulated NK cells. Incubation with Nivolumab abrogated PD-1 signal compared to Ctrl and IgG4 samples (left panel). Increase of cytotoxicity
toward SKNAS cell line at different E:T ratio was observed in both the analysed conditions (treated or not with Nivolumab) only in the presence of
sPD-1. Values are mean ± SEM. Data have been compared using paired T test, p< 0.05 *; p< 0.01 **, p< 0.001 ***.
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subsets involved in its production and the mechanisms of its release.

As mentioned before, our group recently demonstrated that

stimulation with a specific combination of cytokines and

Dexamethasone, resulted in PD-1 surface expression in human

NK cells (13). Therefore, we asked whether the same stimulus could

also induce for sPD-1 production and release. To this end, human

NK cells, isolated from HDs, were stimulated or not (Ctrl) as

previously described and then analysed for sPD-1 synthesis and

release. As reported in Figure 3A, while the DExon3 transcript could
be barely detected in Ctrl NK cells, its expression levels were highly

increased upon stimulation. In line with this data, sPD-1 protein

could be detected only in stimulated NK cells indicating that the

increase of the DExon3 mRNA transcription correlated with a rise

in protein translation (Figure 3B). To investigate if the increase in

protein translation was associated also to sPD-1 release

supernatants from both Ctrl and stimulated NK cells were

analysed. As expected, increased sPD-1 levels were detected only

in the medium from stimulated NK cells compared to Ctrl samples

(Figure 3C). All together, these data demonstrate that human NK

cells, when properly stimulated, are able to increase both sPD-1

mRNA transcription and protein synthesis as well as its release in

the surrounding medium revealing that NK cells may represent a

source for circulating sPD-1.

We then studied whether endogenous sPD-1, produced by NK

cells, retained its ability to interact with PD-L1 and whether this

engagement would affect NK cell effector function. For this purpose

human NK cells were stimulated or not in order to obtain different

conditioned supernatants (SN) that were then used to treat tumor

cells and study the sPD-1 biological function (Figure 4A). Even

though we previously demonstrated that sPD-1 could be detected

only in the SN from stimulated NK cells we could not exclude that

the two conditioned media would differ exclusively for sPD-1

expression. Therefore, we analysed the expression of soluble

forms of different inhibitory checkpoints in the two SN.

Interestingly, in the media derived from Ctrl NK cells sPD-L1

and sPD-L2 levels were higher compared to SN from stimulated NK

cells (Figure 4B). Conversely, sPD-1 was the only soluble form

upregulated in SN from stimulated NK cells. Of note, these data are

in line with PD-1 and PD-L1 membrane expression on NK cells. To

investigate whether endogenous sPD-1 would be able to bind PD-

L1, both Ctrl NK cells and SKNAS were incubated with the different

SN and PD-L1 expression was analysed. Reduction of PD-L1 MFI

was observed in both samples only when incubated with the

medium containing sPD-1 (Figure 4C left and middle panels).

Interestingly, a reduction of PD-1 MFI occurred only in

Stimulated NK cells incubated with SN containing sPD-Ls

indicating that these soluble forms were able to interact with

membrane PD-1 reducing antibody binding (Figure 4C right

panel). We further investigated whether the interaction between

endogenous sPD-1 and PD-L1 could have an effect on NK cell

function as previously detected with the recombinant sPD-1

protein. Thus, SKNAS cells and stimulated human NK cells were

incubated together using the supernatants from ctrl and stimulated

NK cells in order to compare blockade of the PD-1/PD-L1 axis

acting on PD-1 or tumor expressing PD-L1, respectively. Except for

the higher E:T ratio, where increased cytotoxicity was observed in
Frontiers in Immunology 0837
the presence of SN from stimulated NK cells no significant

differences could be observed even though there is a trend of

higher cell killing when PD-L1 ligand is bound (Figure 4D).
Discussion

In cancer, the PD-1/PD-L1 axis has been the subject of intense

investigations and its blockade, through the development of mAbs

disrupting this interaction, has revolutionized tumor immunotherapies.

Recently, the soluble counterpart of PD-1 has gained interest due to its

prognostic and predictive value in tumor patients, which has opened a

new paradigm of investigation in different cancer types. In addition,

sPD-1, retaining the function proper of full-length PD-1, is able to

engage with membrane-bound ligands and enhance T cell-dependent

anti-tumor immune responses limiting the binding of PD-1+ cells with

PD-Ls+ neoplastic cells. In this context, we investigated the role of sPD-

1 toward human NK cell function and the mechanisms regulating its

expression. In particular, we purified a recombinant form of sPD-1 able

to interact with PD-L1 expressed by tumor cell lines. The sPD-1/PD-L1

interaction was specific as demonstrated by the abrogation of sPD-1

binding upon treatment of tumor cells with Atezolizumab and by

reduction of PD-L1 MFI indicating that sPD-1might act as a decoy for

anti-PD-L1 antibody. Importantly, sPD-1-dependent blockade of PD-

L1 pathway was able to modulate the anti-tumor immune response of

human NK cells. Indeed, we observed an increase of tumor cell killing,

degranulation and IFN-g accumulation in the presence of sPD-1 as

compared to ctrl (-sPD-1) samples.

Considering the biological importance of the circulating soluble

form of PD-1, we focused our attention on mechanisms regulating

endogenous sPD-1 production. In a previous work, investigating

the expression of PD-1 in human NK cells, we demonstrated that

resting and in vitro activated NK cells, isolated from HDs, expressed

the PD-1 DExon3 mRNA isoform, even though no sPD-1 protein

could be detected in the cytoplasm or in the culture supernatants

(40). Moreover, sPD-1 was detected in the pleural effusions (PE) of

lung cancer patients and the DExon3 mRNA transcript was detected

in NK cells purified from the same PE. Therefore, we argued that

human NK cells could be involved in sPD-1 production. Indeed, we

demonstrated that specific stimulation of human NK cells leads to

increase sPD-1 transcription, synthesis and release in the culture

medium. These data unveil a novel mechanism regulating sPD-1

production and also demonstrates that human NK cells are capable

of releasing sPD-1. Of note, analysing the different SN we confirmed

that released of sPD-1 would occur only in Stimulated NK cells and

showed that ctrl NK cells are able to release sPD-L1 and sPD-L2 in

the culture medium indicating that NK cells could be considered a

source for sPD-Ls circulating forms.

Interestingly, binding assays showed decreased PD-L1 and PD-

1 MFI upon treatment of NK and SKNAS cells with SN from

stimulated and ctrl NK cells, respectively indicating that soluble

checkpoint inhibitors retained the ability to interact with their

specific targets and thus could act as decoy for antibody binding.

However, comparing PD-L1 and PD-1 blockade, taking advantage

of the different conditioned media, no significant differences could

be observed.
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Despite our demonstration of the involvement of human NK

cells in producing sPD-1 and its role in regulating antitumor

immune response, some limitations of this study must be

considered. The recombinant sPD-1 protein, being produced in

bacteria, does not present the posttranslational modifications

(PTMs) proper of full-length PD-1 and known to be important

for its function and therefore in our setting we could not investigate

how the PTMs would affect recombinant sPD-1 function. In

addition, the effects of endogenous soluble forms on NK cell

effector function are less marked compared to the modulation

observed with the recombinant sPD-1 protein. This could be

explained by the fact that the average amount of released sPD-1
Frontiers in Immunology 0938
and sPD-L1 by stimulated and ctrl human NK cells is quite low and

it might not be sufficient to efficiently block the PD-1/PD-L1

pathway and modulate NK cell anti-tumor activity. Indeed,

median values of circulating sPD-1 in serum/plasma of cancer

patients can span from almost 400 pg to even 8 ng or more (27,

32). Moreover, in the TME, due to the close cellular interactions and

to the presence of several cytokines and other soluble factors, the

concentrations of sPD-1 may actually be quite higher. Therefore, in

the present set up, it is conceivable that we underestimate the real

contribution of endogenous sPD-1 on human NK cell function. In

this context, it would be interesting to purify the endogenous sPD-1

protein in order to deeper investigate its biological function and
A

B

C

FIGURE 3

Stimulation of NK cells leads to production and release of endogenous sPD-1. Control (Ctrl) and stimulated (stim) NK cells were analysed for
endogenous sPD-1 expression. (A) Real-time analysis demonstrated a huge increase of the DExon3 mRNA transcript in stimulated compared to ctrl
NK cells. (B) Western blot analysis demonstrated that an increase in sPD-1 protein level could be observed in NK cells upon stimulation. (C)
Supernatant of both Ctrl and Stimulated NK cells were analysed by ELISA. High levels of endogenous sPD-1 were detected in the medium derived
from stimulated NK cells, while in sample from Ctrl NK cells endogenous sPD-1 could be barely detected. All values are mean ± SEM. Statistical
significance has been determined by Paired T test, p< 0.01 **; p< 0.001 ***.
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define the amount sufficient for enhancing NK-mediated function.

Indeed, there is a lack of information in the literature on the role

played by sPD-1 in the context of pediatric tumors and the

presented data might suggest that sPD-1 could play a role as an

immune regulator in NB.
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In conclusion, we identified a mechanism regulating sPD-1

synthesis and release in human NK cells demonstrating that this

innate cells can also be considered a source for circulating sPD-1.

Moreover, our present study provides a first insight on the effect of

sPD-1 on human NK cell effector function, confirming that sPD-1,
D

A

B

C

FIGURE 4

Effects of endogenous sPD-1 on human NK cell function. (A) Schematic representation of the designed experiments to investigate the functional
activity of endogenous soluble forms released by human NK cells. (B) Luminex assay on the SN to evaluate the expression of soluble forms of
different inhibitory checkpoints released by human NK cells in the two treatment conditions. All values are mean ± SEM. Statistical significance has
been determined by Paired T test, p< 0.05 *; p< 0.001 ***. (C) Ctrl and Stimulated NK cells and SKNAS cell line were incubated with conditioned
medium deriving from unstimulated (Ctrl) or stimulated (Stim) NK cells and binding of endogenous sPD-1, and sPD-Ls present in the medium, was
analysed by flow cytometry as decrease in PD-L1 and PD-1 MFI. Values are mean ± SEM. Statistical significance has been determined by Paired T
test, p< 0.05 *; p< 0.01 **. (D) Cytotoxicity of stimulated NK cells toward SKNAS cell line at the indicated Effector (E): Target (T) ratios upon
incubation with conditioned media. Values (% of cytotoxicity) represent the mean of nine independent experiments. Data have been analysed using
paired T test, p< 0.05 *.
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retaining its ability to bind PD-L1, can disrupt the PD-1/PD-L1 axis

and counteract the inhibitory effect of this interaction.

Overall, these data confirm the important role played by sPD-1

in regulating the anti-tumor immune response and suggest that

sPD-1 could be considered a novel additional tool for anti-cancer

therapies in paediatric tumors.
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SUPPLEMENTARY FIGURE 1

Construction of the pCDNA3.1-sPD-1-Twin-Strep-tag-T2A-GFP plasmid. (A)
Left panel: schematic representation of the region, within the pEX-A258

plasmid, containing the sPD-1 coding sequence in frame with the TEV site
and the Twin-Strep-tGFP sequence. HindIII and BamHI restriction enzyme

sequences were introduced at the beginning and the end of the described
region, respectively. Right panel: upon DH5alpha bacterial cells transfection,

positive colonies were screened by HindIII, BamHI and PvuI restriction and

samples were separated on agarose gel. The red arrow indicates the band of
2187 bp corresponding to the sPD-1-Twin-Strep-tGFP region. (B) Circular
map of the pCDNA3.1-sPD-1-Twin-Strep-tag-T2A-GFP plasmid upon
subcloning of the sPD-1-Twin-Strep-tGFP region (left panel). Colonies

grown in selective plates were analysed by HindIII and BamHI restriction
and samples were run on agarose gel (right panel). The red arrow indicates

the sPD-1-Twin-Strep-tGFP band.
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The fading guardian: clinical
relevance of TP53 null
mutation in high-grade
serous ovarian cancers
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Gianna Maria Cerruti4, Serafina Mammoliti 5, Cinzia Caroti6,
Paola Menichini7, Gilberto Fronza7, Silvia Pesce3,
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Background: we evaluated the concordance between immunohistochemical p53

staining and TP53 mutations in a series of HGSOC. Moreover, we searched for

prognostic differences between p53 overexpression and null expression groups.

Methods: patients affected by HGSOC were included. For each case p53

immunohistochemical staining and molecular assay (Sanger sequencing) were

performed. Kaplan-Meier survival analyses were undertaken to determine

whether the type of TP53 mutation, or p53 staining pattern influenced overall

survival (OS) and progression free survival (PFS).

Results: 34 HGSOC were considered. All cases with a null immunohistochemical

p53 expression (n=16) showed TP53 mutations (n=9 nonsense, n=4 in-frame

deletion, n=2 splice, n=1 in-frame insertion). 16 out of 18 cases with p53

overexpression showed TP53 missense mutation. Follow up data were available

for 33 out of 34 cases (median follow up time 15month). We observed a significant

reduction of OS in p53 null group [HR = 3.64, 95% CI 1.01-13.16].

Conclusion: immunohistochemical assay is a reliable surrogate for TP53

mutations in most cases. Despite the small cohort and the limited median

follow up, we can infer that HGSOC harboring p53 null mutations are a more

aggressive subgroup.

KEYWORDS

high grade serous ovarian carcinoma, TP53, immunohistochemistry, sanger sequencing,
ovarian cancer
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1 Introduction

Epithelial ovarian cancer (EOC) is the fifth most common cause

of female cancer death in the developed world. It affects every year

21,750 women in the USA of whom 13,940 will die of the disease

(1). Despite aggressive surgeries and combined chemotherapies, the

prognosis remains worrisome. The reason for this high mortality

rate is the late presentation, meaning that more than 70% of EOC

are diagnosed at stage III or IV with a 5-year Overall Survival of

approximately 15-30%.

In recent years the therapeutic landscape for EOC has seen a

revolution expected for thirty years with the introduction, the

PARP-inhibitors, changing the prognosis of the BRCA mutated

subgroup of EOC. In SOLO-1, which investigated Olaparib in newly

diagnosed advanced BRCAmutated ovarian cancer, the 3-years risk

of disease progression or death was 70% lower with Olaparib than

with placebo (60% vs. 27%, HR 0.30) (2).

EOC is not a single disease. Its histopathology is heterogeneous

and each EOC subtype harbors genetic mutations that are being

assessed for their potential to predict the efficacy of molecularly

targeted treatments (3). The most frequent subgroup, accounting

for 70% of all EOCs, is high-grade serous ovarian cancer (HGSOC),

which is considered to originate from serous tubal intra-epithelial

carcinoma (STIC) and is characterized by mutation in TP53 gene in

95% of cases.TP53 is the most frequently mutated gene in cancer,

with mutations identified in at least 50% of human malignancy. The

protein p53 is a homotetrameric transcription factor with tumor

suppression functions. It controls the expression of hundreds of

target genes in order to maintain homeostasis and genome integrity.

It can activate DNA repair proteins when DNA has sustained

damage, arrest cell growth by holding the cell cycle at the G1/S

transition, allowing DNA repair, and initiate apoptosis if DNA

damage proves to be irreparable. It’s also involved in senescence,

autophagy as well as processes that oppose oncogenic metabolic

reprogramming (4).

In normal condition, wild-type p53 is maintained at low levels

by the E3 ubiquitin ligase MDM2 that polyubiquitinates p53,

marking it for proteasomal degradation. In response to cellular

stress, several mechanisms, disrupt the MDM2-p53 association,

leading to the stabilization and the activation of p53 (5).

More recent research has focused on the epigenomic control of

p53 providing evidence that microRNAs and long noncoding RNAs

can play a role in the epigenomic control of p53 expression. These

findings suggest that epigenetic changes may be a promising target

for cancer prevention and treatment (6, 7).

Over 36,000 TP53 mutations have been reported, and for this

reason, it is challenging to find a drug that could be effective for all

mutations. Approximately 80% of TP53 mutations are missense

mutations and lead to an overexpression of mutp53 in the cells that

can be promptly identified by immunohistochemistry (IHC). The

other mutations as frame-shift, nonsense and splice-site mutations

are collectively known as p53-null mutations and they result in the

absence of an encoded protein.

In this setting it is evident how relevant the identification of

molecular prognostic factors is, which could potentially identify

subgroups of tumors with greater aggressiveness and which require
Frontiers in Immunology 0243
therapeutic modulation with more aggressive treatments and close

follow-ups.

Here we describe how p53-null mutations have implications in

prognosis and in the aggressiveness of HGSOC and how a simple

and inexpensive diagnostic tool as IHC can be used as an alternative

to Sanger sequencing in discriminating between null and missense

mutations of TP53.
2 Materials and methods

2.1 Tumor samples

Our cohort consisted of 36 gynecological tumors (serous

ovarian, fallopian tube and peritoneal carcinomas) collected from

IRCCS Ospedale Policlinico San Martino. 34 HGSOC, one low-

grade serous tumor (LGSOC), and one mucinous carcinoma were

included in the final analysis as study controls. 29/34 HGSOCs were

at an advanced stage, classified as FIGO (International Federation of

Gynecology and Obstetrics) III or IV, whereas 5/34 were at an early

stage, classified as FIGO I or II.

Survival and other clinical data were available for many

patients. Based on immunohistochemical analysis of p53 protein

expression, we matched p53 null mutation cohort, non-otherwise

selected, with p53 protein overexpressed cohort consecutive

unselected with similar histopathologic features. We divided the

patients into two cohorts: one characterized by p53 null mutations,

and one characterized by p53 overexpression.

After histopathological HGSOC diagnosis, if deemed suitable,

patients underwent primary debulking surgery (PDS) followed by

six cycles of chemotherapy. If complete surgical debulking was not

judged feasible, two sets of three cycles of neoadjuvant

chemotherapy (NACT) interspersed by interval debulking surgery

(IDS) were performed. The standard regimen of chemotherapy

contains Carboplatin AUC5 plus Paclitaxel 175 mg/m2 every three

weeks with addition of Bevacizumab or Olaparib based on BRCA

status, when investigated. In case of disease recurrence, after

considering secondary debulking surgery (SDS) for a subset of

selected cases, patients received second line chemotherapy

according to common guidelines. None of the patients had

intraoperative complications. One of them was also affected by

metastatic non-small cell lung cancer (NSCLC) and one already had

EOC metastasis.

Progression Free Survival (PFS) was defined as time from the

date of biopsy/surgery and consensual diagnosis of HGSOC to the

date of progression diagnosed with imaging and laboratory

techniques. Overall Survival (OS) was counted from the date of

biopsy/surgery and consensual diagnosis of HGSOC to the date of

death or last follow up as recorded in hospital medical records,

doctors’ rooms, and publicly available death notices. Written

informed consent was obtained from all subjects. All methods

were carried out in accordance with the approved guidelines.

Matched formalin fixed paraffin embedded samples were

obtained from our diagnostic pathology laboratory (IRCCS

Ospedale Policlinico San Martino). Among the study samples, we

included four kinds of specimens: 1 FNAB (Fine Needle Aspiration
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Biopsy), 13 LPS (laparoscopy), 18 primary debulking and 2

secondary debulking surgery (after disease relapse). This

retrospective series of HGOSC specimens was prepared according

to standard protocols. In brief: after the surgical excision, all the

specimens were sent unfixed to the pathology units where they were

fixed in 10% buffered formalin (12–18 hours); after grossing, the

samples were routinely processed, and paraffin embedded to obtain

histological slides stained in hematoxylin and eosin (H&E). The

paraffin blocks were kept in dedicated archives, at room

temperature, in cardboard boxes kept away from dust, light and

heat sources.

Two pathologists [VGV, CMB] to confirm diagnosis, supported

by standard immunohistochemistry biomarkers panel (Cytokeratin

7, Cytokeratin 20, Vimentin, WT1, Napsin-A, ER, PR, Ki67 and

p53), histological grade and pathological stage, reviewed all tumor

tissue. Following initial surgery, patients were staged according to

the FIGO criteria.

Sections were ascertained from tumors for determination of

percent tumor cells following H&E staining and for DNA

extraction. Tumors containing at least 5% of tumor cells were

selected for this study (5).

The most significant paraffin block was selected for molecular

analysis according to the following criteria: optimal fixation/storage,

high representativeness of the entire neoplasia, high tumor

cellularity, low percentage of stroma cell, fibrosis and necrosis.

From selected samples, manual macrodissection was performed and

sections (three sections of 10mm thickness) were obtained for

molecular analyses.
2.2 p53 immunohistochemistry

One tumor-rich sample per case, a 3-mm-thick section from a

formalin-fixed, paraffin embedded tumor tissue block, was selected

for immunohistochemical analysis. Staining was detected with the

automated ultraView Universal DAB procedure on the BenchMark

ULTRA IHC/ISH Staining Module, Ventana with anti-p53 (clone

DO7, prediluted,Ventana, Innovation Park Dr. Tucson, AZ, USA).

Ventana Medical Systems’ (Ventana) CONFIRM anti-p53 (DO-7) a

mouse monoclonal antibody (IgG1, kappa) directed against human

p53. The antibody is intended for laboratory use to qualitatively

identify by light microscopy wild type and mutant p53 in sections of

formalin-fixed, paraffin-embedded tissue on a Ventana automated

slide stainer.

Nuclear staining was considered a positive reaction. The extent

of nuclear staining was estimated to the nearest 5% level of positive

tumor cells, reporting the actual percentage for each case.

All stains were done within one week after sectioning. Stained

slides were examined by an experienced surgical pathologist [VGV,

CMB, MP] who was blinded to molecular data.

The percentage of cells showing positive nuclear staining was

estimated and report-ed in three categories: ≥50% positively stained

nuclei (overexpression); >1% and <50% stained nuclei (partial

expression); ≤1% positively stained nuclei (no expression/null) (5).
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2.3 Sanger sequencing molecular analysis

All samples underwent Sanger sequencing using the identical

DNA. PCR primers and conditions for amplifying genomic DNA

sequences within exons 2-11 of TP53 gene were those

recommended by the International Agency for Research on

Cancer (IARC) TP53 database (https://p53.iarc.fr/Download/

TP53_SangerSequencing_IARC.pdf).

Briefly, PCR products were purified with the enzyme ExoSap-IT

(USB) and consequently, sequencing reaction done with BigDye.

Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems).

Subsequently, products were purified, and sequencing was

performed on 3500 Genetic Analyzer capillary sequencing

instrument (Applied Biosystems).

Electropherograms were analyzed by visual inspection of sequences

imported in MacVector software. Variants found were compared

against the human TP53 reference genomic sequence NC_000017.10

(transcript NM_000546.5) and biological/clinical significance (if

present) carried out thanks to IARC and Cosmic databases (5).

The Limit of Detection (LoD) of mutational testing by Sanger

sequencing in our lab is extimated approximately 12-15%. Considering

the issue of heterozygosity, the minimal neoplastic component present

in the section should be quantitatively double the instrumental LoD,

according to SIAPeC-IAP (Italian Society of Anatomic Pathology)

recommendations. For example, a sample with 10% tumor cells should

be tested with an assay with LoD of at least 5% (8).
2.4 Statistical analyses

Clinicopathological and laboratory data was imported in

MSExcel™ spreadsheet and analyzed with dedicated statistical

software MedCalc. The Chi-squared test was used to evaluate the

association between categorical data while continuous values were

com-pared using Kruskal-Wallis test.

Kaplan-Meier survival analyses compared by the log-rank

(Mantel-Cox) test were undertaken to determine whether the type

of TP53 mutation, or p53 staining pattern influenced overall (OS)

and progression free survival (PFS) in HGSOCs. p<0.05 was

considered statistically significant.
3 Results

Clinicopathological characteristics of the cohort studied are

summarized in Table 1. The mean age at diagnosis of both

cohorts was 66.3 years (range 48 – 79), being 68.8 (range 48 – 79)

in p53 null group and 64.1 (range 54 – 78) in p53 overexpressed

group. The slight age difference at diagnosis between the two

cohorts was statistically significant. The median follow up was

about 15 months (range 1 – 57), evaluated on 33 patients being

one lost to follow up. All of them were high-grade serous ovarian

carcinomas (HGSOCs) and one (2,9%) had a second clear

cell component.
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The tumor cellularity (%) of the samples, sometimes obtained

through macrodissection, was very high (57.8 ± 21.8), regardless of

the type of specimen. No statistical difference in tumor cellularity

was observed between samples belonging to p53 null and p53

overexpressed groups (Figure 1).

Amon g a l l b i om a r k e r s i n c l u d e d i n s t a n d a r d

immunohistochemistry panel used in HGSOC diagnosis, only

Progesterone (PR) showed statistically significant difference, being

less expressed in cases belonging to p53 overexpressed cohort.

Neither ER (Estrogen) nor proliferation index Ki67 expression

showed statistical significance (Figure 1).
Frontiers in Immunology 0445
There was a significant association of p53 null with increased

risk of HGSOC-related death [HR = 3.64, 95% CI 1.01-13.16]

compared with p53 overexpressed (Figure 2A).

Analogously, an even more significant association of p53 null

with increased risk of HGSOC-related death within 24 months of

follow up [HR = 6.09, 95% CI 1.52-24.51] was observed compared

with p53 overexpressed (Figure 2B). Conversely, the difference in

PFS was not statistically significant between the two groups.

A l l 3 4 HGSOCs ( 1 0 0% ) s howed a b e r r a n t p 5 3

immunohistochemical expression, whereas the two study controls

(LGSOC and mucinous carcinoma) had wild-type TP53, with p53

expression respectively 20% and 5% (Supplementary Figure 1).

Of 34 HGSOCs, analyzed for TP53 mutation by Sanger

sequencing, 94,1% (32/34) tumors contained mutations of

potential biological and clinical interests. In 16 out of 18 (88.9%)

p53 overexpressed samples, we identified at least a missense

mutation, in some cases associated to synonymous mutations, all

occurring in the p53 DBD; of the remaining 2 (11.1%) we couldn’t

find any mutation between exons 2–11 of TP53 gene in one, while

the other has not been evaluated due to poor DNA quality. The p53

null immuno-labeling pattern was always associated to mutations: 4

nucleotide deletions (25%), 1 nucleotide insertion (6.3%), 2 splice-

site mutations (12.5%), and 9 nonsense mutations (56.3%). Not

surprisingly, all samples with nonsense mutations exhibited no p53

staining (p53 null).

p53 neutral polymorphism was not included in further analysis.

By combining two immunohistochemical staining patterns (p53

null and p53 overexpression), the immunohistochemical analysis

correlated with the mutational analysis in 94.1% of cases.

Immunohistochemical and mutational analysis data are

summarized in Figure 3A.

The major i ty o f TP53 muta t ions wi th p53 nul l

immunophenotype identified in this study (81.25%; 13/16) were

located in the p53 DBD, with the exception of p.Thr81fs,

p.Arg306* and p.Glu51*. ‘Hot-spot’ codons for mutation included

p.Arg175 (found twice in p53 overexpressed group) residing within

the p53 DBD, that have previously been recognized as TP53

mutational ‘hot-spots’ in human malignancy, as well as

p.Gly245Ser(Figure 3B). Both of these mutp53 have been

recognized to be GOF mutations (9).

Most of the mutations identified in the study samples through

Sanger sequencing and studied on IARC and Cosmic databases

resulted pathogenic or likely pathogenic. But 4 of them had not yet

been described.
4 Discussion

4.1 p53 immunohistochemistry as
surrogate marker for mutational
TP53 status

Individual examination of HGSOCs diagnosed according to

current criteria revealed that p53 was abnormally expressed in 100%

of these tumors. The definition of abnormal expression was taken
FIGURE 1

Comparison of immunohistochemistry expression of biomarkers
routinely used in HGSOC diagnosis. ER, Estrogen Receptor; PR,
Progesteron receptor. **p value>0.01.
TABLE 1 Clinicopathological characteristics.

p53 null
(n=16)

p53 overexpressed
(n=18)

Mean age (years) 68.8 ± 7.1 64.1 ± 7.5

Mean follow-up (months) 13.5 ± 10.2 16.8 ± 12.8

Early stage (FIGO I-II) 1 4

Advanced stage (FIGO III-IV) 15 14

NACT 5 5

No debulking surgery 3 0

Macro residual disease (MDR) 3 + 3 3

mOS(months) 13.5 ± 10.2 16.8 ± 12.8

mPFS(months) 7.4 ± 8.8 10.4 ± 9.1

Deaths 7 3
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from a previous study (10) in which p53 was either completely

negative or overexpressed in more than 50% of tumor cell nuclei.

Notably, the frequency of abnormal expression was similar to

the reported frequency of TP53 mutations, present in
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approximately 94% of HGSOCs. This range highlights the

limitations of previous TP53 mutation studies, as the methods

used were not sensitive and were not expected to detect all

mutations leading to loss of expression of the functional p53
BA

FIGURE 2

(A) Kaplan-Meier survival curve analyses in HGSOCs. Kaplan-Meier survival curve analysis of TP53 mutation-positive HGSOCs for Death Of the
Disease (DOD), in months, of patients with p53 overexpression compared to patients with p53 null. (B) Kaplan-Meier survival curve analyses in
HGSOCs (24 months). Kaplan-Meier survival curve analysis of TP53 mutation-positive HGSOCs for DOD.
B

A

FIGURE 3

(A) Percentage of the different types of TP53 in p53 null (N=16) and p53 overexpressed (N=18). (B) Percentage of mutations in each exon of TP53 in
p53 null and p53 overexpressed.
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protein. Technical limitations include the inability to study only

some exons, only mRNA, to assess deletions and inversions, and to

sequence insufficient depth to detect somatic mutations present in

mixed tumor cell and normal cell samples.

Analysis of p53 expression by immunohistochemistry is a rapid,

inexpensive, and widely available method that may be useful as a

surrogate marker for TP53 mutation status, but its ability to predict

mutation status using both current standards for interpretation of

p53 expression and comprehensive and detailed analysis of TP53

has been predicted that missense mutations in TP 53 are associated

with accumulation of p53 protein in the nucleus and overexpression

should indicate missense mutation. Havrilesky et al. found that 69%

of TP53 mutations detected in advanced ovarian cancer were

missense, and overexpression. Havrilesky et al. estimated that p53

overexpression by immunostaining (defined in their study as >30%

of cells staining positive, although strong staining was seen in 75-

100% of cells in most of these cases) (9) concluded ha TP53

overexpression is a fully sensitive marker for the detection of

missense mutations (100%), but it is also seen in cases with other

mutations (insertions, deletions, nonsense mutations) or

undetectable mutations. The lack of TP53 mutations detectable by

p53 overexpression (8/98,8% in their study) is problematic due to

the small number of cases. It is unclear whether this lack of

specificity is due to false-positive immunostaining results or false-

negative mutation analysis results. Recently, it has been suggested

that if immunostaining for p53 is completely negative, this should

be associated with mutations undergoing non-sense degradation

with high sensitivity and specificity, but there is relatively little data

linking this immunostaining pattern to mutation analysis (11, 12).

Yemelynova et al. reported 14 cases in which loss of p53 expression

and localized expression predicted TP53 mutations from wild type

with 88% sensitivity and 100% specificity (11).

In our study, the frequency of null mutations was completely

consistent with case series in which we observed a complete absence

of p53 expression (100%). Although this rate seems high, there may

be a bias in the TP53 mutations recorded, as many studies limit

their analysis to exons 5-8 and omit null mutations outside exons 5-

8. Further studies with a larger number of cases are needed to

determine how reliable this correlation is.
4.2 TP53 null mutations and
unfavorable outcome

Our second finding was that HGSOCs with complete absence of

p53 expression were associated with an unfavorable outcome. This

confirmed an observation first made some years ago (13, 14). In

particular, Shahin et al, revealed that HGSOCs harboring TP53 null

mutation had an increased risk for tumor-related death [HR 2.17

(1.35–3.51)] compared with TP53 missense mutation.

We found a risk for death of similar magnitude [HR 3.63 (1.01–

13.15)] for patients with no expression in p53. Limiting follow up to

24 months makes this data even more pronounced [HR 6.09 (1.52–

24.51), p<0.01] suggesting that p53 null HGSOCs are a sub-group of

ovarian cancer with a particularly adverse presentation.
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These differences support the possibility of biological

differences related to the nature of the TP53 mutation. Findings

like similar frequency of macro residual disease (MRD) and similar

requirement of NACT administration in both groups of our study

didn’t take into account that 3 patients (~19%) belonging to p53

null group were not deemed suitable to PDS against no patient in

the p53 overexpressed group. Indeed, they received first line

chemotherapy instead of NACT and certainly had pelvic and

abdominal disease when chemotherapy was started.

Our findings are somehow in contrast to previous meta-

analyses that found that p53 overexpression is a risk factor for

shorter survival in women with ovarian cancer (15). While these

meta-analyses were adequately powered to show a modest effect, the

authors clearly acknowledge the bias of studying different

heterogeneous histologic types in terms of initial stage, outcome

and response to chemotherapy (16). Furthermore, the inclusion of

non-HGSOC patients without p53 abnormalities and with good

prognosis hinders attempts to understand the clinical significance

of different p53 expression patterns. Indeed, biomarker studies in

cohorts with mixed disease types are more likely to identify type-

specific (diagnostic) markers rather than type-independent

prognostic markers, and the adverse outcomes identified may be

related to histologic type rather than p53 overexpression.

Since these tumors usually lack p53 abnormalities, the presence

of these mutations can be associated with a poor prognosis across all

cancer stages because p53 alterations are associated with an

unfavorable subgroup of ovarian carcinoma (HGSOC).

This controversy demonstrates the importance of examining

prognostic biomarkers in homogeneous tumor cohorts.

These data are preliminary considering the small number of

patients, the limited median follow up and the fact that one of the

three patients not feasible for PDS was also affected by metastatic

non-small cell lung cancer (NSCLC). Nevertheless, we can infer that

HGSOC harboring p53 null mutations are a more aggressive

subgroup, especially in its clinical presentation. This notion

should lead the clinician, once more, to be as timely as possible,

in the effort of not wasting the chance to eradicate a pathology that

can briefly escape from the intent of cure.

In the last years we have been facing outstanding improvements

in targeted therapy in the whole oncologic landscape. Regarding

ovarian cancer, after years of limited therapeutic innovation, PARP

inhibitors Olaparib, Niraparib, Rucaparib and Veliparib are

showing important clinical benefit for patients with BRCA

mutations or HRD deficiency (2, 17–19).

In this perspective, research on TP53 gene is very attractive as it

is altered in 95% of HGSOCs and it is the most mutated gene

in cancer.

New drugs that restore the wild-type structure and function of

mutant p53 are underway and missense p53 proteins, which are

found at high levels in cells due to loss of MDM2 regulation and

other mechanisms, appear to be a promising drug target (20). The

most promising compound is PRIMA-MET (APR246), a prodrug

that after hydrolytic conversion to its active substance (Methylene

Quinuclidinone) binds to cysteine in p53 and reactivates p53 wild-

type functions. Nowadays there are 10 ongoing clinical trials with
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https://doi.org/10.3389/fimmu.2023.1221605
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Biatta et al. 10.3389/fimmu.2023.1221605
APR-246 and the combination of APR-246 plus Azacitidine for the

treatment of MDS started phase 3 in January 2019.

Moreover, the large number of diverse p53 mutations and the

notion that specific mutp53 have different forms and cellular effects,

are leading to the investigation of others therapeutic strategies to

selectively target specific classes of mutations including prevention

of p53 degradation by MDM2/4 antagonists, disruption of

aggregates of mutp53 and other selective strategies aiming to

target the single specific mutation. Even for p53 null-mutations,

which appear to be the most difficult mutation to restore, a

combination treatment with nonsense-mediated mRNA decay

(NMD) inhibitor has shown an increase in tumor cell

elimination, shedding light on a field unexplored so far.

Despite the recent progress described the significance of TP53

mutations as well as the effect of specific TP53 mutations (especially

GOF TP53 mutation) on EOCs are to be better understood. Only

with a deeper knowledge of p53 biology it will be possible to develop

targeted drugs against a critically important protein for

development of HGSOCs and many others cancer types.

5 Conclusions

Ours is a small but homogeneous single-center study, which

reports the real-life results that can be obtained through well-

established and standardized methods available in numerous

surgical pathology units around the world.

Immunohistochemical staining for p53 demonstrated excellent

correlation with Sanger sequencing results, allowing patients to be

divided into two subgroups with different prognoses. Overall, in our

population high-grade serous carcinoma confirmed a severe

prognosis with p53-null patients having an even more severe

prognosis and who could benefit from differentiated therapeutic

protocols with close follow-ups and more aggressive treatments.

Our results appear encouraging and could be the starting point

for a larger, multi-center study with a numerosity permitting a

multivariate analysis.
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Two bullets in the gun:
combining immunotherapy
with chemotherapy to defeat
neuroblastoma by
targeting adrenergic-
mesenchymal plasticity

Silvia D’Amico1, Patrizia Tempora1, Paula Gragera1,
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Franco Locatelli 1,3 and Doriana Fruci1*
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2Department of Clinical Sciences and Translational Medicine, University of Rome “Tor Vergata”,
Rome, Italy, 3Department of Pediatrics, Catholic University of the Sacred Heart, Rome, Italy
Neuroblastoma (NB) is a childhood tumor that originates in the peripheral

sympathetic nervous system and is responsible for 15% of cancer-related deaths

in the pediatric population. Despite intensive multimodal treatment, many patients

with high-risk NB relapse and develop a therapy-resistant tumor. One of the

phenomena related to therapeutic resistance is intratumor heterogeneity resulting

from the adaptation of tumor cells in response to different selective environmental

pressures. The transcriptional and epigenetic profiling of NB tissue has recently

revealed the existence of two distinct cellular identities in the NB, termed

adrenergic (ADRN) and mesenchymal (MES), which can spontaneously

interconvert through epigenetic regulation. This phenomenon, known as tumor

plasticity, has a major impact on cancer pathogenesis. The aim of this review is to

describe the peculiarities of these two cell states, and how their plasticity affects

the response to current therapeutic treatments, with special focus on the

immunogenic potential of MES cells. Furthermore, we will discuss the

opportunity to combine immunotherapy with chemotherapy to counteract NB

phenotypic interconversion.

KEYWORDS

neuroblastoma, tumor microenvironment, adrenergic to mesenchymal transition,
tumor plasticity, drug resistance, metronomic chemotherapy, immunotherapy
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1 Introduction

Neuroblastoma (NB) is a malignant tumor arising from

primitive neuronal crest cells of the developing sympathetic

nervous system (SNS), and is the most common extracranial solid

tumor in children, responsible for 15% of childhood cancer deaths

(1, 2). Patients with high-risk NB receive a very intensive

multimodal treatment regime, including induction chemotherapy,

surgery, high-dose treatment with allogeneic stem cell

transplantation and radiotherapy. This is then followed by

isotretinoin and anti-GD2 monoclonal antibody to treat any

residual disease (3). Although most high-risk NB patients initially

respond to treatment, often with complete clinical remission, many

of these relapse by developing therapy-resistant tumors (4). The

onset of chemoresistance is a phenomenon typically related to

intratumoral heterogeneity (ITH) (4).

NB ITH originally demonstrated in isogenic tumor-derived cell

lines consisted on the presence of multiple cell types that differed in

morphology, tumorigenic properties, and biochemical markers (5,

6). Based on their characteristics, the cells were defined as: (i)

neuroblastic (type N), (ii) substrate-adherent (type S) and (iii)

intermediate (type I) with a mixed and more aggressive

phenotype, referred to as ‘malignant NB stem cells’ (5, 6).

Recent gene expression and epigenetic profiling of 33 different

NB cell lines have provided insight into the details of NB ITH. van

Groningen and colleagues identified two predominant cell

identities, named adrenergic (ADRN) and mesenchymal (MES),

that can spontaneously interconvert through epigenetic regulation

(7–9). The phenotypic characteristics of these two cell populations

are largely determined by the activation of specific transcriptional

circuitries: while ADRN cells express markers of sympatho-

adrenergic differentiation, MES cells appear undifferentiated and

more similar to their neural crest progenitors (7, 8). Interestingly,

the ADRN and MES classification coincides with the characteristics

previously described for N/I-type and S-type cells, respectively (10).

The potential for interconversion between different cell states, is

known as tumour plasticity and has recently been proposed as a

new ‘emerging hallmark of cancer’ (11). Indeed, it can lead to the

expression of phenotypic characteristics that may be advantageous

in the presence of selective pressures and contribute to drug

resistance and cancer progression.

In this review, we focus on the peculiarities of ADRN and MES

cell states, and how their plasticity may influence the response to

current therapeutic standards. Furthermore, we discuss how the

combination of chemotherapy and immunotherapy has the

potential to successfully target the dual nature of NB, possibly

improving the prognosis of these young patients.
2 Plasticity of neuroblastoma: from
adrenergic to mesenchymal cell
lineage and back

Several studies have demonstrated that it is possible to induce

ADRN/MES trans-differentiation in vitro by acting on lineage-
Frontiers in Immunology 0251
specific core regulatory circuits (CRCs). In 2017, Van Groningen

and colleagues showed that the over-expression of the Paired

related homeobox protein 1 (PRRX1) gene, a MES-specific CRC

transcription factor (TF), is able of reprogramming the transitional

and epigenetic landscape of ADRN cells towards a MES state (7).

Two years later, the same group described Neurogenic locus notch

homolog protein 3 (NOTCH3) as a master regulator of ADRN-to-

MES reprogramming (12). To date, specific CRCs have been

described for ADRN and MES, consisting of 18 and 20 TFs,

respectively (7) (Figure 1).

Many other genes have been identified to contribute to the

maintenance of a specific transcriptional program. Yu and

colleagues found different levels of telomeric protein expression

and telomerase activity between ADRN and MES subclones (13).

Accordingly, pharmacological conversion of ADRN into MES cells

induced a robust change in the expression of telomere-binding

proteins (13). Telomerase inhibition (TERT) was sufficient to

induce a reversible switch from ADRN to MES without affecting

telomere length, thus suggesting that TERT might exert a role in

maintaining the ADRN phenotype independently of its telomere

maintenance-related functions (13). Similarly, DNA topoisomerase

2-beta (TOP2B) was found to be required to maintain the ADRN-

like transcriptional signature of SH-SY5Y cells and to suppress the

alternative MES-like epigenetic state (14). Indeed, silencing of

TOP2B in SH-SY5Y cells resulted in downmodulation of 47% of

genes included in the ADRN signature and upregulation of 38% of

genes identified in the MES signature (14). A recent study by Pan

and colleagues shows that the TOP2B inhibitor CX-5461 causes

DNA damage leading NB cells to apoptosis after 24 hours of

treatment (15). The treatment is selective and more effective in

MYCN-amplified NBs (15), in which the oncogene stabilizes the

ADRN CRC (16). Inhibition of TOP2B, therefore, rather than

inducing trans-differentiation from ADRN to MES, might select

for the MES tumor component by specifically killing the ADRN

tumor component.

Recently, a regulatory polymorphism of the LIM-domain-only

1 (LMO1) gene has been described to genetically determine NB fate

by promoting the ADRN cell state (17). LMO1 is a transcriptional

coregulator whose overexpression synergizes with MYCN to

accelerate tumor formation and metastasis in a NBL-zebrafish

model (18). Despite the lack of a DNA-binding domain, LMO1

mediates protein-protein interactions within ADRN CRCs and is

essential for establishing ADRN cell identity (19). It has been

observed that the G allele of the G → T polymorphism at the

rs2168101 locus within the first intron of the LMO1 gene

predisposes to NB (20). This polymorphism, being located within

a GATA domain, regulates the binding of TFs such as GATA3, and

consequently affects the expression levels of LMO1. The authors

showed that the protective T allele, by impairing the binding of

GATA3 and reducing LMO1 expression, decreased the rate of NB

initiation in MYCN-driven tumors that were restricted to the MES

cell state. Whole-genome sequencing (WGS) of NB showed that

tumors homozygous for the T allele (rs2168101(T;T)) have a MES

cell state and are typically at low-risk NB at diagnosis (17).

It is currently unclear whether NB cells can adopt a pure MES

phenotype in vivo, as two single-cell RNA sequencing (scRNA-seq)
frontiersin.org
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analyses did not identify MES-like cells in primary tumours (21,

22), and a third identified ADRN tumour cells with only a fewMES-

like features (23, 24). The existence of a population with similar

characteristics has also been suggested on the basis of scRNA-seq

analysis of 10 neuroblastic tumour samples (25). The authors

described a population of “transitional cells” expressing genes

involved in sympathoadrenal development, but also rapid tumor

proliferation and spread, suggesting a more aggressive phenotype.

In an independent cohort of NB patients, high expression of the

“transitional signature” was shown to be predictive of a worse

prognosis than ADRN or MES expression patterns (25). A more

recent study emphasizes the intrinsic plasticity properties of NB

cells and the dependence of cell identity on external signals from the

environment (26). PHOX2B and CD44 have been identified as

specific markers of ADRN and MES, respectively, thereby being

able to separate and culture the ADRN (CD44-) and MES (CD44+)

components of different cell lines with a mixed phenotype (26). The

authors also observed that ADRN cells were able to acquire CD44

expression in culture over time and that this phenomenon was

influenced by the composition of the culture medium. Conversely,

CD44+ cells did not acquire PHOX2B expression, thus maintaining

their MES identity in vitro (26). The xenografts derived from CD44+

and CD44- cells showed a predominant ADRN identity,

demonstrating the strong ability of the tumour microenvironment

(TME) to drive NB cells towards ADRN differentiation. However,

this is not sufficient to suppress the plasticity potential of the cells,
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which still retain the ability to transdifferentiate in the MES

direction when isolated from the xenograft and cultured in vitro

(26). By integrating scRNA-seq data from 18 NB biopsies and 15

patient-derived xenografts (PDXs), the authors demonstrated that

human primary NB cells also acquire a predominantly ADRN

phenotype (26). However, clusters of cells referred to as “bridging

cells” or “noradrenergic-mesenchymal cells”, display characteristics

intermediate between the two main cell identities (26). This specific

cell population could be responsible of the potential plasticity of

the tumour.
3 Cell plasticity as a driver
of resistance

Dynamic and heterogeneous interconversion between tumour

cell subtypes has been associated with malignant progression and

responses to therapy in several cancer types, such as prostate cancer,

basal cell carcinoma and lung cancer (11). Numerous efforts have

been made to identify the regulatory determinants of this dynamic

phenotypic plasticity and to define lineage-specific therapies (11).

A scRNA-seq analysis of parental and etoposide- or cisplatin-

resistant cells shed light on the link between NB plasticity and

resistance to treatment (27). This analysis showed that drug

treatment induces the formation of cell subpopulations with

distinct transcriptome profiles. Drug resistance was associated
FIGURE 1

Neuroblastoma plasticity. The interconversion from the adrenergic state (ADRN) to the mesenchymal state (MES) occurs spontaneously and
bidirectionally in vivo. The tumor microenvironment (TME) exerts a strong pressure towards the ADRN state. The transition can be induced through
the activation or overexpression of specific transcription factors (TFs), such as GATA3, PRRX1, NOTCH3. The definition of cell identity is based on
fundamental core regulatory circles that group different TFs (ADRN TFs and MES TFs) and establish typical gene expression signatures. Several
accessory proteins, such as LMO1, TERT, TOP2B contribute to the maintenance of the transcriptional state. Created with BioRender.com.
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with the modification of drug targets and the expression of genes

involved in DNA double-strand break (DSB) repair, such as

BARD1, BRCA1 and PARP1 (27). Cisplatin-resistant cells were

highly enriched in ADRN genes, compared to parental cells where

the MES signature was prevalent. In contrast, etoposide-resistant

cells were equally enriched in MES and ADRN genes, suggesting a

higher plasticity potential (27).

A subsequent study isolated the ADRN and MES components

of some NB cell lines and analysed their response to conventional

chemotherapy, providing further evidence of how cell identity

influences drug response. The authors demonstrated that MES

populations show marked intrinsic resistance to conventional

chemotherapy in vitro compared to their ADRN counterpart (26)

(Figure 2). Furthermore, a genome-wide epigenetic profiling study

of 60 NBs identified four major epigenetic subtypes driven by super-

enhancer (28). Among these, the one showing higher MES

characteristics was enriched in relapsed disease, suggesting a

connection between the MES phenotype and recurrence (28).

The International Society of Paediatric Oncology Europe

Neuroblastoma Group (SIOPEN) developed the Rapid COJEC

regimen as an induction chemotherapy step (29, 30). The

regimen consists of a combination of five chemotherapeutic drugs

(cisplatin, carboplatin, cyclophosphamide, etoposide and

vincristine) spread over three cycles, administrated alternatively

in eight 10-days cycles (29, 30). Most high-risk NB patients relapse
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after an initial response to treatment and develop therapy-resistant

tumours. To investigate the mechanisms underlying resistance to

the most common therapeutic strategy in clinical practice, Mañas

and colleagues developed a treatment schedule that mimics COJEC

induction therapy to treat mice carrying PDXs (31). They analysed

the transcriptomic and genomic changes occurring in NBs during

treatment and at relapse showing that chemotherapy-resistant NBs

are enriched with an immature MES-like signature resembling

multipotent Schwann cell precursors, while NBs that respond

Favourably to treatment show a committed ADRN phenotype

similar to normal neuroblasts (31).

The acquisition of MES features may also confer resistance to

differentiat ing agents , target therapies and anti-GD2

immunotherapy. In vitro, MES NB cell lines, such as SH-EP, do

not undergo differentiation in response to all-trans retinoic acid

(ATRA) treatment compared to their ADRN counterparts (SH-

SY5Y and SK-N-BE (2)-C) (32). ATRA induces upregulation of the

retinoic acid (RA) signalling markers RARA and RARB only in

ADRN cell lines (32) (Figure 2). Accordingly, Zimmerman and

colleagues demonstrated that retinoids-induced differentiation of

NB cells depends on reprogramming of the adrenergic CRC and

establishment of a new retino-sympathetic CRC that causes

proliferative arrest and sympathetic differentiation (16). It has

been reported that MES cells endogenously produce RA to

promote cell motility (33), suggesting that a RA signalling
FIGURE 2

Impact of therapies on ADRN and MES states. The ADRN and MES identities are characterized by distinct vulnerabilities to therapies. The ADRN state
is sensitive to differentiating and chemotherapeutic agents. The high expression of GD2 and ALK can be exploited through the use of anti-GD2
antibodies and ALK inhibitors (ALKi). The MES state displays a reduced expression of ALK and GD2, and a high immunogenicity characterized by high
levels of inflammatory sensing, expression of MHC class I (MHC-I), MICA/B and immune checkpoint (IC) molecules on the cell surface, potentially
emerging as a good target for ICI therapy. Created with BioRender.com.
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pathway might be constitutively active in MES-type cells, but not

associated with differentiation. Khazeem and colleagues reported

similar results investigating the role of TOP2B in RA-induced gene

expression and differentiation and the balance between ADRN and

MES transcription programs in SH-SY5Y (14). They show that non-

expression of TOP2B hinders the induction of many ATRA-

response-associated genes by shifting cell identity towards a more

MES phenotype. This suggests that the reduced neural

differentiation stimulated by RA in TOP2B-null cells may be a

result of weakened ADRN transcriptional signatures (14).

When analysing GD2 expression and publicly available RNA-

seq data for 23 NB cell lines, Mabe and colleagues found that GD2-

high and GD2-low expression cell lines were strongly correlated

with ADRN and MES signatures, respectively (34) (Figure 2).

Moreover, induction of ADRN to MES conversion trough

overexpression of PRRX1 or NOTCH3 reduced GD2 expression

and response to anti-GD2 therapy (34). They proposed that the

transition from an ADRN state to a MES state reduces GD2

expression by downregulation of ST8SIA1, a gene encoding for

GD3 synthase (GD3S), through the activation of EZH2, a core

subunit of the polycomb repressive complex 2 (PRC2) (34).

The MES-like phenotype has been recently associated with

resistance to ALK inhibitors (ALKi) due to the absence of ALK

expression even in presence of tumour-driving ALK mutations,

suggesting a role of ADRN-to-MES conversion in relapse (35).

ALK-mutated SH-SY5Y xenografts acquire resistance to ALKi

when reprogrammed by inducible expression of NOTCH3 into a

MES phenotype, providing evidence that MES cells with a mutant

ALK gene can escape targeted ALKi (35) (Figure 2). By comparing

the expression profile of 8 MES and 28 ADRN cell lines, the authors

discovered the differential expression of 90 apoptosis-related genes

(35). In particular, several genes involved in the extrinsic apoptosis

pathway were preferentially expressed in MES cells including

caspase-8. Soluble recombinant human TNF-related apoptosis-

inducing ligand (TRAIL), an activator of the extrinsic apoptosis

pathway, was efficient in selectively inducing apoptosis in MES cells

(Figure 2). The combination of ALKi and TRAIL delayed relapses in

a subset of SH-SY5Y xenograft, demonstrating that dual targeting of

both ADRN and MES could be an effective strategy in the treatment

of NB (35).

Taken together, this evidence reinforces the role of cell identity

and plasticity as resistance factors and supports the evidence that

the MES phenotype contributes to resistance to conventional

chemotherapy and the onset of relapse.
4 Immunotherapy to target the
mesenchymal population

Although heterogeneous, NB has been widely described as a

‘cold tumor’, i.e., characterized by a lack of T-cell infiltration and

therefore unable to trigger a strong immune response (36, 37). NB is

characterized by a low mutational load and reduced expression of

the major histocompatibility complex (MHC) class I (38, 39). An

aspect that should not be underestimated is the level of

inflammatory signaling in cancer cells, which has the potential to
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influence immune cell trafficking and recognition of cancer cells

through cytokine secretion. Lower baseline inflammatory signaling

has also been associated with resistance to immune checkpoint

blockade (ICB) (40, 41). The study of the functional response of a

group of 20 NB cell lines to different inflammatory stimuli revealed

that the epigenetic state influences the inflammatory sensing and

cytokines release of NB (42). All cell lines displayed a functional

interferon gamma (IFNg) signaling and except for one, showed

dysfunctional detection of cytosolic DNA by cGAS-STING (42).

However, heterogeneity in the detection of double-stranded RNA

(dsRNA) by Toll-like receptor 3 (TLR3) and other dsRNA sensors

was shown when cells treated with the dsRNA-mimetic drug poly(I:

C) (42). While all non-responsive cell lines were in the ADRN state,

six of the seven cell lines that showed a robust response to poly(I:C)

were in the epigenetic MES state and showed increased expression

of both pro-inflammatory cytokines and antigen presentation

components (42) (Figure 2). Moreover, the forced switch of non-

responsive cell lines from the ADRN state to the MES state was

sufficient to restore TLR3 response signaling. A subsequent analysis

of scRNA-seq data from 10 untreated high-risk NBs confirmed that

tumors with stronger MES signatures had higher levels of basal

inflammatory transcripts than those with stronger ADRN

signatures (42).

Another study further investigated the immunological aspect of

NB by analyzing RNA-seq data from 498 well-annotated primary

human NB tumors and scRNA-seq data from a total of 40 tumors

(43). The analytical effort led to the identification of four clusters,

one of which, named C3, was found to be enriched for the

expression of genes involved in immune activation and escape

(43). The C3 cluster included many of the tumors with a higher

MES score, again suggesting that a MES identity is associated with

higher immunogenicity (43). In addition, the author showed that

overexpression of PRRX1, but not its dysfunctional form, is

sufficient to induce conversion of the ADRN SH-SY5Y cell line to

a MES phenotype and to increase the expression of genes involved

in antigen presentation and dysfunctional sensing of cytosolic

DNA. Expression of MHC class I and the MICA and MICB

ligands of the activating receptor NKG2D, is also increased on

the cell surface (43) (Figure 2).

Transcriptional analysis of seven paired NB tumors, obtained at

diagnosis and at relapse, confirmed the clinical relevance of this

finding (43). In two cases, tumors acquired MES features at relapse,

and this was accompanied by increased expression of cytotoxic T-

and NK-cell signatures and immune checkpoint inhibitors PD-1

and CTLA-4 (43) (Figure 2). Similar data were obtained from

scRNA-seq analysis of a pair of independent tumors (43). Thus,

resistance or relapse associated with the transition from an ADRN

to a MES phenotype is accompanied by an increase in immune cell

infiltration. The expression of immune-related genes is strongly

correlated with the epigenetic state of the tumor. This hypothesis

was further confirmed by Cornel and colleagues who discovered the

ability of the histone deacetylase inhibitor (HDACi) entinostat to

increase the susceptibility of NB cells to CD8+ T cell- and NK cell-

mediated killing (44). The effect of entinostat was mediated by

increased surface expression of MHC class I and other components

of the antigen processing and presentation machinery, such as
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TAP1, TAP2 and immunoproteasome subunits, as well as the NK

activating ligands MICA and MICB. Consistent with Sengupta

findings (43), this increase in immunogenicity has been correlated

with a shift towards a more MES cell lineage (44).

Evidence to date suggests that immunogenicity may be the

Achilles’ heel of MES cells, representing an important opportunity

to be exploited to make NBs susceptible to immunotherapy.

Furthermore, the association of drug resistance features with the

MES phenotype is now complemented by evidence of increased

vulnerability to the immune system, opening new perspectives for

future therapeutic combinations.
5 A combinatorial approach to target
ADRN and MES populations

Several studies have shown that MES cells are more resistant to

conventional treatments and are enriched in post-therapy and

relapse tumors (26, 28, 31). However, by analyzing the expression

of ADRN and MES mRNAs in serial bone marrow samples from

high-risk NB, van-Wezel found that ADRN mRNAs and MES

mRNAs have distinct temporal dynamics. Specifically, ADRN

mRNAs levels were high at diagnosis and during relapse, but

decreased during treatment. In contrast, MES mRNAs expression

increased during treatment and was associated with patients who

eventually relapsed (45). Beyond differences in therapeutic

response, this result suggests that MES cells still retain a great

deal of plasticity and can convert to ADRN when the selective

pressure exerted by therapies is removed. This implies that an

effective clinical response cannot be achieved without

simultaneously targeting all the different cell states that the NB

can acquire, thus rendering plasticity useless as an escape

mechanism. Although current treatment protocols are not

designed for this purpose, some studies are moving in this

direction. Consistently, it has been proposed the dual targeting of

ADRN and MES components through the combination of ALKi

and TNF-related apoptosis-inducing ligand (TRAIL) (35).

The prevalence of the low-immunogenic ADRN phenotype

partly explains the lack of T-cell infiltration and poor response to

ICIs in this tumor type. Recent studies describing the MES

phenotype as more immunogenic offer the possibility to exploit

this feature and improve the efficacy of ICIs. With this in mind,

forcing the NB towards a more MES identity could be an interesting

strategy to sensitize the tumor to immunotherapy. Cornel and

colleagues have demonstrated that epigenetic drugs, such as

HDACi, can reprogram NB cells towards a more MES and

immunogenic phenotype, capable of stimulating killing by effector

CD8+ T cells and NK cells (44). However, a high MES score can also

be associated with higher expression of genes involved in immune

evasion, such as the immune checkpoint (43). HDACi and ICIs

could act synergistically on two different fronts: the former by

overcoming the tumor’s poor immunogenicity through epigenetic

regulation, and the latter by counteracting the immune evasion

properties of the MES phenotype.

The evidence that chemotherapy-resistant NBs exhibit MES

features (31), suggests that the chemotherapy itself induces a
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selective pressure towards the MES status. From this perspective,

combining of chemotherapy and immunotherapy could represent

strategy to prevent relapse, by disfavoring the establishment of a

chemotherapy-resistant MES identity.

To date, the combination of immunotherapy and chemotherapy

has been little explored in the treatment of pediatric cancers. It is

widely believed that chemotherapy-induced immunosuppression

may render immunotherapy ineffective. However, several

chemotherapy drugs, including those already used in the

treatment of NB, have been shown to induce immunogenic cell

death (ICD) when administered at low doses (46). ICD is a

particular type of cell death that can elicit immune activation by

exposing the host immune system to tumor antigens and damage-

associated molecular patterns (DAMPs) (47, 48) (Figure 2).

Based on this, we recently proposed a chemo-immunotherapy

approach combining low-dose mitoxantrone (MTX) with PD-1 and

TGFb blockade (49). This combination treatment was able to

induce increased expression of several chemokines involved in the

recruitment of lymphoid and myeloid cell populations, such as

dendritic cells (DC) and NK cells (49), which are associated with

improved survival of patients with NB and other cancers (50).
6 Discussion

NB cells represent a dynamic entity strongly influenced by the

TME and therapeutic treatments. Their plasticity underlines the

ability to optimize their survival by acquiring phenotypic traits that

become favorable under specific conditions. It has been shown that

in both mouse and human models the TME tends to force NB cells

towards a predominantly ADRN identity (26). However, analysis of

pairs of tumors taken at onset and relapse has shown that a MES

phenotype can be acquired during therapy (31, 43). This is

associated with increased immunogenicity, suggesting the possible

success of an immunotherapeutic approach against NB (43).

However, analysis of MES and ADRN mRNA expression in serial

bone marrow samples of high-risk NB showed an increase in MES

markers only during therapy, whereas ADRN mRNAs returned to

elevated levels during relapse, suggesting that the drug-induced shift

from ADR to MES might be reversible (45). It has recently been

suggested that an immature component of tumor cell with an

intermediate phenotype between ADR and MES, termed bridging

cells or noradrenergic MES cells, may be responsible for the high

plasticity potential of NB (26). In a landscape so variable and

susceptible to external influences, targeting the tumor based on its

current condition may not be a winning strategy. Future therapeutic

approaches must consider the different transcriptional programs

that might be undertaken by the tumor to simultaneously target

different cell identities and reduce the tumor’s chances of

escaping cell death. Combinatorial therapies including an

immunotherapeutic approach could be a viable strategy to exploit

the immunogenicity of the chemo-resistant MES-like population

and at the same time target the prominent ADRN compartment.

Several combinatorial approaches have been proposed, among

which metronomic chemotherapy combined with ICIs could

present several advantages. Firstly, the possibility of using drugs
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that have already been tested in NB patients, counteracting their

side effects through dose de-escalation. Furthermore, several

cytotoxic drugs have demonstrated the ability to induce ICD

when used at low doses; this could counteract the “cold” TME

typical of NB and contribute to the enhancement of the effect of

ICIs, as observed in previous studies (51, 52). In this regard, we have

shown that low-dose MTX combined with immunotherapy restricts

NB growth, leading to substantial tumor regression by remodeling

the TME (49). Equally important is the fact that the use of

metronomic chemotherapy allows treatment to be prolonged over

time (53), thus maintaining selective pressure on the ADRN

component, while simultaneously targeting the chemoresistant

compartment through immunotherapy. Finally, DAMPs released

from dying ADRN cells could trigger the release of pro-

inflammatory cytokines from the MES counterpart, further

enhancing the effect of combinatorial therapy.

Given the great plasticity of NB cells, a targeted approach to

ADRN/MES duality may not be sufficient for a lasting therapeutic

response. Regardless of the most promising therapeutic approach,

new studies are needed to better understand the different

transcriptional configurations that NB cells can acquire.
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Immune cell networking in solid
tumors: focus on macrophages
and neutrophils
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The tumor microenvironment is composed of tumor cells, stromal cells and

leukocytes, including innate and adaptive immune cells, and represents an

ecological niche that regulates tumor development and progression. In

general, inflammatory cells are considered to contribute to tumor progression

through various mechanisms, including the formation of an immunosuppressive

microenvironment. Macrophages and neutrophils are important components of

the tumor microenvironment and can act as a double-edged sword, promoting

or inhibiting the development of the tumor. Targeting of the immune system is

emerging as an important therapeutic strategy for cancer patients. However, the

efficacy of the various immunotherapies available is still limited. Given the crucial

importance of the crosstalk between macrophages and neutrophils and other

immune cells in the formation of the anti-tumor immune response, targeting

these interactions may represent a promising therapeutic approach against

cancer. Here we will review the current knowledge of the role played by

macrophages and neutrophils in cancer, focusing on their interaction with

other immune cells.
KEYWORDS

tumor microenvironment, anti-tumor immunity, tumor-associated macrophages,
tumor-associated neutrophils, immune cell network
Introduction

To develop and grow, tumor cells require constant support from cells of the

surrounding environment (1–3). Immune cells are key players in this scene where they

actively collaborate to either promote or inhibit tumor growth (4, 5). Through the

production of numerous immunomodulatory molecules (e.g. cytokines, chemokines and

growth factors), tumor cells can modulate the phenotype of immune cells and the positive

or negative influence that they exert on the tumor microenvironment (TME) (6, 7).

Additionally, tumor-infiltrated immune cells are engaged in a number of mutual

interactions which further potentiate or reduce their pro-tumor or anti-tumor activities
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(8–10). Tumor-associated macrophages (TAMs) have long been

identified as central players of this complex intercellular network

(11–13). More recently, neutrophils, traditionally considered only

as short-lived front-line fighters against pathogens, have received

increasing attention due to their important role in regulating tumor

development (14–17).

Being highly plastic and consequently heterogeneous, TAMs

and tumor associated neutrophils (TANs) adapt their phenotype

and activation state to the surrounding environment (11–21).

TAMs and TANs have the capacity to act directly on tumor cells

to promote or inhibit their proliferation, and to modulate the anti-

tumor or pro-tumor activities of other immune cells (11, 14, 22).

Targeting the immune system is now a reality and is emerging as an

important therapeutic approach for the treatment of cancer (23,

24). However, a significant percentage of patients do not respond to

current available treatments (25). Given the crucial importance of

the intercellular crosstalk between immune cells within the TME,

novel therapeutic approaches targeting these interactions might be

beneficial. In this review, after a short overview concerning TAMs

and TANs, we will focus on their complex intercellular interactions

with other immune cells, with a particular emphasis on how these

interactions can influence tumor development and progression.
Macrophages in the
tumor microenvironment

Macrophages are large phagocytic cells of the innate immune

system and are found in tissues where they play numerous roles,

including defense against invading pathogens and maintenance of

tissue homeostasis (19). Macrophages have long been identified as

tumor-infiltrating cells and as one of the key regulators of the

immune response within the TME (11–13). In a majority of human

cancers, a high level of macrophage infiltration has been associated

with a poor prognosis, including in gastric cancer, urogenital and

head neck cancers, pancreatic ductal adenocarcinoma and breast

carcinoma with some notable exceptions such as colorectal cancer

and ovarian cancer (26–33).

The majority of TAMs derive from circulating bone marrow

(BM)-derived monocytes that migrate into the tumor bed mainly

under the influence of chemokines (e.g. C-C motif ligand 2

(CCL2)), cytokine colony stimulating factor 1 (CSF-1), or

complement components (26, 34–39). In addition, numerous

studies have shown that another important source of TAMs was

represented by tissue-resident macrophages (TRMs), which derive

from embryonic precursors and are maintained locally (40–45).

Interestingly, a difference in origin can influence the function of

TAMs within the TME (46, 47).

In addition to their heterogenous origin, TAMs have a high

degree of plasticity and constantly adapt in response to the

microenvironment further increasing their heterogeneity within

the TME (11, 19, 48, 49). Historically, TAMs have been classified

into two major polarization states, generally referred to as M1 (or

classically activated) and M2 (or alternatively activated) (50–52).

M1 polarization can be induced by bacterial products and
Frontiers in Immunology 0259
interferon-g (IFN-g) and has been associated with tissue damage

and anti-tumor activities (50, 51). In contrast, M2 polarization,

induced by cytokines of the type 2 immune response, such as

interleukin (IL)-13 and IL-4, has been associated with tissue repair

and tumor-promotion (50, 51, 53). Although this dichotomous

classification is still commonly used, it is nowadays fully recognized

that it is too reductive and does not reflect the extraordinary

complexity and heterogeneity of the different phenotypes and

activation states of TAMs (13, 21, 52). Novel technologies,

including single-cell RNA sequencing and spatial transcriptomic

analyses, have led to a better understanding of macrophage

complexity and heterogeneity in different tumor contexts. In

addition, these technologies have facilitated insight into the

localization of macrophages and their interactions with other cells

within the TME (54–61).
Macrophages and immune cells
cross-talk in the TME

Macrophages and lymphoid cells

The existence of a crosstalk between macrophages and

lymphoid cells within the TME has been clearly defined and

extensively studied. In various human cancers, TAMs were found

in close proximity to different lymphoid cells, including natural

killer (NK) cells and T cells (62–64). The final effect of the

interaction between macrophages and lymphoid cells can differ

depending on the type and the stage of tumors, the presence of

immunomodulatory molecules and the location of TAMs within

the TME.

A large body of evidence has shown that TAMs can inhibit the

anti-tumor activity of lymphoid cells, thereby promoting cancer

progression. As a matter of fact, the presence of monocyte/

macrophage infiltration was found to be inversely correlated with

the presence and activation of NK cells in different human cancers

including lung cancer, gastric cancer and hepatocellular carcinoma

(HCC) (64–66). In contrast, monocyte/macrophage infiltration was

found positively correlated with the presence of regulatory CD4+ T

lymphocytes (T-reg) in prostate cancer and colorectal cancer (67,

68). Consistently, CSF-1– CSF-1 receptor (CSF-1R) axis blockade or

macrophage recruitment blockade via C-C chemokine receptor type

2 (CCR2)-inhibition could restore immune response against tumor

in cancer models (69, 70).

The mechanisms by which TAMs can inhibit the anti-tumor

activities of lymphoid cells are numerous ranging from the release

of soluble inhibitory mediators and cell-cell contact to the

modulation of their recruitment or their exclusion from the

tumor bed (Figure 1). The release of tumor growth factor-b
(TGF-b) by TAMs can directly inhibits T cell and NK cell effector

functions (64, 71–74). In addition, macrophage-derived TGF-b can

promote the generation of T-reg lymphocytes via the induction of

SMAD3-mediated FOXP3 expression and the upregulation of PD-1

(68, 75). TGF-b availability within the TME can be further

amplified by metalloproteinase 9 (MMP-9) secreted by
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macrophages, which can cleave and activate latent TGF-b present in
the extracellular matrix (ECM) (76).

TAMs can release the immunoregulatory enzymes Arginase-1

(Arg-1) and indoleamine 2,3-dioxygenase (IDO) that, by catalyzing

the degradation of L-arginine (L-arg) and L-tryptophan respectively,

deprive T cells of essential nutrients, leading to their functional

impairment (77–79). A third important immunomodulatory enzyme
Frontiers in Immunology 0360
produced by macrophages is the inducible nitric oxide synthase

(iNOS), which catalyzes the production of nitric oxide (NO). In turn,

NO has a direct inhibitory effect on T cell proliferation, as well as an

indirect effect due to the secondary production of peroxynitrites able to

impair the interaction of the major histocompatibility complex (MHC)

with the T cell receptor (TCR) via nitration of tyrosines in the TCR-

CD8 complex (80–82).
FIGURE 1

Macrophages inhibit the anti-tumor response of lymphoid cells. (A) Macrophages secrete a plethora of soluble molecules and immunomodulatory
enzymes that inhibit effector cell functions including tumor growth factor b (TGF-b), inducible nitric oxide synthase (iNOS), indoleamine-2,3-
dioxygenase (IDO) and arginase-1 (Arg-1). In addition, they produce metalloproteinase 9 (MMP-9) that induces the activation of the latent TGF-b
present in the extracellular matrix (ECM). TAMs express CD39 and CD73, which convert the pro-inflammatory ATP present in the TME into the
immunosuppressive adenosine. (B) In the context of lung carcinoma, triggering receptor expressed on myeloid cells 2 (TREM2)-expressing
macrophages suppress the cytokine-mediated activation of NK-cells via the production of IL-18-binding protein (IL-18BP) and by limiting IL-15
production by dendritic cells. (C) Macrophages can inhibit the activation of effector cells in a contact-dependent manner. They express immune
checkpoints such as programmed cell death ligand 1 (PD-L1), PD-L2 and B7-H4 that, by binding to their ligands, impair the activity of T cells and NK
cells. In a mouse model of melanoma, the formation of an antigen-specific interaction between macrophages and T cells leads to T cell exhaustion.
(D) Macrophages can inhibit the recruitment of effector T cells into the TME whereas they favor the recruitment of T-reg lymphocytes via the
secretion of CCL22. (E) In pleural and peritoneal body cavities, macrophages expressing T-cell immunoglobulin and mucin domain containing 4
(TIM-4) can sequester CD8+ cytotoxic T cells away from the tumor by binding to phosphatidylserine (PS) expressed on their surface and inhibiting
their proliferation.
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TAMs can exert their pro-tumor activity by blocking the

activity of soluble factors that normally contribute to the

activation of lymphoid cells. For instance, TAMs can express

CD39 and CD73, which are essential in converting the pro-

inflammatory adenosine triphosphate (ATP) present in the TME

into immunosuppressive adenosine (83). In glioblastoma,

kynurenine produced by cancer cells upregulates the expression

of hydrocarbon receptor (AHR) in TAMs. In turn, AHR favors the

expression of the ectonucleotidase CD39, which, in collaboration

with CD73, leads to the dysfunction of CD8+ T cells via the

production of adenosine (84, 85).

In a murine model of lung adenocarcinoma, efferocytosis of

apoptotic cancer cell by macrophages induced a pro-tumorigenic

program controlled by triggering receptor expressed on myeloid

cells 2 (TREM2). In particular, TREM2+ macrophages can prevent

the recruitment and activation of NK cells by blocking the activities

of IL-18 and IL-15 through the production of IL-18 binding protein

and by inhibiting the production of IL-15 by tumor-infiltrating

dendritic cells (65).

The mechanism by which macrophages can dampen the anti-

tumor response goes beyond the secretion of molecules or the

interference with soluble mediators and often requires direct cell-

cell contact.

TAMs have been found to express high levels of immune

checkpoint molecules, including programmed cell death ligand 1

(PD-L1), PD-L2, V-domain Ig suppressor of T cell activation

(VISTA) and B7-H4 (11, 86–93). The interaction of these

immune checkpoints with their ligands expressed on T cells

results in the suppression of the adaptive T cell immune response

(94). Consistently, immune checkpoint blockade can restore T cell-

mediated anti-tumor immune response (89, 91). In addition to T

cells, PD-1, the ligand of PD-L1, can be expressed by a subset of fully

mature NK cells, suggesting that NK cells can also serve as a target

of PD-L1-mediated inhibition by macrophages (95).

In addition to the expression of immune checkpoints, other

mechanisms involving cell-cell contact between macrophages and T

cells have been identified and may lead to T cell exhaustion. For

instance, TAMs and CD8+ T cells can be engaged in a long-lasting

antigen-specific synaptic interaction. This interaction causes only

weak stimulation of the TCR, which is insufficient to activate T cells

and instead leads to their exhaustion (96).

Furthermore, different lines of evidence suggested the

involvement of TAMs in modulating the recruitment of lymphoid

cells within the TME. In cervical and breast cancer models, CSF-1R-

blockade has been shown to enhance CD8+ T cell infiltration (97).

Consistently, LIF-mediated epigenetic silencing of CXCL9, one of the

most important chemokines for CD8+ T cells, in macrophages

resulted in decreased infiltration of CD8+ T cells into the tumor

(98, 99). While they can reduce the recruitment of effector CD8+ T

cells in the TME, macrophages have been suggested to facilitate the

recruitment of T-reg lymphocytes via the secretion of CCL22 in

human ovarian cancer (100). In a mouse model of melanoma, intra-

tumoral administration of an anti-CCL22 antibody reduced the

recruitment of T-reg lymphocytes and inhibited tumor growth (101).

Macrophages have been implicated in the sequestration of

effector T cells away from the tumor bed. Recently, a study
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showed that serous cavity-resident macrophages expressed high

levels of T-cell immunoglobulin and mucin domain containing 4

(TIM-4), a receptor for phosphatidylserine (PS). The interaction

between TIM-4 and PS, highly expressed on cytotoxic CD8+ T cells,

resulted in the sequestration of CD8+ T cells away from the tumor

and inhibited their proliferation (102). Similarly, in samples of

human non-small cell lung carcinoma (NSLC),TAMs reduced the

motility of the CD8+ T cells present in the stroma surrounding the

tumor, limiting their entry into the tumor bed (62).

Although in a large number of studies, TAMs appeared to

reduce the anti-tumor activity of lymphoid cells, some works have

suggested the existence of macrophages with an opposite function

in different tumors (Figure 2). Recently, a study identified a discrete

population of human tissue-resident FOL2R+ macrophages present

in healthy mammary gland and breast cancer primary tumors

endowed with an anti-tumor function. This population of

macrophages was localized in the perivascular areas of the tumor

stroma where they interacted with CD8+ T cells and promoted their

activation (103). Of note, the presence of FOLR2+ macrophages has

been associated with increased survival in breast cancer patients

(103). In addition to T cells, macrophages have the potential to

support the anti-tumor activity of NK cells either via the release of

soluble molecules or via direct contact. For instance, in a model of

mammary tumor, TAMs expressing the lipid transporter epidermal

fatty acid binding proteins-(E-FABP) have been described to have

an anti-tumor activity through the activation of NK cells.

Specifically, the expression of E-FABP promoted the formation of

lipid droplets in TAMs, leading to increased IFN-b production,

which, in turn, favored the recruitment of effector cells, particularly

NK cells (104). Remarkably, the same study showed that E-FABP

was highly expressed in TAMs from women with early-stage

disease, and that this expression decreased with disease

progression (104). In in vitro co-culture experiments, M1-

macrophages induced an IL-23 and IFN-b-dependent
upregulation of natural killer group 2D (NKG2D) expression, an

IL-1b-dependent upregulation of NKp44 expression, and sustained

the production of IFN-g by NK cells via the release of IFN-b and the

engagement of the 2B4-CD48 pathway (105). Similarly, M0 and M2

macrophages reprogrammed to M1 via in vitro LPS stimulation can

promote the cytotoxic activity of NK cells via a contact-dependent

mechanism and drive the production of IFN-g by NK cells via the

interaction between DNAX accessory molecule-1 (DNAM-1) and

2B4 and the production of IL-18 (73, 106).

In addition to T cells and NK cells, some evidence suggested

that macrophages could promote B cell proliferation via the release

of B cell-activating factor (BAFF) or IL-6 (8, 107, 108). However, the

relevance of this interaction within the TME remains to be clarified.

The interaction between macrophages and lymphoid cells

within the TME is mutual and the phenotype and function of

macrophages can also be affected by lymphoid cells (12, 109). For

instance, the IFN-g produced by T-helper (Th)-1 cells, NK cells and

cytotoxic CD8+ T cells increases the presentation of antigens by

macrophages, the production of pro-inflammatory cytokines and

the cytotoxic activity of macrophages against tumor cells (48, 109,

110). In contrast, lymphoid cells found in the TME can also favor a

pro-tumor phenotype of macrophages. For instance, CD4+ Th-2
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cells, innate lymphoid cells (ILCs)-2- and T-reg lymphocytes that

produce IL-4, IL-13 and IL-10 can sustain the formation of M2-like

macrophages with a pro-tumor phenotype (111–115). Interestingly,

it has been shown that mouse T-reg lymphocytes can indirectly

promote the survival of M2-like pro-tumor macrophages. Indeed,

by limiting the production of IFN-g by CD8+ T cells, T- reg
Frontiers in Immunology 0562
lymphocytes prevent the inhibition of sterol regulatory element

binding protein 1 (SREBP1)-mediated fatty acid synthesis, which is

crucial for the survival of M2-like macrophages (116).

Additionally, NK cells have been shown to be able to kill

macrophages. Of note, this macrophage killing activity was found

to be especially efficient toward M0 and M2 macrophage subtypes
FIGURE 2

Macrophages promote the anti-tumor response of lymphoid cells. (A) In the context of breast cancer, a population of folate receptor 2 (FOLR2)-
expressing macrophages endowed with anti-tumor properties can establish a prolonged interaction with cytotoxic T cells facilitating their
recruitment and activation. (B) In a mouse model of mammary tumor, accumulation of lipid droplets in epidermal fatty acid binding proteins
(E-FABP)-expressing TAMs induces the production of interferon-b (IFN-b), leading to the recruitment and activation of NK-cells. (C) Macrophages
have the potential to support the anti-tumor activity of NK cells. M1-macrophages induce an IL-23 and IFN-b-dependent upregulation of NKG2D
expression, an IL-1b-dependent upregulation of NKp44 expression, and sustained the production of IFN-g by NK cells via the release of IFN-b and
the interaction of CD48 and DNAX accessory molecule-1 (DNAM-1) with 2B4.
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whereas M1 macrophages were more resistant to lysis due to the

higher expression of human leukocytes antigen (HLA) class I

molecules (106). Similarly, invariant natural killer T cells (iNKT)

have been shown to exert anti-tumor activity by killing

macrophages in a CD1d-dependent mechanism (117).

Finally, some studies have highlighted an effect of B cells on

macrophages in tumor. In a mouse model of melanoma, adoptive

transfer of a subtype of B cells can induce M2-like polarization of

TAMs (118).
Macrophages and myeloid cells

While the interaction between macrophages and lymphoid cells

has been the subject of numerous studies, their interaction with

other myeloid cells has received less attention. Among myeloid

cells, dendritic cells are key players in the orchestration of both

innate and adaptive immune responses in cancer (119).TAMs

produce high levels of vascular endothelial growth factor (VEGF),

IL-10, IL-6 and TGF-b which are described to inhibit the activity of

dendritic cells (11, 120–124). Besides dendritic cells, macrophages

can interact with neutrophils (14). The interaction between these

two important myeloid subtypes within the TME will be further

discussed in this review.
Neutrophils in the
tumor microenvironment

Neutrophils are the most abundant circulating leukocytes in

humans. They have long been considered as simple first-line

fighters against invading pathogens, but are now recognized as

central players in the regulation of tumor development and

progression (14, 16). TANs have been found in the TME of

several human cancers, including renal cell carcinoma,

hepatocellular carcinoma, lung cancer, melanoma, head and neck

cancer, glioma, colorectal cancer, sarcomas, pancreatic cancer,

breast cancer, gastric cancer, urothelial carcinoma and ovarian

cancer (125–136). However, their role is still controversial and

may depend on a number of factors, including the different types of

cancer, the stage of development and the presence of other cells (14,

17, 137). While in a large number of studies, a high level of TANs

has been associated with a poor prognosis for patients, in others,

including colorectal cancer and undifferentiated pleomorphic

sarcoma (UPS), it has been associated with a better outcome (14,

125, 130, 138–143).

Mature mouse and human neutrophils are constantly released

from the BM where they differentiate and mature from progenitors

in response to growth factors, in particular granulocyte-colony

stimulating factor (G-CSF) and granulocyte macrophage-colony

stimulating factor (GM-CSF) (16, 144–149). The process of

neutrophil mobilization from the BM has been extensively

investigated in mice and is highly dependent on the regulation of

the expression of genes coding for CXCR4 and CXCR2 (150). Upon

maturation, BM-neutrophils downregulate CXCR4 expression,

which is the receptor for CXCL12 produced by BM stromal cells,
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and increase the expression of CXCR2. The expression of CXCR2

and the presence CXCL2, which is the ligand for CXCR2, in the

circulation trigger the release of neutrophils into the peripheral

blood (150, 151). The observation of alterations in neutrophil

biology among patients with genetic mutations in CXCR4 and

CXCR2 implies the significance of these molecules also in human

(152, 153). Stress conditions, including cancer, trigger an

“emergency granulopoiesis” program during which the process of

neutrophil maturation and BM egress is altered, resulting in the

release of immature neutrophils into the circulation (154).

Circulating neutrophils express high levels of CXCR1 and

CXCR2, which play a major role in their recruitment into the

TME (14, 16, 155). Numerous studies have shown the involvement

of CXCR1 and CXCR2 ligands, including CXCL1, CXCL2, CXCL5,

CXCL6 and CXCL8 (only for humans) in the recruitment of

neutrophils into the TME (14, 156–162). Additionally, other

inflammatory mediators, including the cytokines TNF-a, IL-17
and IL-1b have been implicated in the recruitment of neutrophils

into the TME (14, 163, 164).

While neutrophils were traditionally considered as short-lived

effector cells with limited plasticity, a large body of evidence

challenged this view and recognized their considerable plasticity

and heterogeneity (17, 18, 20). Based on their phenotype and

function and mirroring the M1/M2 paradigm, TANs have been

classified into anti-tumor (N1) and pro-tumor (N2) neutrophils

(14, 165, 166). As mentioned above for macrophages, new studies

based on state-of-the-art methodology, including single cell RNA

sequencing, mass cytometry by time-of-flight (CyTOF), multiplex

immunofluorescence and spatial transcriptomic have revealed a

high degree of heterogeneity in TANs (14, 16, 167–171).

Pro-tumor neutrophils can directly promote tumor

development by inducing tissue damage and genetic instability

through the production of radical oxygen species (ROS) and

miRNA, and by stimulating tumor growth through the secretion

of cytokines and growth factors (172–177). Additionally, pro-tumor

neutrophils can facilitate the formation of tumor metastasis through

different mechanisms such as the induction of angiogenesis and

ECM remodeling (178–181). In contrast, anti-tumor neutrophils

can inhibit tumor growth through the direct killing of tumor cells

via the production of ROS and NO or by trogocytosis of antibody-

opsonized cancer cells (182, 183).

Besides their direct effect on tumor cells, TANs are engaged in

dynamic and continuous interactions with a large variety of tumor

infiltrating immune cells, affecting their phenotype and effector

functions (14). In turn, these immune cells have a significant impact

on neutrophil recruitment, phenotype and function (14, 17).
Neutrophils and immune cells cross-
talk in tumor

Neutrophils and lymphoid cells

Neutrophils interact with a variety of lymphoid cells including

CD4+ and CD8+ T cells, unconventional T cells, NK cells and B

cells. In human samples, neutrophils have often been found co-
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localized with other lymphoid cells in the tumor bed or in the

tumor-draining lymph nodes (139, 184–186).

Neutrophils have the capacity to either inhibit or activate the

effector functions of these lymphoid cells (Figure 3) (15).

Several lines of evidence have suggested that human and mouse

neutrophil-derived soluble mediators, such as Arg-1, ROS, reactive

nitrogen intermediates (RNI) and prostaglandin E2 (PGE2), played

a key role in suppressing the effector functions of T cells and NK

cells (17, 165, 187–193). In different mouse tumor models, TANs

respond to TGF-b by producing significant amounts of Arg-1,

leading to a reduction in the availability of L-arginine (165).

Given the fundamental role of L-arginine in T cell metabolism, its

deprivation results in T cell dysfunction (165). Accordingly, a
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population of neutrophils expressing Arg-1 has been found in

renal cell carcinoma and NSLC patients with a frequency that

negatively correlates with the frequency of CD8+ cytotoxic T

lymphocytes (191, 192).

Changes in neutrophil metabolism may be linked to their pro-

tumor or anti-tumor activities. In a transplantable mouse model of

breast cancer with limited glucose supply, c-Kit+ immature

neutrophils exhibited increased mitochondrial fatty acid

oxidation, resulting in higher production of ROS and inhibition

of the T cell response (187). The production of RNI, through iNOS–

dependent NO production, was found to hinder T cell activation in

mammary tumor-bearing K14Cre; Cdh1F/F; Trp53F/F (KEP) mice

(189). Neutrophils found within the TME can exhibit endoplasmic
FIGURE 3

Neutrophils can promote or inhibit the anti-tumor response of lymphoid cells. (A) Immunosuppression can be mediated by neutrophils via the
production of reactive oxygen species (ROS), reactive nitrogen intermediate (RNI) and arginase-1 (Arg-1) or through fatty acid transporter protein 2
(FATP2)-dependent production of prostaglandin E2 (PGE2). (B) Neutrophils can indirectly affect the cytotoxic activity of NK cells and CD8+ T cells by
releasing neutrophil extracellular traps (NETs) that shield cancer cells. (C) Neutrophils express immune checkpoints such as programmed cell death 1
ligand 1 (PD-L1) or the V-domain immunoglobulin suppressor of T-cell activation (VISTA) that, by binding to their ligands PD-1 and P-selectin
glycoprotein ligand-1 (PSG-L1), cause T cell and NK cell dysfunction. (D) Neutrophils can acquire antigen presenting cell-like (APC-like) features
under the influence of GM-CSF or interferon (IFN)-g or upon phagocytosis of antibody-antigen complexes via Fc gamma receptors (FcgRs). Similarly,
neutrophils enhance TCR signaling in CD8+ T cells through the interaction between CD54/intercellular adhesion molecule 1 (ICAM-1) expressed on
neutrophils and CD11a expressed on T cells. (E) Tool like receptor (TLR)-stimulated neutrophils can attract and activate NK cells which, in turn,
trigger the maturation of dendritic cells resulting in T cell proliferation and IFN-g production.
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reticulum (ER) stress and altered lipid metabolism (188, 194). This

phenomenon has been associated with the expression of proteins

involved in lipid trafficking and metabolism, such as CD36, lectin-

like oxidized low-density lipoprotein receptor-1 (LOX-1), and fatty

acid transport protein 2 (FATP2), and with an immunosuppressive

phenotype of neutrophils (195). For instance, ER-stressed

neutrophils produce higher amounts of ROS and Arg-1, which

inhibit T cell proliferation and cytokine production (195, 196).

Remarkably, FATP2 expression on neutrophils induced the

production of PGE2, which has potent immunosuppressive

activity on NK cells and CD8+ T cells (188, 197).

Neutrophils can also indirectly affect NK cell and CD8+ T cell

cytotoxic activity through the release of neutrophil extracellular

traps (NETs) that shield cancer cells (198). In this context, CXCL

chemokines produced by tumor cells induce NETosis in

neutrophils, which can coat and protect cancer cells from the

cytotoxic activity of NK cells and CD8+ T cells. Interestingly,

blockade of protein arginine deiminase 4 (PAD-4), which is

essential for the formation of NETs, increased the activity of anti-

PD-1 and anti-Cytotoxic T-Lymphocyte Antigen 4 (CTLA-4)

immunotherapy in a transplantable mouse model of breast

cancer (198).

The interactions between neutrophils and lymphocytes extend

beyond the release of soluble mediators, as neutrophils themselves

express immune checkpoints such as PD-L1 or VISTA. These

molecules can interact with their ligands expressed on T cells and

NK cells, leading to their dysfunction (199–204). Neutrophils

expressing PD-L1 or VISTA have been found in various types of

human and murine cancer, including hepatocellular carcinoma,

melanoma, and gastric cancer (199–203).

As mentioned earlier, neutrophils can also interact with

lymphoid cells to activate their anti-tumor activity. For instance, in

patients with NSLC, neutrophils with antigen-presenting cell (APC)-

like features were found and shown to be capable to activate CD4+

and CD8+ T cells (184). Neutrophils can acquire these APC-like

features in response to TME-derived GM-CSF and IFN-g, which
induce the expression of MHC-II and CD86 in neutrophils (184).

The interaction between these TANs isolated from lung cancer tissue

and activated T cells led to increased expression of the costimulatory

molecules CD54, CD86, OX40L, and 4-1BBL on the neutrophil

surface, which further enhanced T cell proliferation, creating a

positive feedback loop (205). Similar findings were observed in

colorectal cancer patients, where neutrophils enhanced TCR

signaling in CD8+ T cells, in a cell-to-cell contact dependent

manner through the interaction between CD54/intercellular

adhesion molecule 1 (ICAM-1) expressed on neutrophils and

CD11a expressed on T cells (139). Further investigations have

demonstrated that the phagocytosis of antibody-antigen complexes

via Fc gamma receptors (FcgRs) renders murine and human

neutrophils more potent APC-like cells (206).

In addition to T cells, neutrophils can induce NK cell activation

through various mechanisms (207, 208). For example, cytokine-

stimulated NK cells and neutrophils exchange contact-dependent

activation signals involving CD18, ICAM-1 and ICAM-3 (207).

Stimulated neutrophils can attract and activate NK cells trough

release of soluble mediators, including IL-1b and IL-18 (208). In
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turn, activated NK cells can trigger the maturation of dendritic cells,

resulting in T cell proliferation and IFN-g production, suggesting an
additional mechanism trough which neutrophils can indirectly

control the T cell anti-tumor immune response (208).

In addition to conventional T cells, neutrophils can influence

the polarization and activation state of a subset of unconventional T

cells, leading to their secretion of IFN-g. This mechanism required a

tripartite interaction between neutrophils, macrophages and

unconventional T cells (see below) (143).

The reasons for these dichotomous functions of neutrophils on

lymphoid cells are not fully elucidated. Interestingly, a recent study

conducted in head and neck cancer (HNC) patients described this

neutrophil dual role in tumor-draining lymph nodes, where

neutrophils can interact with T cells in a stage-dependent manner

(185). In metastasis-free patients, neutrophils transmigrate to

lymph-nodes, acquiring APC-like features and promoting T cell

anti-tumor activity (185). In contrast, at a later stage, neutrophils

acquire PD-L1 expression and suppress T cell activation (185).

Conversely, neutrophils can be influenced by lymphoid cells,

which can modulate their recruitment and phenotype to the tumor

bed under different conditions (Figure 4) (186, 189, 209, 210). For

instance, in a mouse model of breast cancer in KEP mice, gd T cells

in response to IL-1b showed increased production of IL-17 which

induced a G-CSF dependent accumulation of neutrophils with an

immunosuppressive phenotype in the peripheral blood and

metastatic lung (189). In CRC patients, IL-22 producing T cells

induced the recruitment of neutrophils, by triggering the

production of neutrophil-recruiting chemokines (i.e. CXCL1,

CXCL2, CXCL3) by colorectal cancer cells. Importantly, the

expression of IL-22 was found associated with the presence of

neutrophils and T cells and a favorable prognosis (186).

Recently, in colorectal cancer patients, iNKT cells were found to

increase the recruitment of neutrophils with immunosuppressive

activity (209). The mechanism was related to the presence of the

tumor-associated pathobiont Fusobacterium nucleatum, which

induced the production of IL-17 and GM-CSF in iNKT.

Importantly, the presence of iNKT cells and neutrophils

correlated with a worse prognosis, suggesting that targeting this

crosstalk could improve patient survival (209). On the other hand,

NK cells have been involved in the control of neutrophil pro-tumor

activity through an IFN-g-dependent mechanism in mice (210). In a

mouse model of transplantable sarcoma, the absence of NK cells

induced neutrophils to acquire a pro-tumor phenotype

characterized by the expression of VEGF-A (210) Interestingly,

tumor-reprogrammed neutrophils that localize in a unique hypoxic

and glycolytic niche exert a potent tumor-supporting, pro-

angiogenic function through their high expression of VEGF-A

(171). In contrast, NK cells have been suggested to induce

neutrophil apoptosis via a NKp46 and FAS–dependent

mechanism (211, 212). Remarkably, efferocytosis of apoptotic

neutrophils by macrophages has been well documented to

promote their shift toward an M2-like pro-tumor phenotype (213).

Neutrophils have been shown to interact also with B cells.

Specifically, splenic neutrophils have been described to play a B-cell

helper function, promoting the immunoglobulin class switching

and the production of antibodies by activated B cells through a
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mechanism involving BAFF, APRIL and IL-21 (214). However, the

involvement of this interaction in cancer has not been investigated.
Neutrophils and myeloid cells

As mentioned above for macrophages, while a significant

amount of research has focused on the interaction between

neutrophils and lymphoid cells, a limited number of studies have

explored the cross-talk between neutrophils and other myeloid cells

in the TME (Figure 5) (215).

Neutrophils play a role in promoting the recruitment of other

myeloid cells into the tumor bed through the release of chemokines

such as CCL2, CCL3, and CCL4, which attract monocytes and

dendritic cells (216). Once in the TME, monocytes and dendritic

cells produce CXCL8, which favors the recruitment of additional

neutrophils, creating a feedback loop that fosters the accumulation

of inflammatory cells within the TME (217). Moreover, dendritic

cells have been shown to physically interact with neutrophils via

dendritic cell-specific intercellular adhesion molecule-3-grabbing

non-integrin (DC-SIGN), leading to increased release of TNF-a by

neutrophils (217). This interaction enhances the maturation of
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dendritic cells, thereby improving their capacity to effectively

prime T cells and activate their anti-tumor response (217).

Another intriguing hypothesis is that neutrophils could amplify

the source of antigens that dendritic cells process and present to T

cells (218). Neutrophil-mediated trogoptosis of cancer cells may

lead to an increased release of antigens and damage-associated

molecular patterns (DAMPs) available for dendritic cells (219–222).

This mechanism has been proposed as a potential therapeutic target

and strategy to improve dendritic cell-based anti-cancer vaccines.

In a mouse model of breast cancer, it has been shown that

neutrophil cytotoxic activity can be modulated by monocytes (223).

Breast cancer cells with low spontaneous metastatic potential

secrete high levels of CCL2, leading to the recruitment of IFN-g-
producing monocytes. Subsequently, neutrophils upregulate the

expression of the transmembrane protein 173 (TMEM173, also

known as stimulator of interferon response CGAMP interactor 1

(STING)), which then unleashes their cytotoxic activity (223).

Additionally, neutrophils were found to play a crucial role in

potentiating the release of IL-12 by macrophages in the context of 3-

methylcholanthrene (3-MCA)-induced sarcomagenesis (143). In

turn, IL-12 can activate a subset of unconventional T cells (UTC)

that express high levels of IL-12R, resulting in their production of
FIGURE 4

Lymphoid cells can modulate the activity of neutrophils. (A) Lymphoid cells can regulate the recruitment of neutrophils into the tumor bed. In CRC
patients, tumor-associated pathobiont Fusobacterium nucleatum (Fn) induces the production of IL-17 and GM-CSF in invariant natural killer T cells
(iNKT) resulting in increased neutrophil migration into the tumor bed. Additionally, IL-22 producing T cells induce the recruitment of neutrophils, by
triggering the production of neutrophil-recruiting chemokines (i.e. CXCL1, CXCL2, CXCL3) by colorectal cancer cells. (B) NK cells control pro-tumor
angiogenic function of neutrophils by blocking their secretion of vascular endothelial growth factor (VEGF). (C) NK-cells induce neutrophil apoptosis
in a NKp46 and FAS-dependent manner. Efferocytosis of apoptotic neutrophils by macrophages promote a shift toward an M2-like pro-
tumor phenotype.
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IFN-g and tumor control (143). To further underscore the

importance of the interaction between neutrophils and other

myeloid cells, two recent reports investigating the limited success

of CSF-1R treatment in preclinical models of cancer revealed that

upon TAM deplet ion, neutrophi ls acquired a highly

immunosuppressive phenotype, counteracting the beneficial effect

of macrophage depletion (224, 225).
Conclusion and perspectives

The TME represents a complex ecological niche composed of

tumor cells, stromal cells and immune cells constantly engaged in

mutual interactions that influence tumor development and
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progression. TAMs and TANs are crucial components of this

niche and affect tumor progression by directly influencing tumor

cell proliferation and by shaping the anti-tumor or pro-tumor

response of other immune cells. In turn, the phenotypes and

activities of TAMs and TANs are continuously regulated by other

immune cells present in the TME.

Targeting the immune system represents a therapeutic strategy

against cancer. However, a significant percentage of patients do not

respond to current available treatments, underlining the need for

new therapeutic approaches. As we uncover the complexity of the

interactions between macrophages and neutrophils and other

immune cells, it becomes evident that targeting these interactions

may hold promise for developing novel and effective

immunotherapeutic approaches to fight cancer.
FIGURE 5

Interactions between neutrophils and other myeloid cells in cancer. (A) Macrophages and dendritic cells (DCs) are attracted into the tumor bed by
chemokines released by neutrophils (e.g. CCL2, CCL3, and CCL4). In turn, macrophages and DCs produce chemokines (e.g. CXCL8) which further
fuel neutrophil recruitment. (B) DCs physically interact with neutrophils via dendritic cell-specific intercellular adhesion molecule-3-grabbing non-
integrin (DC-SIGN), resulting in increased release of tumor necrosis factor a (TNF-a). In turn, TNF-a promotes DC maturation. (C) IFN-g produced
by monocytes induces upregulation of transmembrane protein 173 (TMEM173) expression in neutrophils, unleashing their cytotoxic activity. (D) In a
mouse model of sarcoma, neutrophil-macrophage interaction results in increased production of IL-12 by macrophages, which induces the
expression of interferon g (IFN-g) in a subset of unconventional ab T cells (UTCab) and favors their anti-tumor activity.
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Introduction: Pancreatic ductal adenocarcinoma (PDAC) represents the

complexity of interaction between cancer and cells of the tumor

microenvironment (TME). Immune cells affect tumor cell behavior, thus driving

cancer progression. Cancer-associated fibroblasts (CAFs) are responsible of the

desmoplastic and fibrotic reaction by regulating deposition and remodeling of

extracellular matrix (ECM). As tumor-promoting cells abundant in PDAC ECM,

CAFs represent promising targets for novel anticancer interventions. However,

relevant clinical trials are hampered by the lack of specific markers and elusive

differences among CAF subtypes. Indeed, while single-cell transcriptomic

analyses have provided important information on the cellular constituents of

PDACs and related molecular pathways, studies based on the identification of

protein markers in tissues aimed at identifying CAF subtypes and new molecular

targets result incomplete.

Methods: Herein, we applied multiplexed Imaging Mass Cytometry (IMC) at

single-cell resolution on 8 human PDAC tissues to depict the PDAC

composing cells, and profiling immune cells, endothelial cells (ECs), as well as

endocrine cells and tumor cells.

Results:We focused on CAFs by characterizing up to 19 clusters distinguished by

phenotype, spatiality, and interaction with immune and tumor cells. We report

evidence that specific subtypes of CAFs (CAFs 10 and 11) predominantly are

enriched at the tumor-stroma interface and closely associated with tumor cells.
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CAFs expressing different combinations of FAP, podoplanin and cadherin-11,

were associated with a higher level of CA19-9. Moreover, we identified specific

subsets of FAP+ and podoplanin+/cadherin-11+ CAFs enriched in patients with

negative prognosis.

Discussion: The present study provides new general insights into the complexity

of the PDAC microenvironment by defining phenotypic heterogeneities and

spatial distributions of CAFs, thus suggesting different functions of their

subtypes in the PDAC microenvironment.
KEYWORDS

multiplexed histopathology, Imaging Mass Cytometry, pancreatic cancer, tumor
microenvironment, cancer-associated fibroblasts (CAFs)
1 Introduction

Pancreatic ductal adenocarcinoma (PDAC) is one of the most

lethal types of cancer, with a 5-years survival rate of 11% only (1).

This poor prognosis is mainly due to the inability to detect the

disease until late, often metastatic, tumor stage (2). Further,

diagnosis is complicated by the asymptomatic evolution of the

disease, the lack of diagnostic biomarkers, the absence of

attributable risk factors for the majority of patients and the

difficult-to-access anatomical location of the pancreas, which

limits the routine screening intervention (3, 4). Although 10-15%

of cases can be ascribed to germline mutations or known risk

factors, the majority of PDAC develops as a consequence of

accumulating mutations in several genes, including KRAS, p53,

SMAD4 and CDKN2A, which results in the formation of pre-

cancerous lesions, such as Pancreatic Intraepithelial Neoplasia

(PanIN) and Intrapapillary Mucinous Neoplasia (IPMN), that

possibly evolve to invasive cancer (5–8). Beside mutations that

drive the neoplastic morphological alterations of pancreatic

epithelial cells, PDAC is characterized by a massive infiltration of

activated cancer-associated fibroblasts (CAFs), responsible for the

deposition of extracellular matrix components and leading to a

desmoplastic reaction, that shapes a tumor microenvironment

(TME) composed by a dense stroma, a leaky vascular system and

suppressive immune cell populations (9–11). The resulting TME,

which can develop up to the 90% of the entire tumor mass, is indeed

the main responsible of the heterogeneity, aggressive biology and

resistance to therapy of the disease (9, 12). Although the limit in the

5-years survival rate, PDAC survival statistics have doubled over the

past decades, due to the improved therapeutic approaches and

clinical care (13).

Cell heterogeneity in PDAC has been widely investigated using

single-cells transcriptomic approaches, but only few studies analyzed

the protein expressed by the different cell subpopulations that

compose the PDAC microenvironment (14–16). In the last decade,
0275
multiplexed Imaging Mass Cytometry (IMC) has emerged as a

powerful technology to dissect the cell landscape of several TME

(17–19). IMC combines conventional histology with mass cytometry

to identify up to 35-40 metal-tagged antibodies, avoiding limitations

related to fluorescence-based imaging technologies, including

autofluorescence and spectral overlap (17, 20). Although several

studies used conventional immunohistochemistry or fluorescence-

based imaging to target markers of PDACmicroenvironment (15, 16,

21, 22), fewer are the investigations conducted using the multiplexed

IMC technology (23, 24). In addition, these studies mainly focused on

the immune cell composition in the PDACmicroenvironment, with a

limited analysis of the CAF phenotype and localization.

In this manuscript, we applied a 31-antibody panel to define the

organization and composition of the PDAC tumor microenvironment

by IMC. We focused on the phenotype and the spatial localization of

different CAF subpopulations, together with their relationship with

immune, endothelial cells (ECs) and tumor cells. With this approach,

we provide a comprehensive analysis of the PDACmicroenvironment

with the aim of better defining its cellular complexity, thereby

identifying subtypes and cell signatures of relevance and useful in

diagnosis and instrumental for new treatment strategies.
2 Materials and methods

2.1 Human samples and study design

The analyzed cohort includes 8 patients diagnosed with PDAC

surgically resected at the Humanitas Research Hospital between 2022

and 2023. Patients’ histopathological and clinical features are listed in

Supplementary Table 1. Patients had not received any therapy before

resection. Written informed consent was obtained for each patient

included in the study. The study protocol was in accordance with

ethical guidelines established in the 1975 Declaration of Helsinki and

was approved by the local ethical committee (Authorization n° 3801).
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1472433
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Erreni et al. 10.3389/fimmu.2024.1472433
2.2 Histopathological evaluation

5mm-thick formalin-fixed, paraffin-embedded (FFPE) sections

from PDAC tissue blocks were deparaffinized in xylen and

rehydrated through a graded alcohol series. Tissue sections were

stained with Hematoxylin (Histo-Line Laboratories, Pantigliate

(MI) - Italy) for 15 minutes, extensively washed in H2O for 10

minutes, and then stained with Eosin (Histo-Line Laboratories,

Pantigliate (MI) - Italy) for 7 minutes. After a rapid wash in H2O,

slides were dehydrated through a graded alcohol series, washed in

xylene and then mounted with Eukitt (Sigma-Aldrich, St. Louis,

Missouri, USA). Whole-slide scans were acquired by a ZEISS Axio

Scan Z1 Slide Scanner and visualized with QuPath software

(version 0.5.1).
2.3 Tissue staining

2mm-thick FFPE sections from PDAC tissue blocks were

deparaffinized in xylen and rehydrated through a graded alcohol

series. Slides were then incubated with EDTA, pH 9 antigen

retrieval solution (Agilent Technologies, Santa Clara, CA 95051,

USA) in a water bath at 98°C for 20 minutes, followed by a 10-

minutes cooling down in antigen retrieval solution and by an

additional 10-minutes cooling down in distilled water. To prevent

non-specific antibody binding, slides were incubated in PBS

supplemented with Ca2+ and Mg2+ (PBS2+) (Lonza, Basel,

Switzerland) supplemented with 0.1% Triton X-100, 3% BSA

(Sigma-Aldrich, St. Louis, Missouri, USA), 5% Normal Mouse

(Biosera, Cholet, France)/Rat(Sigma-Aldrich, St. Louis, Missouri,

USA)/Rabbit(Dako, Agilent Technologies, Santa Clara, CA 95051,

USA)/Goat(Sigma-Aldrich, St. Louis, Missouri, USA)/Sheep

(Sigma-Aldrich, St. Louis, Missouri, USA) serum, for 45 minutes

at room temperature in a humified chamber. Slides were then

incubated with the metal-conjugated antibody mix, diluted in

PBS2+ supplemented with 0.01% Triton X-100, 0.3% BSA (Sigma-

Aldrich, St. Louis, Missouri, USA), 0.5% Normal Mouse (Biosera,

Cholet, France)/Rat(Sigma-Aldrich, St. Louis, Missouri, USA)/

Rabbit(Dako, Agilent Technologies, Santa Clara, CA 95051,

USA)/Goat(Sigma-Aldrich, St. Louis, Missouri, USA), Sheep

(Sigma-Aldrich, St. Louis, Missouri, USA) Serum, overnight at 4°

C in a humified chamber. Slides were washed 4 times, 5 minutes

each, in PBS2+ 0.05% Tween–20 (Merck, Darmstadt, Germany). For

nuclear staining, tissues were then incubated with 0.3 µM Ir191/193

(Standard Biotools, South San Francisco, CA, USA) in PBS2+ for 30

minutes at room temperature. After incubation, tissue sections were

washed 3 times, 3 minutes each, in PBS2+ 0.05% Tween-20. Finally,

sections were washed for 30 seconds in ultrapure H2O to remove

salt leftovers and quickly airdried. The list of 31 metal-conjugated

antibodies used in this study is reported in Supplementary Table 2.

Metal-tagged antibodies recognizing alpha smooth muscle actin

(aSMA), CD163, CD20, CD66b and collagen-I were purchased

from Standard Biotools. The remaining antibodies were conjugated

to lanthanide isotypes using the Maxpar® X8 Antibody Labelling

Kit (Standard Biotools, South San Francisco, CA, USA) according to
Frontiers in Immunology 0376
the manufacturer’s instructions and resuspended in PBS2+ and

0.05% NaN3. Titration tests were performed for each metal-

conjugated antibody to optimize the staining protocol.
2.4 IMC data acquisition

Images were acquired with a Hyperion Imaging System

(Standard Biotools, South San Francisco, CA, USA). To ensure

system stability, the Hyperion Imaging System was routinely

calibrated following the manufacturer’s instructions. For each

patient, 2 consecutive sections were cut and stained for H&E and

IMC staining, respectively, as previously described. On the H&E-

dedicated slides, 3 to 5 regions of interest (ROIs), corresponding to

tumor regions, were selected by a specialized pathologist. The same

regions were then identified on the IMC dedicated slides and 1 mm2

ROIs were ablated with a UV laser, with a frequency of 200Hz, at a

resolution of approximately 1µm2. IMC acquired regions were then

revised by a specialized pathologist to confirm the presence of the

neoplastic tissue. Antibodies that showed high level of background

signal in tumor tissue or did not exhibit a clear staining pattern were

excluded from the analysis, resulting in a final panel of 31 metal-

tagged antibodies.
2.5 Data analysis

IMC image analysis was performed using a custom pipeline as

previously described (25). Briefly, hot pixel removal (radius=2,

threshold=50) was performed on single–channel images extracted

from mcd files. For each channel, low–intensity thresholds were

manually settled based on visual inspection and a cutoff was set to at

the top 99.99% percentile of expression (or at least at an intensity

value of 10 dual counts) calculated over all the considered ROIs.

Gaussian filter (r=2) was applied exclusively to estimate of pan-

Cytokeratin+ (Pan-Ck+), CD45+, CD31+ and fibroblast activation

protein (FAP+) positive area to avoid bias due to missing nuclear

signal and small debrids.

Tiffs substacks containing the complete list of channels relevant

for segmentation and cell classification were created. Ilastik

(v1.3.3post3) (26) and CellProfiler (v4.2.1) (27) were used to

perform single–pixel classification and cell segmentation. R

EBImage package (v4.36) (28) was used to obtain channel

intensity and shape parameters for each cell. Objects with area <

10µm2, area larger than 1000µm2, mean intensity higher than 2 in

more than 15 markers, and lower than 0.01 in the markers used for

Uniform Manifold Approximation and Projection (UMAP)

analysis were discarded. No more than 2% of the cells were

discarded based on these criteria.

Following inverse hyperbolic sine transformation and

normalization of the data between 1% and 99% of the overall

signal, UMAP (https://CRAN.R-project.org/package=umap, v0.2.8)

and PhenoGraph (v 0.99) (k=60) algorithms were used for

dimensional reduction and clustering analysis. Clusters were

assigned to five different cellular populations (tumor, immune,
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ECs, CAFs, pancreatic islets). PhenoGraph analysis (k=20) was then

performed on the five subsets separately, in order to identify clusters

of cells misannotated. After reassignment of all the cells to the

correct populations, cells were re-clustered (k=20) and annotated

into more specific subpopulations, as described in the

Results section.

Neighboring cells were identified as those located within 30mm
from cells borders using 3D interaction Fiji plugin (mcib3D v4.1.5).

Interaction counts score were determined using patch method (p=1)

from the imcRtools package (v1.9.0, permutation test n=5000). Patch

method gives for a reference subpopulation, and each ROI, the

fraction of its cells that have at least one neighbor in the target

subpopulation. Cells subpopulations with less than 10 cells for ROI

were not included in the statistics. For each pair of cell subtypes,

permutation test over their positions allows to obtain an estimate of

p-value associated to the observed number of interactions compared

to those expected by chance. Interactions were tested separately for

each ROI, and considered significant when p-value < 0.01. A score +1

or -1 was associated to each significantly positive or negative (more or

less associated than expected by random model) interaction. Non-

significant interactions were given score zero. The resulting scores,

averaged over all the considered ROIs, were represented in heatmaps.

For CAF subtypes, the minimum distance from each cell and tumor

cells was evaluated with Cdist function (Rdist v0.05) using center of

mass. For each cell we calculated the abundance of different

neighboring cells (identified, as above, in a radius <30mm)

subpopulation. We considered 29 classes, taking into account

tumors and endothelial cells as aggregated macro populations,

while subpopulations of CAFs and immune cells were considered

in detail. The abundance normalized vectors were used as input for

kmeans clustering (k=10, 1500 iterations, 10 initialization sets). The

resulting clusters were manually annotated, based on center

coordinates and cell subtype enrichment, to identify neighborhoods

regions similar in composition (Supplementary Table 3).

Relative enrichment of CAFs subtypes in the groups identified

by clinical parameters was defined ad –Log10 of the false discovery

rate (fdr) from hypergeometric test for the good prognosis group

and +Log10 of fdr for bad prognosis group. Thus, larger positive

values indicate enrichment in the good prognosis group, while large

negative values are indicative of enrichment in the bad prognosis

group. Values of fdr were capped to 10-10. Values fdr > 0.001 were

set to 1, corresponding to enrichment score 0.
2.6 Image processing and statistics

Representative images were prepared using ImageJ (Fiji, version

1.54f) software. Gaussian filter was applied to representative images

to increase their quality. GraphPad Prism software (version 9.0.2),

dittoSeq (v1.6.0) and ggplot2 (v3.4) R packages were used to

prepare graphs and to performed statistical analysis. Two-sample,

two sided Kolmogorov-Smirnov (KS) test was used to compare

distances distribution. Hypergeometric test was performed based on

HypeR package (29). False discovery correction was applied to all p-

values and reported as p-adjusted (padj).
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3 Results

3.1 The cellular TME of PDAC

Multiple staining protocols combined with IMC technology at

single-cell resolution (Figure 1A) were applied to human tissues of

PDAC (n=8) (Supplementary Table 1). A total of 34 ROIs (1mm2

range of n=3-5 per patient) were selected for acquisition, based on

histopathological evaluation, including both neoplastic glands from

PDAC (with various grades of differentiation) and stromal tissue,

with the aim of acquiring regions similarly divided between PDAC

and remaining TME (23±11% Pan-Ck+ area, n=34 PDAC). As

stated in Supplementary Table 2 and shown in Supplementary

Figure 1A, tissue sections were stained with 31 metal-tagged

antibodies detecting classical markers of tumor cells (Pan-Ck, Ck-

7), pancreatic islets (peptide C); monocytic (CD45, CD68),

polymorphonuclear (CD66b, MMP-9) and lymphoid (CD45,

CD3, CD8, CD20) immune cells; cells composing the blood vessel

wall, including vascular ECs (CD31, CD34), smooth muscle cells

(CD146) and pericytes (CD146, aSMA); lymphatic ECs (CD31,

podoplanin). Detection of differential markers subtyped the cells of

mesenchymal origin (vimentin, desmin, cadherin-11, podoplanin,

CD74, S100A4, CD44, FAP), which vary according to the functional

differentiation and specialization in sites of cancer tissue (30–32). In

addition, a definition of the diversity of ECM components

(collagen-I, collagen-3A, collagen-IV, fibrinogen, pentraxin 3

(PTX3)) served to assess a functional association with different

cell types in the proximity, such as functionality and stability of

tumor blood vessels by measuring collagen IV-rich coverage (33).

Additional markers included CD206, CD163 and HLA-DR, to

reveal a functional state of tumor-associated macrophage (TAM)

(M1 versus M2 polarization), whereas evaluation of carbonic

anhydrase 9 (CA-IX) expression defined the cancer cell capable in

sustaining local acidosis, and hence in favoring cancer progression

(34) (Supplementary Figure 1A).

In all PDAC tissues analyzed, Pan-Ck+ regions are randomly

arranged and surrounded by a dense desmoplastic and collagenous

stroma enriched of aSMA and vimentin. Dispersed blood vessels

(2.1±1.5% CD31+ area n=34 ROIs) and immune cells (15.7±8.2%

CD45+ area; n=34 ROIs) enclosed the tumor cells (Figures 1B, C).

Isolated epithelial peptide C+/FAP+ pancreatic islets (35) (0.4±0.6%

peptide C+ area, range 0-2.3%, 0.8±1.9% FAP+ range 0-9%; n=34

ROIs) were distinguished from Pan-Ck+ cells (Figure 1D).

In a single-cell segmentation analysis, we generated a mask for

each ROI of PDAC identifying a total number of 122827 cells (range

12080-18643 cells for n=8 PDAC) (a representative image of single-

cell segmentation is shown in Supplementary Figure 1B).

PhenoGraph analysis generated 32 different clusters, subdivided

in tumor cells (Pan-Ck+ and Ck-7+), immune cells (CD45+, CD3+,

CD68+, CD66b+, CD20+), ECs (CD31+, CD34+, podoplanin+),

CAFs (CD45-, Pan-Ck-, Ck-7-, CD31-, aSMA+, vimentin+,

CD74+, CD44+, S100A4+, FAP+, podoplanin+, cadherin-11+,

desmin+), pancreatic islets (peptide C+) and stated as other cells

for not expressing specific markers. UMAP representation of the

annotated cluster is shown in in Figure 1E; Supplementary
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FIGURE 1

Cellular landscape in PDAC by IMC. (A) Schematic view of the IMC analysis workflow. (B) Representative images out of 34 acquired ROIs (n=8 PDAC)
showing extracted signal contribution of Pan-Ck (cyan), vimentin (green), aSMA (magenta), CD45 (red), CD31 (yellow) and correspondent merged
image. Bar: 200µm. (C) Upper panel, representative images out of 34 acquired ROIs (n=8 PDAC) showing signal contribution of Pan-Ck (green) and
Collagen I (blue). Bar: 200µm. Lower panel, representative images out of 34 acquired ROIs (n=8 PDAC) showing Pan-Ck (magenta) and Collagen 3A
(green). Bar: 200µm. (D) Representative images out of 34 acquired ROIs (n=8 PDAC) showing Pan-Ck (cyan), peptide C (red) and FAP (yellow). White
arrow in the inset indicates the pancreatic islet expressing peptide C (red) and FAP (yellow). Bar: 200µm. (E) UMAP representation of PDAC cells
annotated into tumor cells, immune cells, CAFs, ECs, pancreatic islet and other cells. (F) Representative reconstructed images showing the
localization within the PDAC tissues of the segmented cells (black contours) corresponding to tumor cell (green), immune cells (yellow), CAF (blue),
ECs (cyan), pancreatic islets (red) and other (gray) cell clusters. (G) Frequency of cells belonging to tumor cell (green), immune cell (yellow), CAF
(blue), ECs (cyan), pancreatic islets (red) and other cell (gray) clusters, as in the legend. Bar: 200µm. (H) Heatmap referring to the normalized
expression of each single markers of the acquired images (n=34 ROIs; n=8 PDAC) after PhenoGraph analysis, among the different clusters.
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Figure 2A and, per single patient, in Supplementary Figure 2B.

Representative images of the distribution of annotated cell subtypes

in PDAC tissue are shown in Figure 1F.

CAFs represented the most abundant cell population identified

(n=41339 cells, n=8 PDAC; range 21-43.6% per PDAC) and

corresponded to 33.6% of the annotated cells, compared with tumor

cells (n=38284; 31.2%, n=8; range 22.5-37.2% per PDAC), immune

cells (n=28661 cells, 23.3%, n=8; range 12.7-45.5% per PDAC) and

ECs (n=8596 cells, 7%, n=8; range 2.9-12.2% per PDAC) (Figure 1G).

4.1% of cells (n=5070; n=8; range 0.6-10.4% per PDAC) were not

specifically annotated. The clusters identified were homogeneously

represented among the different PDAC patients, with a diversity of

relative abundance more associated with specific subtypes of CAFs

and tumor cells (Supplementary Figure 2B).

As shown in the averaged intensity-based heatmap (Figure 1H)

and in line with transcriptomic studies in PDAC (36), tumor cells

were further reclassified into 7 different subtypes, based on the

expression of Pan-Ck, Ck-7, CD44, S100A4 and CA-IX. Although

PTX3 was recognized as a molecule predominantly associated with

cells of mesenchymal origin in PDAC (37), two clusters of tumor

cells (Tumor 3, Pan-Ck+ PTX3+; Tumor 5, Pan-Ck+ Ck-7+ PTX3+)

were identified based on its high expression. Immune cells were

identified as myeloid cells (CD45+, CD68-, CD206+) and as a whole

subtyped in M1-like (CD45+, CD68+, HLA-DR+, CD74+), M2-like

macrophages (CD45+, CD68+, CD206+, CD163+) or CD44-

expressing macrophages (CD45+, CD68+, CD44+); neutrophils

(CD45+, CD66b+); CD4+ T cells (CD45+, CD3+, CD8-) and CD8+

T cells (CD45+, CD3+, CD8+); B cells (CD45+, CD20+) (Figure 1H).

On the basis on the selective expression of markers of pericytes

(aSMA, CD146) and coverage of a collagen-IV+ basement (38),

blood vessels were distinguished into functioning and stabilized

(CD31+, CD34+, Collagen-IV+, CD146+, aSMA+, cadherin-11+)

from non-stabilized (CD31+, CD34+, collagen-IV-, CD146-) tumor

neo-angiogenesis, as well as in CD31+ podoplanin+ lymphatic vessels

(Figure 1H). As reported, CAFs represent a multitude of potentially

dynamic and plastic subgroups that change their gene expression

profiles based on the stimuli from the environment (39), thereby

influencing tumor progression through the tissue fibrotic reaction,

the regulation of tissue biomechanical property and the modulation

of the immune response to chemotherapy (11). Therefore, detection

of multiple CAF markers, including aSMA, vimentin, S100A4,

CD74, FAP, desmin, cadherin-11, CD34, CD146, CD44, CA-IX,

podoplanin, collagen-I, collagen-3A and PTX3, served to

discriminate the subpopulation of CAFs having a different

functional impact in PDAC. As shown in Figure 1H, CAFs were

classified into 19 different clusters.
3.2 Profiling of cancer cells

Tumor cells (n=38284; 31.2%, n=8; range 22.5-37.2% per

PDAC) were annotated into 7 different subtypes, based on the

expression of Pan-Ck, cytokeratin 7 (Ck-7), CD44, S100A4, PTX3,

CA-IX, CD74 (Figures 2A, B). Although the expression levels

changed among the subtypes, all tumor cells expressed Pan-Ck. A
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cluster with an exclusive expression of Pan-Ck alone corresponded

to 18.8% (n=8; range 1.1-73.5% per PDAC) of tumor cells (Tumor

1), whereas majority of tumor cells expressed both Pan-Ck and Ck-

7 (Tumor 2, n=8; range 1.1-74.0% per PDAC). Some clusters

expressed a combination of markers associated with tumor

proliferation and invasiveness (40), such as CD44, S100A4, CD74

and MMP-9 (Tumor 7, 29.1%, n=8; range 0.7-81.5% per PDAC)

(Figure 2A–C). In particular, expression of CD44, a classical marker

associated with epithelial-to-mesenchymal transition and poor

prognosis of PDAC progression and metastasis (41, 42), was

found associated with Tumor 3 (3.6%, range 0.2-9.0% per

PDAC), Tumor 4 (2.2%, range 0-10.0% per PDAC) and Tumor 7

subtypes (Figures 2A–C). Few cells in the Tumor 6 subtype

(4.1%, n=8; range 0.2-11.5% per PDAC) expressed the hypoxic

marker CA-IX (Figures 2B, D). Therefore, as shown by IMC

analysis, PDAC consists of a phenotypic diversity (n=7 identified

clusters) of tumor cells potentially associated with different capacity

for tumorigenesis and metastasis. As shown by UMAP in

Supplementary Figure 3, for the same clusters, heterogeneity in

the expression of the same markers was observed among the PDAC

patients analyzed.

PTX3 is a humoral innate immune molecule produced by

macrophages (43) and mesenchymal cells (37), which plays a role

of extrinsic oncosuppressor of cancer by regulating complement-

dependent tumor-promoting inflammation (43). On the other

hand, PTX3 was found elevated in PDAC tissue and associated

with an increased capacity of cancer cells to invade ECM (37). As

observed in other tumors, PTX3 produced by cancer cells promote

tumor progression by promoting invasiveness and migration (44,

45). Interestingly, we found that the Tumor 5 (12.9%, range 0-43.7%

per PDAC, Figure 2D), expressing Pan-Ck, Ck-7 and PTX3 was

almost exclusively found in PDAC #1 and #3 only, counting for the

90% of all identified Tumor 5 cells (Figure 2E), who were diagnosed

with distant metastasis at the time of surgery (Supplementary

Table 1). Co-expression of Pan-Ck, Ck-7 and PTX3 is restricted

to a specific subset of cells (34.5% in PDAC#1; 43.7% in PDAC#3)

(Figure 2F, white arrows and Figure 2G, red arrows), compared to

the neighbor cells which lack the expression of Ck-7 (Figure 2F,

white arrowheads and Figure 2G, red arrowheads), thus suggesting

in an attempt to speculate the identification of subpopulation of

PDAC cells associated with high tumor metastatic potential.
3.3 Profiling of immune cells in PDAC

In immune cell population (n=28661 cells), a functional

specialization of macrophage was defined based on the expression

of classical M1 (CD68+, HLA-DR+, CD74+) or M2 (CD68+, CD163+,

CD206+) markers. The percentage of M2-like macrophages (14.7%,

range 6.5-26.8% per PDAC) was higher compared to M1-like

macrophages (8.2%, range 1.7-24.4% per PDAC), thus indicating a

propensity for M2 deviation in the tumor microenvironment of

PDAC, and hence sustained tumorigenesis, immune evasion, and

metastasis formation (46, 47) (Figures 3A, B). A distinguished cluster

of macrophages showed exclusive enrichment in CD44 (10.8%, range
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1.5-35.9% per PDAC), and lower expression of HLA-DR and CD74,

or of CD163 and CD206 (Figures 1H, 3E, F, yellow arrowheads). In

PDAC, the same macrophage subtype was recently described to

belong to the vascular niche and to be distinguished by a pro-

angiogenic gene signature (24). Noteworthy, distribution of

macrophages around Pan-Ck tumor cells is shown in Figure 3F,

with M2-like macrophages expressing higher levels of CD163 and

CD206 (Figure 3F, white arrows) and M1-like macrophages

expressing higher levels of HLA-DR and CD74 (Figure 3F, white

arrowheads). In addition, as previously shown in Figure 1H, S100A4

expression was higher in M2-like macrophages compared to M1-like
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macrophages, suggesting their pro-tumorigenic activity (48). The

remaining subtypes of immune cells identified were found to be

CD66b+ neutrophils; CD3+, CD4+ (CD8-) T cells; CD3+, CD8+ T

cells; CD20+ B cells; and eventually CD68-, CD206+ myeloid

dendritic cells (Figure 3A; Supplementary Figures 4A, B). T cells

represent the 34.8% of the tumor infiltrating cells (range 19.7-51.3%;

n=8 PDAC), with CD8+ and CD4+ T cells counting for the 19.6%

(range 8.4-32.2%; n=8) and 15.19% (range 5.1-26.2%; n=8) of T

lymphocytes, respectively (Figures 3B, C: CD3+, CD8-, white

arrowheads, CD3+, CD8+, white arrows). On the contrary, B cells

poorly infiltrate tumor tissue (4.46%; range 0.1-13.3%; n=8)
FIGURE 2

Profiling of tumor cells in PDAC. (A) UMAP representation of PDAC tumor cells annotated to 7 tumor cell subtypes, colors as in legend. (B) UMAP
representation of the normalized expression of single markers in segmented cells annotated as tumor cells. (C) Representative images out of 34
acquired ROIs (n=8 PDAC) showing Pan-Ck (magenta) signal in combination with CD44 (green, left panel), S100A4 (green, middle panel) and CA-IX
(green, right panel). White arrowheads on the onset (bottom) indicate tumor cells expressing CD44 (left panel), S100A4 (middle panel) and CA-IX
(right panel). Bar: 200µm. (D) Frequency of cells belonging to the identified tumor subtypes, over the total number of tumor cells, as in legend.
(E) UMAP representation of the subset of tumor cells in PDAC #1 and #3. Black-dotted line is a guide for the eye. Colors and UMAP coordinates as
in (A). (F) Representative images of Pan-Ck (yellow), Ck-7 (magenta) and PTX3 (green) signal in the PDAC #1. White arrows and white arrowheads in
the inset show tumor cells co-expressing Pan-Ck/Ck-7/PTX3 (Tumor 5) or Pan-Ck/PTX3 alone, respectively. Bar: 200µm. (G) Representative images
of the same region represented in (F), showing the tissue localization of segmented cells (black contours) annotated as Tumor 5 (green) in PDAC #1.
Red arrows and red arrowheads in the inset show tumor cells co-expressing Pan-Ck/Ck-7/PTX3 (Tumor 5) or Pan-Ck/PTX3 alone, respectively.
Bar: 200µm.
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(Figures 3B, C; yellow arrowheads). Neutrophil cluster (10.2%; range

0.2-29.3%; n=8) (Figure 3B) infiltrating tumor tissues were identified

based on the expression of CD66b and high levels MMP-9 stored into

their tertiary granules (Figures 3D, E). As observed in tumor cell

profiling, immune cell composition of the TME is heterogeneous
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among the analyzed patients: neutrophil abundance was higher in

PDAC #1, (29.4%) #2 (20.5%), #3 (9.8%) and #6 (15.9%); PDAC #2

showed a highest frequency of both M1-like (24.4%) and M2-like

(26.8%) macrophages; CD44+ were abundant in PDAC #4 (35.9%)

and #8 (19.5%) (Supplementary Figure 4C).
FIGURE 3

Profiling of immune cells in PDAC. (A) UMAP representation of immune cells in PDAC (n=8 PDAC), as in legend. (B) Frequency of cells belonging to the
identified immune cell subpopulations, over the total number of immune cells, as in legend. (C) Representative images out of 34 acquired ROIs (n=8
PDAC) showing signal contribution of Pan-Ck (green) CD3 (magenta) CD8 (cyan) and CD20 (yellow). White arrowheads, white arrows and yellow arrows
in the inset indicate CD4 T cells (identified as CD3+/CD8- T cells), CD8+ T cells and B cells respectively. Bar: 200µm. (D) Representative images out of
34 acquired ROIs (n=8 PDAC) showing Pan-Ck (green), CD66b+ neutrophils (magenta) and MMP-9+ (cyan). Arrowheads in the inset indicate CD66b+

neutrophils expressing MMP-9. Bar: 200µm. (E) UMAP representation of the normalized expression of immune cell markers for the identification of
macrophages subpopulation (M1 macrophages as CD68+/HLA-DRhigh/CD74high, M2 macrophages as CD68+/CD163high/CD206high and CD44+

macrophages as CD68+/CD44+) and neutrophils (CD66b+/MMP-9+). (F) Representative images out of 34 acquired ROIs (n=8 PDAC) showing the
extracted signal contribution of Pan-Ck (green), CD68 (magenta), HLA-DR (blue) CD74 (gray), CD163 (cyan), CD206 (red) and CD44 (yellow). White
arrowheads indicate M1 macrophages as CD68+/HLA-DRhigh/CD74high, white arrows indicate M2 macrophages as CD68+/CD163high/CD206high, yellow
arrows indicate CD44+ macrophages as CD68+/CD44+. Bar: 200µm. (G) Results of the neighboring cell analysis, as heatmap, showing the average
percentage of each indicated cell subtype (Reference) that are in proximity (≤ 30mm distance) to each indicated cell subpopulations (Target).
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Analysis of the frequency of cells (Reference) in close proximity

(<30mm) with other cell types (Target) showed a preferential

neighboring of B cells to both CD4+ (72 ± 28% of B cells) and

CD8+ T cells (81 ± 21% of B cells) whereas no interaction was

observed between immune cells and PDAC, with the exception of a

weak association with CD44+ macrophages (59 ± 24% of cells vs all

the Tumor subtypes), M1-like macrophages (67 ± 20% of cells vs all

the Tumor subtypes) and neutrophils (65 ± 25% of cells vs all tumor

subtypes) (Figure 3G; Supplementary Figure 5).
3.4 Profiling of CAFs in PDAC

CAFs are tumor-promoting cells abundant in the ECM with a

multifaceted phenotype (49, 50) and promising targets for new

anticancer interventions (11, 51). In the present study, major efforts
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were therefore directed towards the identification of profiling

markers of the different functional activities of CAFs in PDAC.

Single-cell segmentation and PhenoGraph analysis identified

n=41339 total CAFs (33.8% on total cells, n=8 PDAC; range 21-

43.5% per PDAC tissue) annotated into 19 different subtypes, based

on the differential expression of CD44, CA-IX, CD74, S100A4,

aSMA, vimentin, FAP, desmin, cadherin-11, CD34, CD146,

podoplanin, collagen I, collagen 3A and PTX3 (Figure 4A;

Supplementary Figure 5A). As with immune cells, a phenotypic

heterogeneity in the CAF population was found among the

analyzed patients, although no specific CAF subtype was restricted

to individual patients (Supplementary Figure 5B). According to the

literature (49), most of the CAFs identified belonged to clusters 2

(12.7%, n=8; range 4.6-44.4%), 6 (26.4%, n=8; range 7-43.6%) and 15

(10.7%, n=8; range 2.4-30.6%) which express almost exclusively

aSMA and vimentin (Figures 4A, B) and correspond to
FIGURE 4

Profiling of CAFs in PDAC. (A) Dot plot showing each CAF marker average normalized expression and the relative percentage of positive cells, among
the annotated CAF subtypes. (B) Barplot showing the relative percentage of cells among the identified subtypes on total CAFs. (C) Representative images
out of 34 acquired ROIs (n=8 PDAC) of Pan-Ck (gray), vimentin (green) and aSMA (blue). Red arrows indicate cells co-expressing vimentin and aSMA.
Red arrowheads and yellow arrowheads indicate cell expressing vimentin or aSMA only. Bar, 200µm. (D) Representative images out of 34 acquired ROIs
(n=8 PDAC) showing the extracted signal contribution of Pan-Ck (gray), vimentin (green), aSMA (blue), CD31 (yellow), cadherin-11 (red) and CD146
(cyan). Red arrow indicates CD31+ blood vessel (yellow) covered by vimentin+/aSMA+/cadherin-11+/CD146+ pericytes. Bar, 200µm. (E) Representative
images out of 34 acquired ROIs (n=8 PDAC) showing the extracted signal contribution of Pan-Ck (gray), FAP (magenta), vimentin (green) and aSMA
(blue). Yellow arrowheads indicate CAFs co-expressing FAP, vimentin and aSMA surrounding Pan-Ck+ tumor cells. Bar, 200µm. (F) Representative
images out of 34 acquired ROIs (n=8 PDAC) showing the extracted signal contribution of Pan-Ck (gray), CD45 (red), CD74 (green) and HLA-DR
(magenta). White arrowheads indicate immune cells (CD45+) expressing CD74 and HLA-DR, while white arrows indicate CAFs (CD45-) expressing CD74
and HLA-DR. Bar: 200µm.
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myofibroblast-like CAFs (myCAFs). In a further dissection of

myCAFs, while CAFs 6 show a concomitant expression of aSMA

and vimentin (Figures 4A, C, red arrows), CAFs 2 and CAFs 15 were

expressing aSMA or vimentin alone, respectively (Figures 4A, C, red

arrowhead: aSMA+ CAFs 2; yellow arrowhead: vimentin+ CAFs 15).

Distinctly, the aSMA+ vimentin+ clusters CAFs 1 (1.2%, n=8; range

0.2-2.5%) and CAFs 3 (0.7%, n=8; range 0.2-2.9%) were patently

identified as pericytes, exhibiting the expression of markers of

mesenchymal origin, included cadherin-11 and CD146, and are

associated CD31+ ECs (Figure 4D). In addition to the expression of

aSMA and vimentin, CAFs 9 (6.3%, n=8; range 0.04-20.4%), 10

(3.5%, n=8; range 0.4-9.2%), 11 (4.8%, n=8; range 0.2-18%) and 14

(3.4%, n=8; range 0.3-12.9%) showed higher expression of FAP, also

in combination with S100A4 and PTX3 (CAFs 10) or cadherin-11

(CAFs 11), thus identifying phenotypically different subtypes and

emphasizing their functional evolution and plasticity in PDAC (e.g.

myCAF vs. inflammartory CAFs (iCAFs)) (52, 53) (Figure 4E).

Interestingly, FAP+ aSMA+ subtypes were localized closer to tumor

cells compared to the previously identified myCAFs (Figure 4E)

(average minimal distance from the tumor cells: CAFs 9, 29.7 ±

25.5µm, n=2591 cells; CAFs 10, 36.6 ± 60.2µm, n=1437 cells; CAFs

11, 32.5 ± 36.9µm, n=1980 cells; vs. CAFs 2, 68.0 ± 63.3µm, n=5254

cells; CAFs 6, 95.7 ± 108.0µm, n=10905 cells; CAFs 15, 61.3 ±

79.7µm; n=4430 cells; p-value < 10-15 KS test for all conditions), as

well as to the FAP+ aSMA- CAFs 14 subpopulation (56.4 ± 54.7µm,

n= 1389; p-value < 10-15 KS test). Other subtypes identified included

CAFs 19 distinguished by higher expression of desmin (2.0%, n=8;

range 0.3-4.7%) (Figures 4A, B); CAFs 16 (6.3%, n=8; range 3.2-

9.2%), the only cluster that showed a distinctive expression of CD74

and HLA-DR but lacking of CD45 expression (Figure 4F, white

arrows), thus suggesting the overt identification of CAFs having

immunological properties in PDAC, the so-called antigen-presenting

CAFs (apCAFs) (54); the poorly represented CAFs 18 (1.1%, n=8;

range 0.04-4.7%) and CAFs 8 (3.5%, n=8; range 0.3-6.7%) expressed

high levels of CD44, alone (CAFs 18), or in combination with

elevated aSMA and Vimentin (CAF 8) (Figures 4A, B); CAFs 5

(1.5%, n=8; range 0-7.7%), CAFs 7 (1.8%, n=8; range 0.2-7.2%) and

CAFs 12 (2.8%, n=8; range 0-15.2%) showed expression of

podoplanin, a well-defined CAF predictive marker of PDAC

progression (55), in combination with aSMA (CAFs 5), aSMA and

vimentin (CAFs 7), or with aSMA and vimentin and cadherin-11

(CAFs 12), (Figures 4A, B). In contrast to proteomic studies on CAFs

in breast cancer (56), no consistent association between CD34

expression and CAFs was observed (Figure 4A). As expected, many

of the clusters of CAFs that included CAFs 2, 6, 11, 12 and 13

(Figure 4A), were associated with collagen I and 3A, pointing to

them as major players involved in a continuous interaction with the

regions of the tumor tissue associated with deposition and

remodeling of ECM (57).

A spatial association between cell subpopulations was evaluated

by neighboring analysis, highlighting pairwise association between

specific cell types, and neighborhood enrichment, aimed to identify

larger regions homogeneous in cell composition (Figure 5). In

association with a high phenotype diversity of CAFs, neighboring

cell analysis revealed the presence of high heterogeneity in their
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spatial relationship with other cells in PDAC (Figure 5A). Except

for CAFs 6, which showed an association with CAFs 2, 4, 8, 13 and

16 (fraction of CAFs 6 neighboring CAFs 2, 51 ± 27%; CAFs 4, 30 ±

19%; CAFs 8, 34 ± 18%; CAFs 13, 36 ± 23%; CAFs 16, 50 ± 20%; n=

10905 cells), no specific relationship was found between them. As

expected, CAFs 1 and 3, identified as aSMA+ vimentin+ CD146+

pericytes, (Figures 4A, D) were spatially associated with ECs

(Figure 5A). In particular, CAFs 1 significantly associated with

CD146+ and collagen IV+ CD31+ ECs (Figure 1E; Supplementary

Figure 5, score 0.57 ± 0.51), thus suggesting a role in controlling

blood vessel functionality.

In addition, CAF FAP+ subtypes (CAFs 9, 10 and 11)

preferentially localized in proximity with Pan-CK+ cells (CAFs 9

86 ± 10%, n=2575 cells; CAFs 10 76 ± 19%, n=1405 cells; CAFs 11

80 ± 17%, n=1929 cells) (Figure 5A).

A consistent spatial association between CAFs and immune cells

was observed (Figure 5A). Considering the subtypes of immune cells

identified (Figures 5B, C), CAFs 1 and CAFs 3, identified as pericytes,

showed an interaction, respectively, with CD4+ T cells (Figure 5B,

score 0.07 ± 0.47) and myeloid cells (Figure 5B, score 0.14 ± 0.38).

Moreover, CAFs 3 were associated with CD44+ macrophages

(Figure 5C, score 0.29 ± 0.49) and M2-like macrophages

(Figure 5C, score 0.43 ± 0.53). Of note, CAFs 1 and 3 mainly differ

by the expression of cadherin-11 (Figure 1E), whose expression has

been associated to anti-tumor immune response in a genetic mouse

model of PDAC (58). Similarly, podoplanin+ CAFs 7 were found in

association with CD4+ T cells (Figure 5B, score 0.06 ± 0.44) and

CD44+ macrophages (Figure 5B, 0.06 ± 0.25). FAP+ CAFs 10 and 11

interacted preferentially with CD44+ macrophages (Figure 5B, CAFs

10, score 0.04 ± 0.36; CAFs 11, score 0.1 ± 0.3) while FAP+ CAFs 14

showed relationship withM1-like macrophages (Figure 5B, score 0.11

± 0.47). These CAF subtypes were observed in the peritumoral niche

around Pan-Ck+ cells, in correspondence with an enrichment of

macrophages (Figures 3H, 4G, E). As evidence for an identification of

a CAF cluster with immunoregulatory properties (apCAFs) in PDAC,

CD4+ T cells were observed significantly close to CAFs 16 (Figure 5C,

score 0.09 ± 0.445).

We then investigated the presence of patterns of localized

enrichment resulting in the identification of 10 classes of regions

similar in cellular composition (neighborhoods, Figures 5D, E).

Thus, each ROI can be divided into sub-regions highlighting spatial

adjacent cells belonging to different spatial context (59) (Figure 5D).

The analysis shows that regions identified as tumor-stroma

interface are particularly enriched of FAP+ CAFs 10 and CAFs 11

(padj<0.001, Figure 5E; Supplementary Table 3), in agreement with

the evidence resulting from the neighboring analysis (Figures 4E,

5A). In addition, CAFs 1, expressing pericyte markers, were

enriched in perivascular region (padj<0.001). We also identified

three neighborhoods of immune cells, enriched either in B cells and

CD8+ T cells (Lymphoid Cell Enriched Stroma), or neutrophils and

CD44+ and M1-like macrophages (Myeloid Enriched Stroma 1) or

myeloid cells and CD44+ macrophages (Myeloid Enriched Stroma

2), with distinct spatial distribution in the ROIs (Figures 5D, E).

Several CAF subtypes were associated with the immune enriched

neighborhoods. Among them, apCAFs (CAFs 16) were associated
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with Lymphoid Cell Enriched Stroma and Myeloid Cell Enriched

Stroma 2 (padj<0.001, Figure 5D; Supplementary Table 3).

To evaluate an association between CAF subtypes and PDAC

progression, we evaluate their distribution in patients with

circulating levels of carbohydrate antigen 19-9 (CA19-9) (60),

disease-free survival (DFS) and survival status (Supplementary

Table 1). We divided patients into high CA19-9 (n=5) and low

CA19-9 (n=3), setting a threshold level of 100IU/L, as previously
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reported (61). We found that FAP+ CAFs, namely CAFs 9, CAFs 10,

CAFs 11 and CAFs 14, as well as podoplanin+ cadherin-11+ CAFs12

were enriched in patients with higher level of CA19-9 (padj<0.001)

(Figures 6A, D–F; Supplementary Figure 6A). Interestingly, CAFs

12, as well as podoplanin+ CAFs 5 are also associated with a worst

DFS (n= 4 patients, DFS<13.5 months, padj <0.001) (Figures 6B, D;

Supplementary Figure 6B). Similarly, CAFs 12 were associated to a

shorter survival (n=3 patients, survival<18 months, padj<0.001)
FIGURE 5

Neighborhood analysis of CAFs in PDAC. (A) Results of the single cell neighboring analysis, as heatmap, showing the average percentage of each
indicated cell subtype (Reference) that are in proximity (≤ 30mm radius) to cells of each indicated subpopulation (Target). (B) Heatmap showing the
average proximity score for each pair of cell phenotypic subpopulations of CAF (Reference) to immune cells (Target). Positive (red) or negative (blue)
values indicate that a specific pair of phenotypes is neighboring significantly more often or significantly less often, respectively, than expected from a
randomized placement, as described in Material and Methods. 30mm radius is considered for cell-to-cell proximity, as in (A). (C) Heatmap, showing
the average proximity score for each pair of cell phenotypic subpopulations, as in B, assuming immune cells as Reference populations and CAF
subtypes as Target. (D) Representative spatial distribution of cellular neighborhoods, identified as regions with similar cellular composition, as
described in Material and Methods, into two different ROIs (out of n=34). Each dot represents the center of mass of a single cell, dot color
corresponds to annotated neighborhood, as in legend. Annotation was performed based on enrichment analysis reported in Supplementary Table 3.
(E) Relative abundance of cellular populations across the annotated cellular neighborhoods as in (D) Values are normalized by column.
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(Figures 6C, D; Supplementary Figure 6C). Higher frequency of

CAFs 12 (81%) was found in the metastatic patient #1. Figure 6F

show the concomitant infiltration of podoplanin+ cadherin-11-

CAFs 5 (white arrow) and podoplanin+ cadherin-11+ CAFs 12

(white arrowheads), close to tumor cells. Finally, CAFs 1, expressing

the conventional pericyte markers, are associated with higher

CA19-9 levels and worst patients prognosis (padj<0.001)

(Figures 6A-D; Supplementary Figure 6). On the other hand,

CD44+ CAFs 8, vimentin+ CAFs 15 and apCAFs (CAFs 16) are

associated with lower CA19-9 levels, as well as longer DFS and

survival (padj<0.001) (Figures 6A-D; Supplementary Figure 6).

Overall, single-cell resolution IMC analyses shed light on the

phenotypic and spatial complexity of associated PDAC infiltrating

CAFs, reflecting their possible functional differences that contribute

to disease progression.
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4 Discussion

Over the last years, several transcriptomic studies described the

heterogeneity of CAFs in PDAC, underlying their pivotal role in

disease progression and resistance to therapy. Analyses of gene

expression profile and spatial location led to the identification of

three main CAF subtypes, named myCAFs, iCAFs and apCAFs (52,

62, 63). Although transcriptomic approaches have the potential to

identify thousands of genes and new signatures in tissues, a

correlation between mRNA and protein can be limited by several

factors, including post-transcriptional machinery (64). For this

reason, several studies combined single-cell RNA analysis and

multiplexed imaging to provide a comprehensive analysis of

diseased tissue. Recent studies report the relevance of using IMC

complementary to transcriptomics for the purpose of defining the
FIGURE 6

Association between CAFs and patients’ levels of CA19-9, disease-free survival and survival status. (A-C) Barplot showing frequency of each CAF
subpopulation in association with patients’ pre-operative levels of CA19-9 [(A), blue >100IU/l, green ≤100IU/l], disease-free survival [(B), blue ≤13.5
months, green >13.5 months] and overall survival [(C), blue ≤18 months, green >18 months) (PDAC n=8 total)]. Data are reported as frequency
normalized over the total number of cells in each CAF group and annotated according to patient status. Number of patient in each group is reported
in legend. (D) Relative enrichment score of each CAF subtype in the good (red) or bad (lightblue) prognosis group for three different clinical
parameters as above. Higher absolute values correspond to more significant enrichment, values closer to zero are less significant. P-value adjusted >
0.001 are set to enrichment 0. (E) Representative images out of 34 acquired ROIs (n=8 PDAC) showing the extracted signal contribution of Pan-Ck
(yellow), FAP (green), aSMA (magenta) and vimentin (cyan). White arrowheads indicate CAFs co-expressing FAP, vimentin and aSMA surrounding
Pan-Ck+ tumor cells. Bar, 200µm. (F) Representative images out of 34 acquired ROIs (n=8 PDAC) showing the extracted signal contribution of Pan-
Ck (yellow), cadherin-11 (green) and podoplanin (magenta) (Upper panel). White arrows and arrowheads in close up images (lower panel) show
podoplanin+ CAFs and cadherin-11+ podoplanin+ CAFs, respectively. Bar, 200µm.
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phenotype of cell subpopulations previously revealed by

transcriptional approaches (54, 56, 65). On the other hand, while

transcriptomic analysis has provided important information on the

molecular pathways involved in the activation and differentiation of

CAFs in PDAC, only a few studies have investigated their

phenotype profiling by protein detection.

In the present work, we applied IMC to investigate cellular

composition of 8 PDAC patients. By using a 31-antibody panel,

IMC allowed us to describe the tissue architecture, identifying

different subtypes of cancer cells, immune cells, ECs and CAFs. In

addition, neighborhood analysis implemented the phenotypic data,

providing information about the spatial localization of distinct

cellular subtypes and their relationship within tumor tissue.

PDACs are characterized by a marked degree of both inter-

tumor and intra-tumor heterogeneity in the histomorphology of

tumor cells (66). These morphological differences coexist in the

same tissues and are associated with distinct gene profiles and

generally correlate with disease outcome (67, 68). In addition,

morphological heterogeneity can be randomly observed even

between immediately adjacent tumor cells, with a gradual

transition from one morphological type to another (66). Recently,

the concept of morpho-biotypes has been introduced to describe the

diverse morphological and spatial organization of PDAC cells with

different gene expression profiles, leading to the classification of

PDAC into “glandular”, “transitional” and “undifferentiated” (69).

In our IMC analysis, we identified 7 different tumor cell subtypes.

Beside the common expression of Pan-Ck, tumor cells were

characterized by the expression of markers associated with tumor

progression, epithelial-to-mesenchymal transition, and resistance to

therapy, such as CD44, S100A4 and CA-IX (41, 70, 71). As reported

(72) we also observed a marked degree of inter-tumor variability,

with some subtypes of tumor cells whose expression was limited to

specific patients in our cohort. We identified a subset of tumor cells

expressing Pan-Ck, Ck-7 and PTX3, associated with the only two

patients in our cohort having distant metastasis at the time of the

diagnosis and surgery. Interestingly, a cancer-derived PTX3

production has been associated with tumor progression in several

type of cancer, including melanoma, cervical cancer, hepatocellular

carcinoma and glioma (44, 45, 73, 74), possible consequence of its

role in remodeling ECM (75–77) that occurs in acidic

microenvironments (76), an hallmark in cancer (78).

PDAC is generally considered an “immunologically cold” tumor,

showing intrinsic properties that lead to the evasion of an effective

immune response (79, 80). Almost 90% of PDACs show mutation in

KRAS, which is associated to the secretion of granulocyte-

macrophages colony-stimulating factor (GM-CSF) and the

consequent recruitment of immunosuppressive myeloid cells, as

well as the upregulation of programmed death ligand-1 (PD-L1)

(81, 82). In addition, the recruitment of regulatory immune cells and

the secretion of chemokine and cytokine, such as CXCL12, IL-10 and

TGFb, contribute to the generation of an immunosuppressive

microenvironment (83). However, we identified that PDAC is

predominantly accompanied by infiltration of M2-like

macrophages, consistent with their association with tumor

progression, recurrence and metastatic spread in PDAC patients

(46). In addition, we identified a distinct population of CD44+
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macrophages. Recently, CD44+ macrophages have been described

in PDAC tissue as a subtype of HLA-DRLow macrophages enriched

in the vascular niche and possibly promoting neovascularization

(24). Our analysis confirmed the presence of this phenotype, with

lower HLA-DR expression compared to M1-like macrophages:

differently, we found that, compared to the other immune cells,

CD44+ macrophages, together with M1-like macrophages and

neutrophils, are the only immune cells showing a weak spatial

interaction with tumor cells. Moreover, our neighborhood analysis

(Figures 3G, 5D) showed that immune cells are generally excluded

from tumor cell-enriched areas, confirming the immune suppressive

microenvironment of PDAC tissue.

As widely described (12, 49, 84), CAFs play a pivotal role in the

PDAC development and therapeutic response, by regulating the

composition and the structure of the ECM, contributing to

the generation of an immune-suppressive environment and

influencing PDAC cell proliferation, invasion and drug resistance

(11, 84). CAFs have been classified on the basis of their phenotype

and function into myCAFs, having high expression of aSMA and

located in proximity to tumor cells, iCAFs, showing IL-6high

inflammatory feature and located away from neoplastic cells, and

apCAFs, expressing MHC-II and CD74, whose function is still

matter of study (49, 54). Beside this classification, a variety of

markers have been used to define CAFs, but most of them are

shared among CAF and non-CAF cell type, thus requiring a further

identification of subtype specific markers (85). In our study, we

combined the expression of 11 established CAF markers (56, 65),

resulting in the definition of 19 different CAF subtypes having

distinct phenotype, tissue localization and relationship with other

cells. We found that the vast majority of CAFs expressed aSMA and

vimentin, thus suggesting the identification of the myCAF

phenotype. aSMA+ Vimentin+ myCAFs can be further

distinguished into distinct subtypes, based on the differential

expression of other CAF markers, such as CD146, S100A4,

podoplanin, FAP, CD44 and cadherin-11. aSMA and vimentin

can be concomitantly (CAFs 6) or alternatively expressed (CAFs 2

and CAFs 15). Recently, it has been demonstrated that higher

vimentin expression in CAFs is associated with a significantly

shorter patient survival. In addition, CAFs expressing vimentin

alone, without the expression of aSMA, represent an independent

predictor of poor prognosis (86). In addition to myCAFs, we

identified a subtype of CAF expressing CD74 and HLA-DR

(CAFs 16), likely corresponding to apCAFs (54). Unlike

professional antigen-presenting cells, apCAFs did not express

costimulatory molecules, such as CD40, CD80 and CD86: it has

been hypothesized that MHC-II expressed by apCAFs might act as a

decoy receptor for CD4+ T cells, inhibiting their clonal expansion,

inducing anergy and promoting differentiation into T-regulatory

cells, thus contributing to the generation of an immunosuppressive

microenvironment (62, 87). In line with this observation, our

neighborhood analysis revealed a spatial relationship between

CD4+ T cells and CAFs 16 (apCAFs), suggesting a possible

immunomodulatory activity.

Generally, CAFs localized in proximity to different immune

cell-enriched regions associated with M2-like macrophages, CD44+

macrophages, T cells and myeloid cells. Recently, in mouse models
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of PDAC, is has been demonstrated that Cdh11 deficiency alters the

molecular profile of fibroblasts, reduces the expression of

immunosuppressive cytokines and increases the anti-tumor

immunity (58, 88).

Podoplanin has emerged as a robust marker for CAFs in PDAC,

showing a correlation with worst patients’ prognosis (54, 89). More

recently, it has been described a role of podoplanin-positive CAFs in

the regulation of immune cell infiltration in PDAC and other

tumors (90, 91). In our study, we identified 3 different CAF

subtypes expressing podoplanin: among them, CAFs 7 also

showed a significant spatial relationship with CD4+ T cells and

CD44+ macrophages, suggesting a possible immune modulatory

activity of this CAF population.

FAP is considered another well-defined CAF marker in PDAC.

FAP+ CAFs are the main repository for CXCL12 in PDAC tumor

microenvironment: CXCL12 promotes T cell spatial exclusion, and

pharmacological inhibition of CXCL12-CXCR4 interaction results

in T cell accumulation in tumor tissue and fostering of immune

checkpoint blockade (92). In addition, FAP+ CAFs contribute to

ECM desmoplasia, leading to the formation of a dense ECM which

limit T cell proximity to PDAC tumor cells (93–96). In our analysis,

we found 4 distinct CAF subtypes expressing FAP (CAFs 9, 10, 11

and 14): among this, CAFs 10 and 11 were the only CAF subtypes

significantly enriched in tumor-stroma interface region and strictly

associated to tumor cells. Moreover, we observed a significant

spatial relationship between CAFs 10 and CD44+ macrophages,

possibly regulating their recruitment and activity. Given the

described role of FAP+ CAFs in regulating desmoplastic reaction

and CD44+ macrophages as highly phagocytic cells, in an attempt to

speculate these cells can cooperate to a ECM remodeling niche that

promotes tumor cell invasion and PDAC progression (42, 94, 97).

CA19-9 is a validated marker to establish PDAC progression,

with a good sensitivity (61, 98). Even if the number of patients

included in this study is not sufficient to provide reliable correlation

between CAF subtypes and patients prognosis, we report that CAFs

expressing different combination of FAP, podoplanin and cadherin-

11, were associated with higher level of CA19-9.

Recently, expression of aSMA by pericytes, induced by cancer

cell-derived exosomes, has been associated with an alteration to the

morphology and bio-mechanical properties of pericytes, which

significantly correlate with vascular leakiness and hypoxia in

PDAC (99), thus compromising the stability of tumor vasculature

and hence affecting therapy efficacy. Interestingly, CAFs 1, which

expressed higher levels of aSMA compared to the other identified

pericyte subtype (CAFs 3), were enriched in perivascular regions,

and resulted associated with a worst patients conditions.

In addition to CAFs 1, CAFs 12 cells, expressing podoplanin

and cadherin-11, are associated with higher levels of CA19-9 as well

as shorter DFS and overall survival. This result is in accordance with

the recently observed association between the expression of

podoplanin and cadherin-11 and the expansion of mesothelial

cells that contribute to stromal deposition and desmoplastic

reaction in early neoplastic lesions in mouse (87). In our cohort,

majority of CAFs 12 were expressed by the metastatic patient#1,

suggesting a possible correlation with PDAC metastatic capability.

In line with this observation, podoplanin expression by CAFs has
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been associated with PDAC progression and invasion (55). On the

other side, CAFs 15 and CAFs 16 are associated with lower CA19-9

levels and better patient prognosis. As previously reported, we

identified CAFs 16 as apCAFs, based on the concomitant

expression of CD74 and HLA-DR (54). Although apCAFs have

been generally linked to the generation of an immunomodulatory

microenvironment (62, 87), they may exert more complicated

immune-regulating functions. For example, in breast cancer,

MHC-II+ CAFs were associated with T regulatory cells and

resistance to immunotherapy but also correlated with patient

survival (100–102). In addition, in lung cancer, MHC-II+ CAFs

enhanced CD4+ T cell cancer immunity (103).

In conclusion, our IMC analysis provided an overview of the

complexity of the PDAC tumor microenvironments, showing

how cancer and stromal cells with different phenotypic

characteristics co-exist within the same tissue. In particular,

the classification of 19 distinct CAF subtypes, characterized by

different combination of fibroblast markers and by a peculiar

spatial localization and relationship with surrounding cells,

underlies the high plasticity of CAFs in PDAC and their

complex role in PDAC progression, leading to the potential

identification of new targets for the diagnosis and the treatment

of PDAC patients.
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Case report: Non-invasive cyto-
salivary sampling and biomarker
detection via ELISA versus
histopathology for diagnosing
oral potentially malignant
disorders - Insights from a
case-control study
Federico Rebaudi1, Alberto Rebaudi2, Alfredo De Rosa3,
Alberto Luigi Rebaudi2, Silvia Pesce1,4, Marco Greppi1,
Marco Roghi5, Maurizio Boggio4, Simona Candiani4,6

and Emanuela Marcenaro1,4*

1Department of Experimental Medicine (DIMES), University of Genoa, Genoa, Italy, 2Private Practice,
Genova, Italy, 3Multidisciplinary Department of Medical-Surgical and Dental Specialties, University of
Campania “Luigi Vanvitelli”, Naples, Italy, 4IRCCS Ospedale Policlinico San Martino, Genoa, Italy,
5Department of Oral Pathology, Istituto Stomatologico Italiano, Milan, Italy, 6Department of Earth,
Environmental and Life Sciences (DISTAV), University of Genoa, Genoa, Italy
Oral leukoplakia is classified among oral potentially malignant disorders (OPMDs)

by theWorld Health Organization (WHO). The visual oral examination (VOE) is the

most used method for identifying lesions in their early stages. Given that the

diagnosis of oral cancer is often late, there is an urgent need for early detection

and examination of oral lesions. Surgical biopsy represents the gold standard as a

diagnostic method, but because it is invasive, it cannot be repeated for periodic

checks. We report the case of a lesion on the buccal mucosa of a 65-year-old

male patient with a malignant appearance. The patient underwent a novel non-

invasive cyto-salivary sampling and ELISA immunoassay for tumor biomarker

detection and biopsy with histopathological analysis. The rapid ELISA test results

excluded signs of malignancy, providing valuable insights into the lesion’s

immunophenotypic profile, which were consistent with the histopathological

examination findings. This case report highlights the clinical and

histopathological characteristics of a lesion with the aspect of Proliferative

Verrucous Leukoplakia (PVL), emphasizing its challenging diagnosis and

management. The integration of non-invasive cytobrush sampling with

biomarker analysis proved valuable in detecting specific tumor biomarkers,

potentially indicating ongoing tumor transformation. Monitoring these markers
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over time could enhance early detection and management strategies, thereby

improving patient outcomes. This approach underscores the utility of non-

invasive techniques in phenotyping oral lesions and supporting clinical

decision-making in oral medicine.
KEYWORDS

oral potentially malignant disorders, cytobrush sampling, biomarker analysis,
histopathology, immune checkpoints
1 Introduction

Leukoplakia is the most common and studied white oral lesion,

classified as an oral potentially malignant disorder (OPMD).

The World Health Organization (WHO) defines leukoplakia as

“a predominantly white plaque of questionable risk, having

excluded other known diseases or disorders that carry no increased

risk for cancer.” The global prevalence of leukoplakia in the adult

population is approximately 4.11% (1). Clinically, leukoplakia is

diagnosed by excluding other white lesions with distinct

clinicopathological characteristics. There are two main variants:

homogeneous leukoplakia and non-homogeneous leukoplakia. The

latter generally carries a higher risk of neoplastic transformation and

exhibits varying features based on color and surface texture (2). To

diagnose leukoplakia accurately, it is essential to exclude other well-

defined pathologies associated with specific risk factors. These include

frictional keratosis linked to persistent local trauma, tobacco pouch

keratosis often found in smokers, and oral candidiasis. Experts

emphasize that the initial diagnosis of leukoplakia is provisional

and should be confirmed through histopathological analysis (3). A

particularly aggressive form of leukoplakia is Proliferative Verrucous

Leukoplakia (PVL), which is associated with a higher risk of

neoplastic progression. PVL often begins as one or multiple

leukoplakias that gradually enlarge, eventually merging into a single

large lesion (4). Clinically, it is characterized by the gradual,

continuous expansion of alterations on the oral mucosal surface,

typically keratinized, which can develop varied textures and, in some

cases, nodular formations that may harden over time. While there is

no single histopathological definition for PVL, clinical and

histological correlation is crucial for diagnosis. Accurate

photographic documentation should be collected before performing

a biopsy to assist the pathologist in correlating clinical and

histopathological features. PVL predominantly affects females,

particularly the elderly (5). It is important to note that these lesions

have a tendency toward malignant progression in about 50% of cases,

with carcinomas potentially developing in non-contiguous

areas, particularly in the gingiva, alveolar mucosa, buccal mucosa,

palate, and dorsal tongue (6). Patients with PVL should be monitored

over time, and biopsies should be performed in areas that are more

verrucous or nodular to exclude potential dysplasia or cancerization.

Managing these rare leukoplakias is challenging, as they are often
0292
large and multifocal, complicating surgical eradication. Various

treatment modalities have been described, including photodynamic

therapy, laser ablation, and medical therapies, though with limited

success (7, 8). Surgical removal is considered the treatment of choice,

despite a recurrence rate of 71.2% (9). The purpose of this study is

to correlate results obtained from a non-invasive cytobrush sampling,

developed using a high-sensitivity ELISA technique for the

detection of six tumor biomarkers, with findings from traditional

histopathological analyses (10).
2 Case description

A 65-year-old male patient presented with a cauliflower-like

growth on the buccal mucosa that had developed approximately

two months before the visit. Initially, the patient underestimated the

lesion’s significance and delayed seeking medical attention.

Concerned about the rapid growth of the lesion, he consulted his

general practitioner, who ordered hematological tests and referred

him for a dental examination. The patient was generally healthy,

although he had a significant smoking history of 20 cigarettes per

day for 30 years and was a moderate drinker, consuming about one

glass of wine per meal. General clinical and hematological tests

revealed no abnormalities. During the specialist examination, an

extensive lesion in the fornix mucosa was noted in the upper right

quadrant, corresponding to teeth positions 14, 15, 16, and 17. A

removable partial resin prosthesis with metal retention clips was

present in the lesion area. The patient was advised to remove the

prosthesis to prevent further irritation of the lesion. Palpation of the

perioral and neck glands was unremarkable, and the patient

reported no additional local symptoms. Despite the presence of

the partial removable prosthesis, he experienced minimal

discomfort, only noting the growth of the mass. Clinical

examination revealed a large lesion measuring approximately 1.5

x 1.3 cm, exhibiting a papillomatous, verruciform, and irregular

appearance, as shown in Figure 1A. The lesion had well-defined

borders, multiple new growths, and was predominantly white with

some red areas. It was located on the buccal mucosa adjacent to the

right maxillary premolar and first molar. The patient had no other

oral or extraoral lesions. Two biopsies were performed: a non-

invasive cytobrush sampling for biomarker analysis followed by an
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excisional biopsy of the entire lesion. After rinsing the patient’s

mouth with saline, a cytosalivary sample was obtained using a

cytobrush. Following the method described by Rebaudi et al., the

cytobrush was gently rubbed with mild pressure and rotation over

the lesion to collect cells and tissue fragments through exfoliation,

taking care to avoid bleeding. The cytobrush tip was then placed

into sealed Eppendorf vials, cataloged, and stored at 0-4°C before

being sent to the laboratory in a refrigerated thermal box (10).

Given that the lesion was less than 2 cm in size and lacked ulcerative

necrotic features, it was decided to proceed with an excisional

biopsy of the entire mass. After administering local anesthesia

(Septodont, France), surgical excision was performed using a cold

scalpel blade no. 15 (Hu Friedy, Chicago, USA). Silk sutures

(Ethicon Inc., Somerville, New Jersey) were used for proper

wound closure. The biopsy specimen, measuring 2 x 1.5 x 0.6 cm

(Figure 1B), was placed in 10% formalin solution and sent to the

pathologist for histopathological analysis.
2.1 Analysis

The analysis of biomarkers expressed by tissue fragments

collected from an oral lesion through a cytobrush biopsy was

conducted using two different disposable Stark Oral Screening®

test kits (Stark S.a.r.l.):
Fron
-Stark Oral Screening Quantitative Metabolic (REF:

SOSFMTCKIT) for the detection of EGFR, p53, and Ki67.

-Stark Oral Screening Quantitative NK Time (REF:

SOSBHPDQNT) for the detection of B7-H6, PD-L1, and

HLA-E.
After sampling the oral mucosa, the cytobrush is immersed in a

lysis buffer, and the resulting protein suspension is analyzed. This

test serves as a diagnostic aid and is processed automatically by a

tabletop device (Femtohunter®) using the ELISA technique. The
tiers in Immunology 0393
Stark Oral Screening® test is an in vitro diagnostic (IVD) tool that

provides both qualitative and quantitative results based on a

bioluminescent signal response, with a limit of detection (LOD)

of 20 femtograms/microliter. Each chemiluminescent signal (S)

detected by the Femtohunter® device is calibrated against the

background noise (N), which is generated by non-specific

luminescence on a control polyvinylidene difluoride (PVDF)

membrane. The N value is subtracted from the S value detected

on the PVDF membrane designated for the marker. A positive

result (S - N > 0) indicates a specific signal for the target marker,

confirming its presence in the sample. The positive value S is then

divided by N to calculate a multiplication factor, allowing the

operator to determine how many times the specific signal S is

stronger than the background noise N (Signal-to-Noise ratio). The

resulting S/N value is referred to as the FM (multiplication factor for

the Femtohunter®) and is included in the Femtohunter® FM

patient report. We observed the reproducibility of the results in

previous applications of this test. This was done on a large cohort of

patients with samples recovered at different time points (10).

The cytobrush analysis revealed the presence of 4 out of 6

biomarkers, with Femtohunter® FM values greater than or equal to

the cutoff of 1.2. Specifically, two biomarkers, p53 and B7-H6, were

negative, showing FM values below 1.2. Among the positive

biomarkers, EGFR and HLA-E demonstrated clear positivity, with

FM values of 1.6. Ki67 and PD-L1 were weakly positive, with values

of 1.2 and 1.3, respectively. Therefore, the test is considered negative

for malignant tumors, as the FM values for some biomarkers were

below 1.2 (Figure 2).

Histopathological analysis of the mucosectomy specimen

revealed submucosal tissue containing adipose and stretched

muscular components. The surface exhibited a keratotic exophytic

lesion composed of papillomatous epithelial projections, some of

which were blunt and featured keratin-rich invaginations

(“tapping”), without evident fibrovascular papillae. The squamous

epithelium appeared thickened, intermittently para-keratotic, and

acanthotic. Epithelial ridges displayed mild atypia and rare mitotic
FIGURE 1

(A) Clinical picture showing the lesion (B) Excisional biopsy of the lesion immediately following surgery, (C) Healing of the biopsy site at 6-month
follow-up.
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figures, with a tendency toward convergence and fusion. Although

basal hyperplasia was not observed, focal cytopathic changes

suggestive of viral infection (“koilocytosis”) were present.

Based on the clinical and histological findings, a diagnosis of

lesion with the aspect of Proliferative Verrucous Leukoplakia (PVL)

was established (Figure 3). A clinical follow-up at six months

showed complete healing of the sampling site with no signs of

local recurrence (Figure 1C). Despite the absence of clinical

indications of recurrence, ongoing monitoring of the patient is

essential to ensure that future recurrences do not occur.
Frontiers in Immunology 0494
3 Discussion

Currently, there are no scientifically endorsed systems capable of

identifying lesions in their early stages of tumor development (11)

other than the traditional clinical Visual Oral Examination (VOE).

Surgical biopsy remains the most effective method for collecting

tissue for diagnosis (12) and is considered the gold standard.

However, this method is invasive and cannot be performed

repeatedly for follow-up checks, particularly in cases of large

lesions that cannot be completely excised. Additionally, a biopsy
FIGURE 2

Chemiluminescent Phenotype of a lesion with aspect of Proliferative Verrucous Leukoplakia, 4 out of 6 biomarkers are positive (FM > than 1.2).
FIGURE 3

Histopathological image of the lesion with aspect of Proliferative Verrucous Leukoplakia showing pseudoinvasive aspects (Pa), hyperkeratosis and
papillomatosis (HP), and chronic inflammatory infiltrate (Ci). (A) scale bar in (A) = 250 mm, scale bar in (B, C) = 100 mm.
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only reflects a portion of the lesion, depending on the surgeon’s

discretion. The advantage of cytobrush sampling is its ability to detect

tumor markers throughout the lesion, as sampling can encompass the

entire lesion and its margins. Furthermore, since the cytobrush is a

non-invasive method, it can be repeated periodically for monitoring.

The case presented in this article examines the clinical and

histopathological aspects of an irregular, cauliflower-like lesion with

a papillomatous verruciform appearance. Proliferative Verrucous

Leukoplakia (PVL) is a relatively uncommon condition with a

higher prevalence in elderly women. A hallmark of this condition

is its constant growth, which can occur even in non-contiguous areas,

with a high estimated risk of cancerization at 50% (13). The

histopathological diagnosis is challenging because there is no

unique definition for this form of leukoplakia; clinical and

histological correlation is essential for an accurate diagnosis (5, 6).

The role of human papillomavirus (HPV) in this type of lesion is

controversial. Some studies, such as those by Palefsky et al. (1995)

(14), have detected HPV in many PVL cases, while others have found

no evidence of HPV in PVL (15, 16). In the case described,

histopathological analysis revealed the presence of HPV,

characterized by focal, attenuated cytopathic features suggestive of

viral infection, known as “koilocytosis.” Since this lesion could not be

classified as PVL due to incomplete clinical and histopathological

correspondence, it was categorized as a lesion with aspects of PVL.

The Femtohunter® is an automatic ELISA developer device that

performs chemiluminescence analysis on samples taken by cytobrush

and submitted to the Stark Oral Screening® IVD test. Results are

provided as a graphical image (Figure 2), along with analytical data of

the markers, and a patient report is printed. The Stark Oral

Screening® test is a patient-side in vitro diagnostic (IVD) and

quantitative test based on bioluminescent signal response (10). The

biomarker analysis of the cytobrush revealed the presence of 4 out

of 6 positive biomarkers. These biomarkers were considered

positive because their FM values were greater than or equal to the

cutoff of 1.2. Two biomarkers, p53 (FM 0.6) and B7-H6 (FM 0.7),

were negative. Among the positive biomarkers, EGFR and HLA-E

showed clear positivity, with FM values of 1.6. Ki67 and PD-L1

exhibited weak positivity, with values of 1.2 and 1.3, respectively.

The test results indicate a negative outcome for a malignant

tumor, as a positive diagnosis requires all six biomarkers to

have FM values greater than 1.2 (10). Analyzing the Individual

Markers in Detail:
Fron
-PD-L1 is a transmembrane protein expressed in various types

of tumors, including Oral Squamous Cell Carcinoma (OSCC)

(17, 18). When bound to the inhibitory checkpoint PD-1

(originally identified on T cells and more recently on NK

cells), PD-L1 compromises the ability of cytotoxic immune

cells to eliminate the tumor (19–21). Pharmacological

treatments exist that inhibit the PD-1/PD-L1 axis, leading to

improved survival in OSCC patients (22). The presence of PD-

L1 in OPMDs has been documented in several studies (23, 24).

Notably, a study by Dave et al. (25) demonstrated that PD-L1

could be present in a precancerous lesion even years before
tiers in Immunology 0595
potential malignant transformation, aligning with our findings

of weak but detectable expression of this marker (FM 1.3).

-Moderately elevated expression of Ki67 has been reported by

Fettig et al. (2000) (26) in a study analyzing 10 cases of PVL.

In this study, Ki67 expression was not correlated with the level

of epithelial alterations. In another study involving 12

patients, Gouvea et al. (2010) (27) found Ki67 expression in

PVL lesions. Our case also exhibited low positivity for this

marker, consistent with the aforementioned studies (FM 1.2).

-EGFR is a transmembrane receptor that regulates signaling

involved in cell proliferation and differentiation. Numerous

studies have shown that leukoplakia often exhibits

overexpression of EGFR, which correlates with a higher risk

of malignant transformation (28). This suggests that EGFR

could serve as a biological marker for identifying high-risk

subgroups of OPMDs (29). In our case, we observed high

levels of EGFR expression (FM 1.6).

-Altered expression of HLA-E, the ligand for the inhibitory

checkpoint NKG2A (found on NK cells), has been noted in

oral inflammatory/pre-tumoral conditions (17, 24, 30). The

expression of molecules such as HLA-E and PD-L1 is

independent of the oral lesion’s histopathological grade;

levels of these molecules are comparable in OPMDs and

oral squamous cell carcinomas (24), with FM 1.6 in our case.

-B7-H6 (31), a member of the B7 family of immune modulators,

was originally identified as a ligand for NKp30 (32), a receptor on

NK cells. Expression of B7-H6 on tumor cell surfaces can

enhance susceptibility to NK cell-mediated attacks. Several

studies suggest that a soluble form of B7-H6 could be released

by tumor cells, affecting NKp30 surface expression and

preventing effective anti-tumor activity (33, 34). B7-H6 is

expressed in various tumor types but absent in normal tissues,

aligning with its sub-threshold expression in this lesion with

precancerous characteristics (FM 0.7).

-Alteration or mutation of the p53 gene is among the most

common events in human carcinogenesis (35). The mutated

protein is not easily degradable, accumulating in cancer cells and

leading to immunohistochemical overexpression, which is a

marker of poor prognosis. Overexpression of p53 may decrease

the sensitivity of tumor cells to chemotherapy, indicating

an increased risk of progression to oral cancer among OPMDs

(34, 36). In our case, both B7-H6 and p53 levels were low, with

p53 at FM 0.6, below the cutoff value of 1.2.
In conclusion, our findings indicate that 4 out of 6 markers are

positive, suggesting that OPMDs may already express tumor

markers, in contrast to healthy mucosal tissue where these

markers are generally absent (10). Our approach utilizes fresh

tissue fragments through exfoliation and a highly sensitive ELISA,

allowing us to identify biomarkers that might otherwise remain

undetected. While immunohistochemistry can provide valuable

information, it typically struggles to visualize biomarkers at such

low expression levels. This underscores the potential of our
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approach for early identification of at-risk patients, allowing for

proactive management strategies.

Furthermore, we noted that in inflamed tissues, initial marker

expression was typically elevated but decreased as inflammation

resolved. This variability highlights the necessity of considering the

dynamic nature of inflammation when interpreting biomarker

results across different contexts. By recognizing these patterns, we

can better differentiate between precancerous states and normal

tissue, enhancing our understanding of oral pathologies. By

utilizing this innovative screening method, we can enhance our

ability to monitor patients over time, allowing for the timely

detection of changes that may signify malignant transformation.

Monitoring the expression of these biomarkers over time could

provide valuable insights into ongoing tumor transformation,

facilitating timely intervention. Vigilant monitoring is essential

for ensuring early diagnosis, which significantly improves

patient prognosis.

Regular assessment using this non-invasive technique can

empower clinicians to make informed decisions regarding patient

care, ultimately leading to better treatment outcomes.

Furthermore, the use of a rapid, non-invasive system that is

well-tolerated by patients for detecting tumor biomarkers could

serve as an effective screening tool. This approach would aid in the

phenotyping of oral lesions and provide critical information for

improved management and treatment outcomes. Incorporating

such screening methods into routine clinical practice could

revolutionize our approach to managing OPMDs, fostering a

proactive rather than reactive strategy in oral cancer prevention.
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17. André P, Denis C, Soulas C, Bourbon-Caillet C, Lopez J, Arnoux T, et al. Anti-
NKG2A mAb is a checkpoint inhibitor that promotes anti-tumor immunity by
unleashing both T and NK cells. Cell. (2018) 175:1731. doi: 10.1016/j.cell.2018.10.014

18. Pesce S, Greppi M, Tabellini G, Rampinelli F, Parolini S, Olive D, et al.
Identification of a subset of human natural killer cells expressing high levels of
programmed death 1: A phenotypic and functional characterization. J Allergy Clin
Immunol. (2017) 139:335–346.e3. doi: 10.1016/j.jaci.2016.04.025
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30. Salomé B, Sfakianos JP, Ranti D, Daza J, Bieber C, Charap A, et al. NKG2A and
HLA-E define an alternative immune checkpoint axis in bladder cancer. Cancer Cell.
(2022) 40:1027–43.e9. https://europepmc.org/article/med/36099881.

31. Brandt CS, Baratin M, Yi EC, Kennedy J, Gao Z, Fox B, et al. The B7 family
member B7-H6 is a tumor cell ligand for the activating natural killer cell receptor
NKp30 in humans. J Exp Med. (2009) 206:1495–503. http://intl.jem.org/cgi/content/
full/206/7/1495.

32. Pende D, Parolini S, Pessino A, Sivori S, Augugliaro R, Morelli L, et al.
Identification and molecular characterization of NKp30, a novel triggering receptor
involved in natural cytotoxicity mediated by human natural killer cells. J Exp Med.
(1999) 190:1505–16. doi: 10.1084/jem.190.10.1505

33. Pesce S, Tabellini G, Cantoni C, Patrizi O, Coltrini D, Rampinelli F, et al. B7-H6-
mediated downregulation of NKp30 in NK cells contributes to ovarian carcinoma
immune escape. Oncoimmunology . (2015) 4(4):e1001224. doi: 10.1080/
2162402X.2014.1001224

34. Wang J, Jin X, Liu J, Zhao K, Xu H, Wen J, et al. The prognostic value of B7-H6
protein expression in human oral squamous cell carcinoma. J Oral Pathol Med. (2017)
46:766–72. doi: 10.1111/jop.2017.46.issue-9

35. Carson DA, Lois A. Cancer progression and p53. Lancet. (1995) 346:1009–11.
doi: 10.1016/S0140-6736(95)91693-8

36. Khan H, Gupta S, Husain N, Misra S, MPS N, Jamal N, et al. Correlation between
expressions of Cyclin-D1, EGFR and p53 with chemoradiation response in patients of
locally advanced oral squamous cell carcinoma. BBA Clin. (2014) 3:11–7. doi: 10.1016/
j.bbacli.2014.11.004
frontiersin.org

https://doi.org/10.1111/jop.2018.47.issue-7
https://doi.org/10.1007/s12105-019-01020-6
https://doi.org/10.1111/odi.13704
https://linkinghub.elsevier.com/retrieve/pii/S1368837504000673
https://linkinghub.elsevier.com/retrieve/pii/S1368837504000673
https://europepmc.org/articles/PMC7021885
https://europepmc.org/articles/PMC7021885
https://doi.org/10.1111/j.1600-0714.2007.00506.x
https://doi.org/10.1002/14651858.CD001829.pub4
https://doi.org/10.1111/jicd.2018.9.issue-1
https://doi.org/10.1177/0194599815586779
https://doi.org/10.3389/fimmu.2023.1216107
https://doi.org/10.3390/dj7030093
https://doi.org/10.1016/j.det.2020.05.003
https://doi.org/10.1111/odi.12830
https://doi.org/10.1111/j.1600-0714.1995.tb01165.x
https://doi.org/10.1111/j.1600-0714.1995.tb01165.x
https://doi.org/10.1111/coa.12291
https://doi.org/10.1016/j.joms.2005.12.066
https://doi.org/10.1016/j.cell.2018.10.014
https://doi.org/10.1016/j.jaci.2016.04.025
https://doi.org/10.1111/odi.13088
https://doi.org/10.1038/nrc.2016.36
https://doi.org/10.1038/s41577-023-00867-9
https://doi.org/10.1016/j.oraloncology.2018.04.008
https://doi.org/10.1016/j.oraloncology.2018.04.008
https://doi.org/10.1007/s00262-011-1007-5
https://doi.org/10.1016/j.humimm.2017.09.003
https://doi.org/10.1038/s41598-020-66257-6
https://doi.org/10.1067/moe.2000.108950
https://doi.org/10.1111/j.1600-0714.2010.00889.x
https://doi.org/10.1111/j.1600-0714.2010.00889.x
https://doi.org/10.3892/or.2013.2545
https://doi.org/10.3892/or.2013.2545
https://doi.org/10.15171/joddd.2015.031
https://europepmc.org/article/med/36099881
http://intl.jem.org/cgi/content/full/206/7/1495
http://intl.jem.org/cgi/content/full/206/7/1495
https://doi.org/10.1084/jem.190.10.1505
https://doi.org/10.1080/2162402X.2014.1001224
https://doi.org/10.1080/2162402X.2014.1001224
https://doi.org/10.1111/jop.2017.46.issue-9
https://doi.org/10.1016/S0140-6736(95)91693-8
https://doi.org/10.1016/j.bbacli.2014.11.004
https://doi.org/10.1016/j.bbacli.2014.11.004
https://doi.org/10.3389/fimmu.2024.1477477
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Frontiers in Immunology

OPEN ACCESS

EDITED BY

Lorenzo Mortara,
University of Insubria, Italy

REVIEWED BY

Valeria Lucarini,
Sapienza University of Rome, Italy
Pengfei Xu,
University of California, Davis, United States

*CORRESPONDENCE

Elin Bernson

elin.bernson@gu.se

RECEIVED 04 October 2024
ACCEPTED 09 December 2024

PUBLISHED 20 December 2024

CITATION

Karlsson V, Stål E, Stoopendahl E, Ivarsson A,
Leffler H, Lycke M, Sundqvist M, Sundfeldt K,
Christenson K and Bernson E (2024)
Elevated Galectin-3 levels in the tumor
microenvironment of ovarian cancer –
implication of ROS mediated suppression of
NK cell antitumor response via tumor-
associated neutrophils.
Front. Immunol. 15:1506236.
doi: 10.3389/fimmu.2024.1506236

COPYRIGHT

© 2024 Karlsson, Stål, Stoopendahl, Ivarsson,
Leffler, Lycke, Sundqvist, Sundfeldt, Christenson
and Bernson. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Original Research

PUBLISHED 20 December 2024

DOI 10.3389/fimmu.2024.1506236
Elevated Galectin-3 levels in
the tumor microenvironment
of ovarian cancer – implication
of ROS mediated suppression of
NK cell antitumor response via
tumor-associated neutrophils
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Anton Ivarsson1, Hakon Leffler3, Maria Lycke4,
Martina Sundqvist5, Karin Sundfeldt1,4, Karin Christenson2

and Elin Bernson1,4*

1Sahlgrenska Center for Cancer Research, University of Gothenburg, Gothenburg, Sweden,
2Department of Oral Microbiology and Immunology, Institute of Odontology, Sahlgrenska Academy,
University of Gothenburg, Gothenburg, Sweden, 3Department of Laboratory Medicine, Lund
University, Lund, Sweden, 4Department of Obstetrics and Gynecology, Institute of Clinical Sciences,
Sahlgrenska Academy, University of Gothenburg, Gothenburg, Sweden, 5Department of
Rheumatology and Inflammation Research, Institute of Medicine, Sahlgrenska Academy, University of
Gothenburg, Gothenburg, Sweden
Introduction:Ovarian cancer is a lethal disease with low survival rates for women

diagnosed in advanced stages. Current cancer immunotherapies are not efficient

in ovarian cancer, and there is therefore a significant need for novel treatment

options. The b-galactoside-binding lectin, Galectin-3, is involved in different

immune processes and has been associated with poor outcome in various

cancer diagnoses. Here, we investigated how Galectin-3 affects the interaction

between natural killer (NK) cells and neutrophils in the tumor microenvironment

of ovarian cancer.

Method: Ascites from the metastatic tumor microenvironment and cyst fluid

from the primary tumor site were collected from patients with high-grade serous

carcinoma (HGSC) together with peripheral blood samples. Galectin-3

concentration was measured in ascites, cyst fluid and serum or plasma.

Neutrophils isolated from HGSC ascites and autologous blood were analyzed

to evaluate priming status and production of reactive oxygen species. In vitro co-

culture assays with NK cells, neutrophils and K562 target cells (cancer cell line)

were conducted to evaluate NK cell viability, degranulation and cytotoxicity.

Results: High levels of Galectin-3 were observed in cyst fluid and ascites from

patients with HGSC. Neutrophils present in HGSC ascites showed signs of

priming; however, the priming status varied greatly among the patient samples.

Galectin-3 induced production of reactive oxygen species in ascites neutrophils,

but only from a fraction of the patient samples, which is in line with the

heterogenous priming status of the ascites neutrophils. In co-cultures with NK

cells and K562 target cells, we observed that Galectin-3-induced production of
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reactive oxygen species in neutrophils resulted in decreased NK cell viability and

lowered anti-tumor responses.

Conclusion: Taken together, our results demonstrate high levels of Galectin-3 in

the tumormicroenvironment of HGSC. High levels of Galectin-3 may induce

production of reactiveoxygen species in ascites neutrophils in some patients. In

turn, reactive oxygen species produced by neutrophils may modulate the NK cell

anti-tumor immunity. Together, this study suggests further investigation to

evaluate if a Galectin-3-targeting therapy may be used in ovarian cancer.
KEYWORDS

galectin-3, ovarian cancer, NK cells, neutrophils, tumor immunology, ROS release,
tumor microenvironment
1 Introduction

Ovarian carcinoma (OC) is the most lethal gynecologic

malignancy among women, which can be attributed to late

diagnosis of these patients and high recurrence frequency (1). The

most common occurring epithelial ovarian carcinoma is high-grade

serous carcinoma (HGSC), where many women are diagnosed at an

advanced stage (Federation of Gynecology and Obstetrics [FIGO]

stage III or IV) (2, 3). Current treatment strategy includes debulking

surgery followed by platinum-based chemotherapy. However, as

recurrence occurs in 70% of the patients, novel treatment options

are of significant clinical need. Immunotherapy has emerged as a

successful treatment option in several cancers but has not yet been

proven as an efficient treatment for OC (4, 5). To improve or

develop novel treatment options for OC patients, a better

understanding of the immune microenvironment in OC is

urgently needed. OC metastasis is commonly followed by the

accumulation of fluid, or ascites, in the peritoneal cavity. The

ascites contains both malignant cells, lymphocytes and

granulocytes, and acellular components such as interleukin (IL)-6,

IL-8, IL-10, transforming growth factor beta (TGF-ß) and vascular

endothelial growth factor (VEGF) (6–8). The correlation between T

cell infiltration to the OC tumor microenvironment and improved

survival suggests that immunotherapy is a conceivable treatment

option in the disease (9). However, despite a correlation between

mutational burden and immune cell tumor infiltration, many OC

tumors remain immunologically “cold” and do not evoke a specific

T cell response (10). Thus, OC immunotherapy directed towards

targe t s beyond cyto tox i c T ce l l s may present as a

promising alternative.

Natural killer (NK) cells are innate lymphocytes that, in

contrast to cytotoxic T cells, have the ability to detect and kill

malignant cells without prior sensitization. Upon activation, NK

cells exert their cytotoxic function through degranulation of lytic

granules containing pore-forming proteins and proteases (11–13).
0299
We have recently demonstrated that a subset of tissue-resident NK

cells in OC ascites display anti-tumor properties, suggesting that

NK cells are a feasible immunotherapeutic target (7). However, the

NK cell function in OC is impaired due to the immunosuppressive

tumor microenvironment (4, 8, 14–17).

An immune-suppressor that has gained interest in cancer

research is Galectin-3, a mammalian lectin with affinity for b-
galactoside-containing glycoconjugates. Galectin-3 is involved in a

number of different biological processes including inflammation,

apoptosis, cell growth and angiogenesis (18–24). Blood levels of

Galectin-3 are often increased during inflammatory conditions (18),

however, high Galectin-3 blood levels have also been detected in

several cancers including colon, head and neck, liver, gastric,

endometrial, thyroid, skin, bladder and breast carcinomas (25,

26). Galectin-3 may promote tumorigenesis and metastasis

through several mechanisms including induction of T cell

apoptosis, inhibition of tumor cell apoptosis, promotion of

angiogenesis, adhesion between tumor and endothelial cells, and

promotion of tumor spread (25–27). Indeed, increased Galectin-3

blood levels have been associated with bad prognosis and/or relapse

in breast, lung, and oral cancer (28–31). In OC, Galectin-3 can be

detected on the cell surface of primary tumor cells and OC cell lines.

Moreover, Mirandola et al. have demonstrated that inhibition of

Galectin-3 reduces growth, invasion, migration, and drug resistance

of OC cells in vitro, and interferes with the angiogenic potential of

OC cells (27). Currently, Galectin-3 inhibition is being evaluated as

potential treatment in both malignant and non-malignant

conditions (25, 26).

Neutrophils are one type of immune cell present in OC ascites

(32). Neutrophils are important effector cells in the first line of

defense and eliminate pathogens through phagocytosis,

degranulation of vesicles containing toxic and proteolytic factors,

release of reactive oxygen species (ROS) and formation of

neutrophil extracellular traps (NETs) (20, 33). While neutrophils

circulating in peripheral blood are in a resting state, extravasation to
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tissue usually results in a switch to a pre-activated, primed, state.

Priming of neutrophils commonly includes degranulation of

intracellular granules and secretory vesicles, which can be

characterized as cleavage of surface-bound L-selectin (CD62L)

and upregulation of granule localized receptors on the cell

surface, including CD11b and CD66 (34–36). Secretory vesicles

are most easily mobilized to the plasma membrane followed by

gelatinase and specific granules; the granules requiring the most

stimuli for mobilization are the azurophilic granules. Depending on

the extent of stimuli, granule membrane-localized receptors are

thus exposed on the neutrophil cell surface and matrix localized

soluble factors are released to the extracellular environment (37,

38). Interestingly, degranulation of the gelatinase and specific

granules exposes Galectin-3 binding sites on the surface of

neutrophils that allow stimulation of the NADPH oxidase, as

Galectin-3 stimulates ROS release in neutrophils extravasated into

tissue or in vitro treated with TNF-a, but not in resting neutrophils

from the blood circulation (39, 40).

ROS released by myeloid cells has been correlated to decreased

NK cell cytotoxicity against myeloid leukemia cells (41). We

hypothesized that Galectin-3 mediated ROS released from

extravasated neutrophils in the metastatic environment of OC

ascites would affect NK cell anti-tumor responses. Thus, in this

study, we investigated the impact of Galectin-3 on the interaction

between neutrophils, NK cells and tumor cells. Our data

demonstrated the presence of soluble Galectin-3 in the primary

and ascitic HGSC tumor microenvironment, together with the

presence of degranulated neutrophils. We observed that the

extent of degranulation varied among patient samples, and

Galectin-3-induced ROS production by ascites neutrophils was

apparent in a fraction of patients with HGSC. Using functional

NK cell anti-tumor assays, we investigated how Galectin-3-induced

ROS release from neutrophils impacted on NK cell functionality.

Our results demonstrated a Galectin-3 mediated decrease of NK cell

viability via neutrophil ROS release, with anti-tumor responses

impeded by ROS.
Frontiers in Immunology 03100
2 Materials and methods

2.1 Patients and sample collection

This study includes biosamples from two cohorts of patients

with confirmed or suspected HGSC. Ascites, cyst fluid and blood

samples were collected from Cohort 1 (sampled during 2016), and

ascites and blood samples were collected from Cohort 2 (sampled

during 2020-2024). Sampling was carried out during de-bulking

surgery or paracentesis prior to surgery at Sahlgrenska University

Hospital, Gothenburg, Sweden, after informed written consent from

patients. Only chemo naïve patients were included in the study. All

histopathology evaluation was performed by a board-certified

pathologist specializing in gynecological malignancies. Patient and

tumor data were recorded regarding age, body mass index (BMI),

smoking and FIGO stage (summarized in Tables 1, 2). Ten patients

with HGSC were enrolled in Cohort 1 and 18 patients with HGSC

were enrolled in Cohort 2. The studies were approved by the

regional ethics board in Gothenburg (Dnr. 201-15) and the

Swedish Ethical Review Authority (Dnr. 510-13) and performed

according to the Helsinki declaration. Buffy coats and blood from

healthy donors were obtained from the blood bank at the

Sahlgrenska University Hospital, Gothenburg, Sweden. As the

buffy coats and blood were provided anonymously and thereby

could not be traced back to a specific donor, no ethical approval was

needed in accordance with the Swedish legislation section code 4§
3p SFS 2003:460 (Law on Ethical Testing of Research Relating

to People).
2.2 Biosample preparation

Cohort 1: Cyst fluid, taken from surgically excised ovarian cysts,

and ascites, aspirated at the time of midline incision, were collected

in silicon dioxide tubes and frozen at -80°C within 4 hours after

collection. Venous blood was collected in silicon dioxide tubes and
TABLE 1 Patient characteristics in Cohort 1.

Patient ID Stagea Ageb BMIc Smokingd Ascites Galectin-3
conc. (ng/mL)

Cyst fluid Galectin-3
conc. (ng/mL)

Serum Galectin-3
conc. (ng/mL)

1 IIIC 52 23 No 31.9 112.3 6.2

2 IIIC 40 21 No 110.4 111.9 7.2

6 IIIC 57 19.5 No 15.5 – 10.9

7 IIIC 64 20.6 No 15.8 115.3 9.8

10 IIIC 69 26.5 No 35.4 92.1 28.0

13 IVB 68 22.1 No 19.8 60.0 4.9

14 IVB 58 25 No 70.4 – 7.4

15 IIIC 48 23.9 No 26.4 82.6 8.4

18 IIIC 71 22.1 No 12.3 – 10.7

20 IIB 60 18.5 No 87.4 20.4 27.4
aFIGO stage bAge in years cBody mass index dYes or no.
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centrifuged, after which serum was transferred to new tubes and

stored at -80°C.

Cohort 2: Venous blood was collected in EDTA tubes. For plasma

collection, blood was centrifuged at 1000 x g (10 min, 4°C), after

which plasma was transferred to new tubes and frozen at -80°C.

Ascites was aspirated either at the time of midline incision, or

through paracentesis, and collected in plastic collection bags. Cell-

free ascites was obtained by centrifugation at 1000 x g (10 min, 4°C).

Ascites was filtrated using 180 and 40 µm nylon net filters (Merck

Millipore) to achieve a single cell suspension.

Erythrocytes were removed from ascites, venous blood and

buffy coats with dextran sedimentation. This was followed by

density gradient centrifugation with lymphoprep (STEMCELL

Technologies) to obtain mononuclear cells and neutrophils. NK

cells were isolated from the mononuclear cells using a negative NK

isolation kit (Miltenyi Biotec) according to manufacturer’s protocol.

The neutrophils, obtained in the lymphoprep pellet, were treated

with distilled H2O to remove remaining erythrocytes by hypotonic

lysis and then stored in Krebs-Ringer Glucose phosphate buffer

(KRG; pH 7.3, supplemented with Ca2+ [1 mM]) on ice prior to

subsequent analysis on the same day as isolated. For cell

morphology and phenotype after isolation, see Supplementary

Figures S1A, C. For some experiments the neutrophils were pre-

treated with recombinant human TNF-a (10 ng/ml; Sigma-
Frontiers in Immunology 04101
Aldrich) for 20 min at 37°C; neutrophils used as controls to these

cells were kept on ice. When specified, blood neutrophils were

incubated in cell-free cyst fluid (Cohort 1) or autologous cell-free

ascites (Cohort 2) for 20 min at 37°C; neutrophils used as controls

were incubated in KRG for 20 min at 37°C. Serum from healthy

donors was obtained from venous blood by centrifugation and

stored at -80°C.
2.3 Measurement of soluble Galectin-3

Paired biosamples of ascites, cyst fluid and serum (Cohort 1), or

ascites and plasma (Cohort 2), from patients with confirmed HGSC

and serum from age-matched healthy donors were analyzed for

content of Galectin-3 using an enzyme-linked immunosorbent

assay (ELISA) from BG Medicine according to the protocol

provided by the manufacturer. The total protein concentration in

the biosamples was determined by Pierce BCA Protein Assay

(Thermo Scientific) according to manufacturer’s instructions.

Absorbance for Galectin-3 concentration was measured at 450

nm in a CLARIOstar plate reader (BMG Labtech), while

absorbance for total protein concentration was measured at 562

nm in a FLUOstar Omega plate reader (BMG Labtech). Results

were calculated in Microsoft Excel version 16.57 or later.
TABLE 2 Patient characteristics in Cohort 2.

Patient IDa Stageb Agec BMId Smokinge Ascites volume (L) Ascites Galectin-3
conc. (ng/mL)

Plasma Galectin-3
conc. (ng/mL)

4 IIIC 41 25.8 No 1.3 10.2 14.2

10 IIIC 73 27.1 No 1.3 32.9 10.7

12 IV 66 31.1 No ≥ 2 35.8 16.5

13 IIIA1 64 19.8 No ≥ 2 14.9 13.6

16 IIB 51 28.9 No ≥ 2 64.7 18.3

24 IVB 58 32.3 No ≥ 2 20.5 38.5

26 IIIC 46 33.9 No ≥ 2 16.8 12.4

28 IIIC 77 31.2 No ≥ 2 25.5 24.4

29 IIIC 65 20.4 No 0.2 64.2 17.7

30 IIIC 70 28.5 No 0.65 24.8 9.3

33 IIIC 55 39.4 Yes ≥ 2 55.1 18.8

35 IVB 60 41.3 No 0.57 44.2 28.6

36 IIIC 58 32.3 No 0.85 32.2 9.1

40 IIIC 60 18.8 No 1.5 8.3 16.4

45 IVB 50 23.4 No 0.4 145.8 14.4

48 IVB 52 19.9 No 1.9 34.5 20.5

49 IVA 65 24.7 No ≥ 2 40.6 19.4

54 IIIC 61 20.5 No ≥ 2 15.9 17.4
aPatients within this cohort were included in one earlier publication (7). bFIGO stage. cAge in years. dBody mass index. eYes or no.
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2.4 Detection of cell-bound Galectin-3

Cell-bound galectin-3 was analyzed on non-isolated leukocytes.

Filtrated single cell ascites and blood from cohort 2 were treated

with FACS lysing solution (BD FACS) according to manufacturer’s

instructions on the day of biosample collection. Thereafter, the

fixated leukocytes were washed with PBS and immunostained for

one hour at 4°C in darkness. Antibodies were diluted in PBS

supplemented with 10% human serum. Neutrophils were

distinguished from other leukocytes with BV786 anti-CD45

monoclonal antibody (clone HI30; BD Horizon) and light

scattering, see Supplementary Figure S1B for gating. Galectin-3

binding was detected using PE anti-Galectin-3 monoclonal

antibody (clone M3/38) with a matching isotype control (PE rat

IgG2A, k antibody), both purchased from BioLegend. All flow

cytometry analysis in this study was performed using LSRFortessa

(BD) and data were analyzed using FlowJo version 10.8.2 or later

(BD Biosciences). Results are shown as median fluorescence

intensity (MFI) if not stated otherwise.
2.5 Phenotypic analysis of neutrophil
priming status

The priming status of neutrophils were phenotypically

examined by analyzing the expression of CD11b, CD66, CD66b

and CD62L on the cell surface by flow cytometry. Neutrophils were

either kept on ice or pre-treated with TNF-a or incubated with cell-

free ascites/cyst fluid (as described above), and thereafter washed in

KRG and immunostained for 30 min at 4°C in darkness. The

following fluorochrome-conjugated monoclonal antibodies were

used for detection of surface markers: APC anti-CD11b (clone

ICRF44), PE anti-CD66a,c,d,e (clone B1.1/CD66), FITC anti-

CD66b (clone G10F5) and APC anti-CD62L (clone DREG-56),

all antibodies were purchased from BD Pharmingen.
2.6 Production of recombinant Galectin-3

Recombinant human Galectin-3 was produced in E. coli and

purified as previously described (39, 42). For some experiments

Detoxi-Gel Endotoxin Removing Columns (Thermo Scientific)

were used for endotoxin removal of Galectin-3 according to

protocol provided by the manufacturer.
2.7 Measurement of neutrophil
ROS production

Production of ROS by the neutrophil NADPH oxidase was

measured with an isoluminol-amplified chemiluminescence system

in the presence of horse radish peroxidase as described by Dahlgren

et al. (43). Resting and TNF-a treated neutrophils were diluted in

KRG and equilibrated in polypropylene tubes (1 ml system with 1 x

105 cells) in a six-channel Biolumat LB 9505 (Berthold Technologies)

or in white 96-well plates (0.2 ml system with 5 x 105 cells)
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CLARIOstar plate reader (BMG Labtech) for 5 min at 37°C, with

or without lactose (10 mM, Sigma Aldrich). After equilibration, cells

were stimulated with recombinant human Galectin-3 (20 µg/ml),

formyl-methionyl-leucyl-phenylalanine (fMLF; 100 nM, Sigma

Aldrich) or phorbol 12-myristate 13-acetate (PMA; 50 nM, Sigma

Aldrich) and the light emission, which reflect the superoxide anion

production (the pre-cursor of all ROS), was recorded over time. The

ROS levels measured using the Biolumat LB 9505 are expressed as

mega counts per minute (Mcpm) and the ROS levels measured using

the CLARIOstar plate reader are expressed as relative light units

(RLU). For analysis of peak ROS values, the background level, i.e., the

value recorded prior to stimulation was subtracted from the observed

peak value. The results were analyzed using GraphPad Prism software

version 10.2.0 or later (GraphPad Software).
2.8 NK cell viability, degranulation
and cytotoxicity

NK cells and neutrophils were isolated from buffy coats from

healthy donors using negative beads as described above. The human

myelogenous leukemia cell line, K562, was provided by the

Department of Infectious Diseases at the University of

Gothenburg, Sweden. Complete medium used in assays contained

RPMI 1640 (Gibco) and 10% heat-inactivated fetal calf serum.

Neutrophils were pre-treated with TNF-a as described above. NK

cells and neutrophils were co-incubated in a low attachment 96 well

plate (Corning) at 1:1 or 2:1 ratio (NK:neutrophils) in medium only

or with endotoxin free Galectin-3 (5 or 25 µg/ml), with or without

the addition of SOD (50 U/ml, Worthington Biochemical) and

endotoxin free catalase (200 U/ml, Worthington Biochemical), or

diphenyleneiodonium (DPI; 3 µM, Sigma Aldrich), for 4 hours at

37°C with 5% CO2. After 4 hours K562 cells, pre-labeled with

CellTrace Violet (Invitrogen) according to manufacturer’s protocol,

were added at a 5:1 ratio (NK:K562) followed by BUV395 anti-

CD107a monoclonal antibody (clone H4A3, BD Horizon) to

measure NK cell degranulation, and then incubated for 20 hours

at 37°C with 5% CO2. Cells were labeled with BV711 anti-CD56

monoclonal antibody (clone NCAM 16.2, BD Horizon), for NK cell

identification, and LIVE/DEAD Fixable Near-IR (1:1000,

Invitrogen) to measure cell viability. Gating strategies are

provided in Supplementary Figure S1D. The data was analyzed

using flow cytometry as described above.
2.9 Statistical analysis

Statistical analysis was performed in GraphPad Prism version

10.2.0 or later. For comparison of two groups a Student’s t-test was

used. For multiple group comparisons with paired data, repeated

measures one-way ANOVA or mixed-effects model using restricted

maximum likelihood (REML) estimation was used. The mixed-

effects model using REML estimation was used instead of one-way

ANOVA when there were missing values in the data sets. For

multiple group comparisons with no pairing, ordinary one-way

ANOVA was used. More detailed information about the statistical
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tests used in each experiment is stated in figure legends. Statistically

significant differences were regarded as p-values < 0.05.
3 Results

3.1 Galectin-3 is present in the HGSC
tumor microenvironment

Galectin-3 levels in ascites from 10 patients diagnosed with

HGSC (Cohort 1, Table 1) were investigated using ELISA. The

mean Galectin-3 concentration was significantly higher in ascites

compared to paired serum samples fromHGSC patients (Figure 1A;

median 9.1 and 29.1 ng/ml in serum and ascites, respectively). Also,

ovarian cyst fluid collected from the primary tumor site contained

increased levels of Galectin-3 as compared to paired serum (median

92.1 ng/ml in cyst fluid). To verify that the higher level of Galectin-3

measured in ascites was not due to an increase in total protein

concentration, the Galectin-3 level was normalized to total protein

concentration. The relative Galectin-3 concentration (fraction of

total protein concentration) was significantly higher in ascites

compared to serum (Figure 1B; total protein concentration in

ascites, serum and cyst fluid are displayed in Figure 1C). We

repeated the analysis with samples from 18 patients with HGSC

(Cohort 2, Table 2) and the results verified that the level of Galectin-

3 was increased in HGSC ascites as compared to paired plasma

(Figures 1D–F; median 16.9 and 32.6 ng/ml in plasma and ascites,

respectively). To investigate if the increased levels of Galectin-3

were local or systemic, we measured the concentration of Galectin-3

and total protein concentration in serum from age-matched healthy

donors (Supplementary Table S1, Figures 1G–I; median 9.1 ng/ml).

Serum and plasma levels of Galectin-3 were similar between the two

HGSC cohorts and healthy donors, suggesting that the increased

levels of Galectin-3 are not systemic but localized to the

tumor microenvironment.
3.2 Neutrophils in ascites from HGSC
patients show signs of priming

Neutrophil response to stimuli is dependent on their priming

status; resting peripheral blood neutrophils will respond differently

to activating agonists as compared to extravasated (primed)

neutrophils at the site of inflammation (44). As previously shown

by others, Galectin-3 stimulates ROS production in primed, but not

resting, neutrophils (39). Priming is most often associated with

degranulation and subsequent alterations of receptors on the

neutrophil cell surface. Similarly, in vitro treatment with TNF-a
results in primed neutrophils, with altered surface expression

(increased CD11b and CD66 and decreased CD62L), as well as a

responsiveness to Galectin-3-induced ROS-release (33, 40).

Therefore we used flow cytometry to investigate the cell surface

expression of CD62L (L-selectin), CD11b (integrin alpha M),

CD66a,c,d,e (hereafter referred to as CD66) and CD66b, surface

markers characteristic for primed neutrophils, on HGSC ascites

neutrophils as compared to autologous peripheral blood
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neutrophils. As shown in Figures 2A, B, surface expression of

CD11b, CD66 and CD66b was upregulated on HGSC ascites

neutrophils, while CD62L was shed, in comparison to blood

neutrophils, indicating that neutrophils present in HGSC ascites

display a primed phenotype. However, treatment with TNF-a in

vitro led to additionally increased expression of CD11b, CD66 and

CD66b, as well as lower expression of CD62L, which suggests that

HGSC ascites neutrophils can be further primed (Figure 2B). The

surface expression of CD11b, CD66 and CD66b, and percentage of

CD62L+ neutrophils, observed in blood neutrophils isolated from

healthy donor buffy coats (Supplementary Figures S2A–D) was

similar to blood neutrophils from OC patients, indicating priming

of neutrophils in the tumor environment specifically.

We hypothesized that in addition to transmigration to the

peritoneum, neutrophil priming may be induced by the tumor

microenvironment in HGSC. Thus, we next tested whether cell-free

ascites or cyst fluid from patients with HGSC could prime resting

blood neutrophils. Peripheral blood neutrophils were incubated in

autologous cell-free ascites or cyst fluid followed by measurement of

cell surface expression of CD62L, CD11b, CD66 and CD66b. As

shown in Figures 2C, D, peripheral blood neutrophils have higher

expression of CD11b, CD66 and CD66b, and less expression of

CD62L, on the cell surface after incubation in autologous HGSC

cell-free ascites or cyst fluid. In relation to the priming induced by

TNF-a treatment, neutrophils incubated in cell-free cyst fluid

displayed a higher extent of priming compared to neutrophils

incubated in cell-free ascites. Together, the results indicate that

acellular components in the HGSC tumor microenvironment

induces priming in neutrophils.

Upon priming, during the degranulation process, neutrophils

expose additional Galectin-3-binding sites (39, 40). We thus

investigated the level of Galectin-3 on the cell surface on HGSC

ascites neutrophils. The amount of surface-bound Galectin-3 varied

between samples, and we observed a trend of increased Galectin-3

bound to ascites neutrophils when compared to autologous

peripheral blood neutrophils in two out of four patient samples,

however the increase was not significant (Supplementary Figure S2E).
3.3 Galectin-3-induced ROS release in
HGSC ascites neutrophils differ
among patients

Earlier studies have shown that Galectin-3 induces ROS release in

in vivo extravasated neutrophils and in neutrophils treated in vitro

with ionomycin, fMLF, TNF-a or lipopolysaccharide (LPS) (39, 40,

45–47), while resting neutrophils, or neutrophils modestly stimulated

in 22°C, did not respond to Galectin-3 with ROS release (39). The

results from the study by Karlsson et al. imply that a certain amount

of intracellular granules needs to be mobilized to the surface in order

for a neutrophil to be able to respond with ROS release upon

Galectin-3 stimulation. As OC ascites neutrophils displayed a

primed phenotype, we next investigated whether Galectin-3

induces ROS release in these cells without prior TNF-a treatment

in vitro. Figures 3A, B shows ROS release in ascites and peripheral

blood neutrophils from three HGSC patients. While in vitro TNF-a
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treated neutrophils, from both HGSC ascites and peripheral blood,

released ROS upon Galectin-3 stimulation (Figures 3C, D), only one

patient sample of ascites neutrophils that were not pre-exposed to

TNF-a in vitro responded to Galectin-3 with release of ROS with

similar kinetics to Galectin-3-induced ROS release in TNF-a treated

neutrophils (patient 30; Figures 3A–D). The ROS release curves from
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HGSC ascites neutrophils from the two other samples (patients 49

and 54) were similar to unstimulated peripheral blood neutrophils

after Galectin-3 stimulation, with no or neglectable ROS release

detected. When the Galectin-3 inhibitor lactose was added to the

neutrophils, no Galectin-3 induced ROS was detected in any of the

patient samples (Figures 3A–D). Both ascites and blood neutrophils
FIGURE 1

Galectin-3 is significantly higher in HGSC ascites and cyst fluid as compared to serum. (A) Galectin-3 concentration in ascites, cyst fluid and serum
collected from patients with HGSC within Cohort 1. (B) Concentration of Galectin-3 in serum, ascites and cyst fluid normalized to total protein
concentration, shown as parts per million (ppm; Cohort 1). (C) Total protein concentration in matched ascites, serum and cyst fluid (Cohort 1). (D)
Galectin-3 concentration in ascites and plasma collected from patients with HGSC within Cohort 2. (E) Concentration of Galectin-3 in plasma and
ascites when normalized to total protein concentration (ppm; Cohort 2). (F) Total protein concentration in matched ascites and plasma (Cohort 2).
(G) Galectin-3 concentration in serum collected from healthy donors. (H) Concentration of Galectin-3 in serum when normalized to total protein
concentration (ppm; healthy donors). (I) Total protein concentration in serum (healthy donors). Data is presented as mean ± SD, and statistically
significant differences were evaluated by REML mixed-effects model followed by Šıd́ák’s multiple comparisons test (A-C) or paired Student’s t-test
(D-F), n=7-10 in Cohort 1, n=18 in Cohort 2, n=18 in healthy donor cohort.
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produced ROS after stimulation with PMA, and neutrophils from

patients 49 and 54 also produced ROS after stimulation with fMLF

(Supplementary Figure S3; neutrophils from patient 30 were not

stimulated with fMLF). To understand why the ascites neutrophils

responded differently across the patient samples, we plotted the ROS

response to Galectin-3 against the priming status of the ascites

neutrophils. As demonstrated in Figure 3E, the HGSC ascites

neutrophils that released the highest amount of Galectin-3-induced

ROS were also the most primed neutrophils (as measured by surface

expression of CD66 and percentage of CD62L+ neutrophils), however

we had too few samples to statistically correlate the parameters to

each other.
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3.4 Galectin-3-induced ROS production
decreases NK cell viability in vitro and
impairs NK cell function against
tumor cells

Exposure to ROS decreases the NK cell viability (41). We thus

hypothesized that Galectin-3-induced ROS release in neutrophils

may impact NK cell viability and hence their anti-tumor function.

As shown in Figures 4A, B, co-incubation with NK cells and

neutrophils resulted in decreased NK cell viability, which was

further decreased when Galectin-3 was added to the setup. The

addition of DPI, a known NADPH oxidase inhibitor, or SOD and
FIGURE 2

HGSC ascites neutrophils show signs of priming compared to autologous peripheral blood neutrophils. (A) Representative histograms of surface
expression of CD11b, CD66, CD66b and CD62L. (B) Surface expression of CD11b, CD66, CD66b (MFI), and percentage of CD62L+ neutrophils, on
HGSC peripheral blood neutrophils (red) and HGSC ascites neutrophils (green) on unstimulated and TNF-a treated cells. (C) Surface expression of
CD11b, CD66, CD66b (MFI), and percentage of CD62L+ neutrophils, on HGSC peripheral blood neutrophils, after incubation in autologous cell-free
HGSC ascites, buffer (KRG) or TNF-a at 37°C for 20 min, or kept in KRG on ice. (D) Surface expression of CD11b, CD66, CD66b (MFI), and
percentage of CD62L+ neutrophils, on healthy donor peripheral blood neutrophils that were incubated in cell-free HGSC cyst fluid, buffer (KRG) or
TNF-a at 37°C for 20 min, or kept in KRG on ice. Blood neutrophils from 3 healthy donors were incubated in cell-free cyst fluid from 7 patients with
HGSC. Data is presented as mean ± SD, and statistically significant differences were evaluated with repeated measures one-way ANOVA followed by
Šıd́ák’s multiple comparisons test (B-C) and ordinary one-way ANOVA followed by Šıd́ák’s multiple comparisons test (D), n=6-9 in (B), n=6 in (C),
n=3/7 in (D).
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catalase that acts as ROS scavengers, restored the NK cell viability,

indicating that the observed NK cell death is mediated via a ROS-

mediated mechanism.

We next evaluated the NK cell anti-tumor effect in a co-culture

assay with NK cells and target cells from the leukemic tumor cell

line K562, an established model to measure NK cell reactivity

towards tumor cells (48). Upon NK cell activation after

interaction with ligands on target cells, NK cells release lytic

granules containing Granzyme B and perforin that kill the target
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cell (49). In the presence, but not absence, of Galectin-3, addition of

neutrophils to the co-culture decreased the NK cell degranulation

significantly, as measured by percentage of NK cells expressing

CD107a (Figure 4C). This was paralleled with a trend of increased

viability of K562 cells, however the difference was not significant

(Figure 4D; gating strategy in Supplementary Figure S1D). The

addition of SOD and catalase to the assay restored NK cell

degranulation, indicating that ROS-mediated NK cell death was

responsible for their decreased anti-tumor activity (Figure 4C).
FIGURE 3

ROS release in ascites and peripheral blood neutrophils from three HGSC patients. (A-D) ROS release upon exposure to Galectin-3 (20 µg/ml) in
untreated ascites (A) and blood (B) neutrophils, and TNF-a treated ascites (C) and blood (D) neutrophils in the presence or absence of lactose (10
mM). (E) Correlation between ROS release as measured by ratio of ROS peak value between ascites neutrophils stimulated with Galectin-3 and
unstimulated (buffer) ascites neutrophils, and priming status as measured by surface expression of CD66 and percentage of CD62L+ neutrophils, in
HGSC ascites neutrophils from 3 patients with HGSC. ROS release in neutrophils from patient 30 was measured using CLARIOstar plate reader, while
ROS release in neutrophils from patient 49 and 54 was measured using Biolumat LB 9505.
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4 Discussion

In this study, we have investigated how the presence of

Galectin-3 in high-grade serous carcinoma (HGSC) affects the

immune-mediated anti-tumor response. Using samples from

patients with HGSC we detected high levels of Galectin-3 in the

ascites together with degranulated neutrophils. Furthermore, our in

vitro functional assays with NK cells, neutrophils and tumor cells

demonstrated a decreased NK cell response in the presence of

Galectin-3. Taken together, the results from this study imply that

Galectin-3 may decrease NK cell mediated tumor-killing via

neutrophil ROS release.

Using patient samples from two cohorts of chemo naïve

patients diagnosed with HGSC, we detected high levels of

Galectin-3 in the tumor metastatic environment of ascites. We

also detected high levels of Galectin-3 in HGSC cyst fluid, which is

the fluid found surrounding the primary tumor in the ovary. These

findings go in line with elevated levels of Galectin-3 reported in

many other cancers including colon, head and neck, liver, gastric,

endometrial, thyroid, skin and breast carcinomas (25). The

Galectin-3 levels in serum or plasma measured in our cohorts

were comparable to Galectin-3 serum and plasma levels in healthy

subjects measured by us and others (46, 50, 51), indicating that

Galectin-3 levels are specifically increased at the primary and

metastatic tumor sites. In healthy conditions, Galectin-3 is found

in most tissues, including the ovaries, but the expression is low
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compared to other tissues. Interestingly, Galectin-3 is not found in

lymphoid tissues (52). The cellular source of Galectin-3 includes

macrophages, neutrophils and epithelial cells (53). In malignant

conditions, Galectin-3 can be produced by tumor cells, but also by

stimulated lymphocytes. Thus, the increased Galectin-3 levels

detected in OC ascites may be a result of increased production in

tumor cells as well as increased inflammation in the peritoneum.

In addition to their essential role in host defense against

pathogens, neutrophils regulate inflammation and activity of

other leukocytes (54–56). In the malignant setting, the role of

tumor-associated neutrophils is debated, where neutrophils may

both inhibit and promote tumor growth and metastasis (57). High

levels of neutrophils have been associated with worse outcome in

several cancers including melanoma, renal and lung cancer (58–60),

but the knowledge on neutrophils in OC is limited. A recent study

suggested that neutrophils might promote OC metastasis, as

ovarian tumor cells stimulate the release of NETs, and NETs

bound to the tumor cells facilitate metastasis to the omentum

(61). Activation of the NADPH oxidase, leading to production of

ROS, is an important mechanism for neutrophil elimination of

diverse microorganisms and regulation of inflammation (62–64). In

addition, because ROS is toxic to tumor cells, the ROS-release by

tumor-associated neutrophils may have an anti-tumor effect.

However, also NK cells are sensitive to ROS, and addition of

histamine dihydrochloride, which inhibits the formation of ROS,

spares NK cells from undergoing ROS-induced apoptosis (41, 65).
FIGURE 4

Galectin-3-induced ROS production in neutrophils decreases NK cell viability. (A, B) Impact of Galectin-3 on NK cell viability in presence or absence
of neutrophils, measured as percentage of dead NK cells. NK cells and TNF-a treated neutrophils were co-incubated at a 2:1 (A) or 1:1 (B) ratio in
medium only (no stimuli) or with Galectin-3 (25 or 5 µg/ml in A and B, respectively) overnight, with or without the addition of SOD and catalase (A)
or DPI (B). (C, D) NK cell degranulation as measured by CD107a expression (C) and viability of K562 cells (D) after overnight co-culture with NK cells,
K562 cells and TNF-a treated neutrophils. Galectin-3 (25 µg/ml) and SOD/catalase were added as indicated. Horizontal lines represent mean.
Statistically significant differences were evaluated by repeated measures one-way ANOVA followed by Šıd́ák’s multiple comparison test (A-D), n=6 in
(A, B), n=4 in (C), n=3 in (D).
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Indeed, immunotherapy with histamine dihydrochloride and low-

dose IL-2 leads to improved clinical outcome in acute myeloid

leukemia (66, 67).

Our data suggests that a fraction of HGSC patients harbor

ascites neutrophils that respond to Galectin-3 with ROS release. It is

well established that extracellular Galectin-3 mediates intracellular

signaling, which impacts on cell function (24). Depending on the

priming status of the neutrophil, different receptors may be ligated

by Galectin-3, resulting in various intracellular signaling cascades.

In vitro stimulation of neutrophils increases Galectin-3 binding

proteins on the neutrophil surface, and only extravasated or in vitro

stimulated neutrophils respond with ROS release upon Galectin-3

exposure (39). Earlier studies have suggested that Galectin-3

binding to CD66a and CD66b on in vitro stimulated neutrophils

leads to activation of the NADPH oxidase complex (68). However,

Galectin-3 binds to b-galactosides present at many different surface

receptors, and induces respiratory burst in neutrophils in a

carbohydrate- and dose-dependent manner, suggesting that

several receptors may be involved in Galectin-3-induced ROS

release (69). Generation of extracellular ROS is mediated by the

assembly and activation of the NADPH oxidase, which via electron

transport reduces O2 to O2
-. As O2

- is very unstable, it quickly reacts

with protons to form ROS such as H2O2 and HOCl, by the help of

enzymatic reactivity. The signaling cascades that lead to activation

of the NADPH oxidase depends on the stimuli; while fMLF induces

NADPH oxidase activation via G-protein coupled receptors on the

cell surface, PMA stimulates the intracellular protein kinase C

(PKC) (70). Both signaling pathways eventually leads to

phosphorylation of the NADPH oxidase components, resulting in

ROS release. Despite many attempts to understand these complex

signaling cascades, not all signaling pathways leading to NADPH

oxidase activation are completely identified, including Galectin-3-

induced NADPH oxidase activation and ROS release (71).

The fact that only one out of three patients’ neutrophils

responded with a low but clear ROS release upon Galectin-3

stimulation suggests that HGSC ascites neutrophils are primed to

various extent. Analysis of surface markers demonstrated

heterogeneity in degranulation between patients, and all ascites

neutrophils could be further degranulated in vitro. Thus, the ascites

neutrophil priming status varies between different donors as also

observed for transmigrated neutrophils in inflamed joints of

patients with inflammatory arthritis (72). As neutrophils from

different patients varied in degree of degranulation, this may

mean that also the level of Galectin-3 binding proteins varied on

the neutrophil surface, resulting in differential Galectin-3-induced

ROS-responses. The fact that the non-TNF-a treated ascites

neutrophils that produced ROS upon Galectin-3 stimulation

(patient 30) also were the most degranulated suggests that the

extent of degranulation can be of importance for Galectin-3

responsiveness. On the other hand, degranulation is not always

equivalent to priming status. In certain circumstances, neutrophils

may respond with increased ROS production while they show no or

little sign of degranulation (73, 74). For example, treatment with a G

protein-coupled receptor (GPCR) internalization inhibitor

(Barbadin) and endogenous hyaluronan acid increases GPCR-
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mediated ROS release without an increase of CD11b or cleavage

of CD62L (73, 74). In the OC setting, it is plausible that the

transmigration to the peritoneum leads to neutrophil activation.

Moreover, ascites contains inflammatory reagents including TNF-a
that can activate neutrophils (75). Indeed, we could demonstrate

that resting neutrophils from autologous peripheral blood

degranulate when exposed to cell-free ascites. In addition,

neutrophil incubation in cyst fluid collected at the site of the

primary tumor increased surface expression of granule markers

and decreased the expression of CD62L. Thus, neutrophils present

at the primary tumor site are likely also degranulated and primed.

Another possible explanation for the absence of ROS response to

Galectin-3 in some HGSC ascites neutrophils is that they might

express surface proteins that affect their response to Galectin-3. For

example, Galectin-3C, a truncated version of Galectin-3 that lacks the

N-domain but contains the carbohydrate recognition domain (CRD),

inhibits Galectin-3-induced ROS release in neutrophils. The levels of

Galectin-3C can be increased in situations where high amounts of

primed neutrophils are present. Thus, even though additional

binding of Galectin-3 to the cell surface of neutrophils is possible

(neutrophils reach saturation at around 8 µM, as compared to a

maximum of 4.4 nM measured in HGSC ascites in this study and 0.5

nM in healthy donor plasma), it will not induce more ROS

production when high amounts of Galectin-3C is bound to the cell

surface (40). Additionally, the binding of Galectin-3 in itself may

affect the accessibility of surface proteins on the neutrophil as

Galectins form lattices by crosslinking glycoproteins on the cell

surface of neutrophils. The formation of lattices organizes cell

surface-receptors, either by clustering certain receptors, or

excluding receptors, thus regulating receptor signaling (76).

Nevertheless, we did observe a Galectin-3-induced ROS release in

ascites neutrophils from one out of three patients, and all ascites

neutrophils responded to Galectin-3 when pre-treated with TNF-a. It
is worth noting that the degree of ROS production observed in those

experiments is lower when compared to the Galectin-3 response in

blood neutrophils observed by others previously (39, 40). Though

only observed in two patient samples, we noted a trend that ascites

neutrophils responded with higher ROS production upon fMLF

stimulation when compared to blood neutrophils. This may imply

that ascites neutrophils have higher surface expression of formyl-

peptide receptor 1 (FPR1), a receptor for fMLF. FPR1 is exposed on

the neutrophil surface when neutrophils extravasate from the blood

circulation, or after in vitro treatment with agents such as LPS or

TNF-a (77–79). Again, these results indicate that ascites neutrophils

from some HGSC patients may be in a primed state.

Using a co-culture setup with NK cells and primed neutrophils,

we demonstrated that Galectin-3 induces NK cell death in a ROS-

dependent manner. Addition of K562 tumor cells to the co-culture

evoked NK cell degranulation; however, this was diminished in the

presence of ROS produced by neutrophils. These findings suggest

that Galectin-3 can contribute to a tumor-promoting environment

in which NK cell-mediated tumor eradication is dampened in a

neutrophil – Galectin-3-dependent pathway. Due to highly

impeded NK cell degranulation when neutrophils were added to

the co-culture, we could not detect a further decrease in NK cell
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degranulation in the presence of Galectin-3. NK cells may also be

suppressed by other fac tors in the complex tumor

microenvironment of HGSC; OC ascites contains anti-

inflammatory cytokines as well as myeloid-derived suppressor

cells (MDSCs) and tumor-associated macrophages (TAMs) (80).

A number of studies have shown that MDSCs decrease immune

responses leading to increased tumor growth, and using a xenograft

tumor model with primary human OC cells, MDSCs were shown to

decrease T cell proliferation and anti-tumorigenic properties (81).

The presence of cytokines such as IL-10 and TGF-ß, secreted by

MDSCs, TAMs and other immune cells, as well as tumor cells,

further suppress NK cells (80, 82, 83). For example, TGF-b
downregulates the activating receptors NKp30 and NKG2D on

NK cells resulting in decreased cytotoxicity (84). Moreover, the

presence of soluble B7-H6, a ligand to NKp30, in OC ascites

induced downregulation of NKp30, which correlated with

impaired anti-tumor function of NK cells (15). Thus,

combinatory treatments targeting several immune-evasion

pathways in OC should be further investigated.

Galectin-3 may affect NK cell function by causing reduced

activation via inhibition of activating NK cell receptors. One study

reported that Galectin-3 can bind to MICA, which is a ligand to the

activating NK cell receptor NKG2D, and that this Galectin-3-MICA

complex caused disturbed interaction with NKG2D and thereby

reduced NK cell killing of bladder cancer cells (85). It has also been

proposed that Galectin-3, by acting as a soluble inhibitory ligand to

the activating NK cell receptor NKp30, results in reduced NK cell

cytotoxicity towards cervical cancer cells (86). Moreover, Galectin-3

binding to Integrin beta-1 (IGB1; CD29) on NK cells may induce

secretion of the anti-inflammatory cytokine IL-10 (87), and Galectin-

3 localized intracellularly in NK cells can affect NK cell degranulation,

as inhibition of Galectin-3 increased the release of cytotoxic granules

(88). Altogether, these studies suggest that Galectin-3 inhibits NK cell

mediated tumor killing. However, contrarily to what others have

reported, we did not observe decreased NK cell mediated cytotoxicity

or decreased degranulation towards K562 target cells in the presence

of Galectin-3.

Galectin-3 may be targeted by small molecule inhibitors such as

GB0139 or monoclonal antibodies (18). Thus far, targeting

Galectin-3 has shown promise for antiviral therapy (18), and

Galectin-3-targeting drugs are now being evaluated in both

malignant (bladder and colorectal cancer, multiple myeloma, B

cell lymphoma, melanoma, chronic lymphocytic leukemia, non-

small cell lung cancer) and non-malignant (fibrosis, non-alcoholic

steatohepatitis, psoriasis) conditions (25). We have recently

reported that NK cells present at the ascitic metastatic site

in HGSC demonstrate anti-tumor capacity (7); however, further

interventions may be required to overcome the immunosuppressive

environment in ascites. Indeed, Galectin-3 is suggested as an

immunotherapeutic target improving the outcome of inhibitory

checkpoint inhibition in cancer immunotherapy, were Galectin-3

inhibition for example was demonstrated to augment the PD-L1

response in a mouse model of lung adenocarcinoma (89, 90). The

results from this study demonstrate a ROS mediated decrease of the
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NK cell anti-tumor response. Thus, another therapeutic approach

may be to inhibit ROS formation through treatment with histamine

dihydrochloride as proven efficient in acute myeloid leukemia (66).

Even though our studies have focused on the metastatic site of

HGSC ascites, we also show that Galectin-3 levels are high in HGSC

cyst fluid at the primary tumor site, and that neutrophils are

degranulated when incubated in HGSC cyst fluid. Ultimately,

these results suggest that Galectin-3 may affect NK cell mediated

anti-tumor response also at the primary tumor site.

Murine models that mimic human conditions, such as

xenograft mouse models, can generate valuable information about

human biology that is challenging to obtain otherwise. Using a

murine model to study if Galectin-3 induces neutrophil-dependent

ROS mediated NK cell death and reduced cytotoxicity towards OC

tumor cells in vivo could therefore be of interest for future

perspectives. However, there are substantial differences between

human and murine neutrophils, including receptor signaling

pathways, granule proteins and regulation of NADPH oxidase

activity (91), which have to be taken into consideration.

A limitation with this study is the low number of samples in

certain experiments, including measurement of ROS activity.

Nevertheless, despite a low number of samples we believe that

this study provides new insights into the interplay between NK cells,

neutrophils and Galectin-3.

In conclusion, we report that the high levels of Galectin-3

detected in the tumor microenvironment of HGSC may decrease

NK cell eradication of tumor cells in a ROS-dependent manner.

This study sheds light on the intricate immune cell interactions

within the tumor microenvironment in OC and suggests further

inves t i ga t ion to eva lua te Ga lec t in-3 as a potent i a l

immunotherapeutic target in OC.
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for NK cell activating receptors
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Introduction: Natural Killer (NK) cells play a key role in both innate and adaptive

immune responses against viruses and tumor cells. Their function relies on the

dynamic balance between activating and inhibitory signals, which are mediated

by receptors that bind ligands expressed on target cells. While much is known

about the function and expression patterns of NK cell activating receptors

(NKARs), many of their ligands remain unidentified.

Methods: K562 cells were transduced with a shRNA library targeting 15,000

genes and co-cultured with NK cells from healthy donors. Surviving clones were

tested in cytotoxicity and degranulation assays. PLAC1 was cloned from JEG3

cells in a lentiviral vector and transfected in K562 cells. PLAC1-related gene

expression and survival data were obtained from the TCGA database and

analyzed using R. PLAC1 and DSG2 expression in healthy tissues and NK cells

was obtained from the HPA database and a GEO dataset.

Results: We identified ten candidate genes whose downregulation in K562 cells

decreased NK cell-mediated cytotoxicity to levels comparable to silencing the

MICA gene. The most promising candidates were functionally validated through

single-target gene silencing and overexpression. Among them, the placenta-

specific 1 (PLAC1) gene stood out, as its inhibition conferred the greatest

protection to target cells from NK cell lysis, while overexpression of PLAC1

significantly increased NK cell degranulation. Importantly, PLAC1 was found to

interact with NKAR fusion proteins, including NKG2D, DNAM1 NKp44 and NKp30,

suggesting its potential involvement in NK cell function. PLAC1 is typically silent in

normal tissues, with the exception of placental trophoblasts and testicular germ

cells, but is markedly overexpressed in a wide range of tumors. Notably, its

prognostic significance appears to be tumor-type specific, associating with

either favorable or poor outcomes depending on the cancer context.
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Discussion: Our study identifies PLAC1 as a novel potential ligand for NKARs,

suggesting it could be a valuable target for pharmacological strategies aimed at

enhancing NK cell recognition. This finding holds promise for improving the

efficacy of NK cel l-based immunotherapies and advancing their

clinical application.
KEYWORDS

NK cell, activating receptors, ligands, genome-wide screening, cancer immunotherapy,
PLAC1, prognostic value
Introduction

Natural killer (NK) are cytolytic and cytokine-producing

lymphocytes of the innate immune system, essential for immune

regulation and antitumor and antiviral immunity (1). Their activity

is tightly controlled by a balance between activating and inhibiting

receptors that recognize ligands on the surface of target cells (2).

NK cell activation occurs when inhibitory receptors fail to engage

their ligands, while activating receptors bind to their targets, shifting

the signaling balance toward activation (3). This interplay determines

whether NK cells are triggered to kill target cells (3). NK cell activating

receptors (NKARs), such as NK group 2, member D (NKG2D),

DNAX accessory molecule 1 (DNAM1) as well as natural

cytotoxicity receptors (NCRs) NKp30, NKp44, and NKp46,

recognize stress-induced ligands expressed during cellular

transformation or viral infection (4). For instance, the homodimer

NKG2D detects MICA, MICB, and ULBP family ligands in humans

(5), and H60 and Rae1 in mice (6). DNAM-1 recognizes PVR and

Nectin-2 (3, 7). Despite initial challenges, several NCR ligands have

been identified. NKp30 binds BAT3, HCMV pp65, b-1,3-glucan, and
the tumor-associated ligand B7-H6, promoting IFN-g production and

cytotoxicity (8–14). NKp44 and NKp46 bind viral hemagglutinins via

sialylated glycans (15–17). NKp44 also recognizes NID1 and tumor-

specific MLL5 (18, 19). NKp46 interacts with complement factor P

and externalized calreticulin (20, 21).

Although much is known about the expression and function of

NKARs, many ligands have not yet been unidentified. To uncover

novel ligands for NKARs, we performed a genome-wide loss-of-

function screening using stable gene knockdown in the human

chronic myeloid leukemia cell line K562 (22, 23). This approach led

to the identification of PLAC1 (24) as a potential ligand for NKARs.

Our findings demonstrate that modulating PLAC1 expression,

through either inhibition or overexpression, significantly influences

NK cell function and their interaction with NKARs such as

NKG2D, DNAM-1, NKp44 and NKp30. Notably, PLAC1 is

absent in normal tissues under steady-state conditions but is

expressed across a wide range of hematopoietic and non-

hematopoietic tumors, as well as in transformed cells. In these

contexts, PLAC1 can activate allogenic NK cells. Furthermore, its

expression has been linked to either favorable or poor prognosis,
02114
depending on the tumor type. Altogether, these findings suggest

PLAC1 as a promising novel ligand for NKARs.
Results

Genome-wide screening identifies PLAC1
as a novel potential ligand for NK cell
activating receptors

To uncover novel ligands for NKARs, we performed a genome-

wide loss-of-function genetic screening using a pooled shRNA

library targeting 15,000 human genes with multiple sequence-

verified constructs (Figure 1A). On average, five shRNA designs

were used per gene. We selected the K562 cell line as a target due to

its expression of numerous ligands for NKARs, making it an ideal

model for identifying genes involved in NK cell activation. K562

cells were transduced with the human lentiplex shRNA library

(TRC 1.5) at a multiplicity of infection (MOI) ≤1 and selected with

puromycin for 4 days. As a control, K562 cells were transduced with

a non-targeting shRNA (shCTRL). The transduced cells were then

cocultured with freshly isolated NK cells from five healthy donors

(HD) at an effector-to-target (E:T) ratio of 15:1, with each donor

added separately over three consecutive days. Surviving K562 cells,

presumed to have silenced genes essential for NK cell-mediated

activation, were selected based on viability and morphology via flow

cytometry, and maintained as bulk populations or individual

clones (Figure 1A).

Functional validation using NK cells from additional HDs and a

standard 51Cr release assay confirmed that K562 cells transduced

with the shRNA library were more resistant to NK cell-mediated

killing, compared to shCTRL cells (Figures 1B, C). The average lytic

units (L.U.) at 30% lysis across three replicates (shLib 1-3) were

significantly lower for K562-shLib cells (12.6) than for K562-

shCTRL cells (17.5) (Figure 1B, right panel). Similarly, individual

clones showed variable levels of resistance, with library-derived

clones displaying an average L.U. at 20% of 18, compared to 31 for

shCTRL cells (Figure 1C, right panel). Notably, the 10 clones with

L.U. values below the average (<18) were also more resistant to

killing by the NKL cell line (25) than the other clones (Figure 1D).
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FIGURE 1

Genome-wide screening identifies new potential ligands for activating NK cell receptors. (A) Experimental scheme as detailed in the text. (B-D) NK
cells derived from HD (B, C) and NKL cell line (D) were tested as effectors at the indicated E:T ratios in a standard 51Cr-release assay using K562 cells
infected with the lentiplex shRNA library that survived positive selection with NK cells, either as a polyclonal cell population (B) or as single clones (C,
D). Data from a representative of three independent experiments are shown. Specific lysis was converted to L.U. 30% (B) or 20% (C, D). Dots,
represent L.U. 30% or 20% of the effector/target pairs tested; horizontal bars indicate average values. P values were calculated by comparing with
shCTRL and sh-bulk (B) or clones (C, D) (two-tailed paired Student t test). The scheme in A was created by BioRender.
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To evaluate whether silencing a specific ligand could impair NK

cell function, we tested NKL cell recognition of K562 cells with MICA

knockdown, a known ligand for NKG2D. K562-shMICA cells

exhibited protection levels comparable to the top 10 resistant clones,

with a L.U. of 40 versus 20 for K562-shCTRL (Supplementary

Figure S1).

DNA sequencing identified the silenced target genes in 15 out of

24 clones (Supplementary Table S1). The remaining 9 clones likely

contained multiple shRNA inserts, preventing target identification.

Among the identified genes, placenta-specific protein 1 (PLAC1,

clone 2.2D2) (24), transcription factor 7 (TCF7, clone 2.1C10) (26),

and Pleckstrin Homology Domain-Containing A5 (PLEKHA5,

clone 3.2D8) (27) conferred strong resistance to NK cell-mediated

lysis by both HD-derived NK cells and the NKL cell line

(Figures 1C, D). PLAC1 is associated with placental development

(24), TCF7 is involved in T cell differentiation (28), and PLEKHA5

has been linked to the suppression of tumor metastasis (29).

Functional validation revealed that silencing PLAC1

significantly impaired NK cell degranulation, as indicated by

reduced CD107a expression (Figure 2A; Supplementary Figure

S2A). Both K562-shPLAC1 cells and the corresponding library

clone (K562-2.2D2) decreased the frequency of CD107a+ NK cells

by nearly 50% compared to K562-shCTRL cells (0.60 and 0.48,

respectively) (Figure 2A). In contrast, silencing TCF7 or PLEKHA5

had no significant effect on NK cell degranulation (Figure 2A).

Based on these results and given its predicted membrane

localization (30), we focused on PLAC1 as the most promising

target. To further validate its role, PLAC1 was cloned from JEG3

cells and stably expressed in K562 cells (Figure 2B; Supplementary

Figures S2B, C).

Overexpression of PLAC1 in K562 cells increased NK cell

degranulation by 23%, with the frequency of CD107a+ NK cells

rising from 45.5% in K562-CTRL cultures to 59% in K562-PLAC1

cultures (Figure 2C). Since the overexpression of PLAC1 did not

impact the expression of NKAR ligands MICA/B, ULBPs, Nectin-2,

PVR, B7-H6, FAS and TRAIL-R2 (Figure 2D), the increased

degranulation was attributed to a direct effect mediated by PLAC1.

These results highlight PLAC1’s critical role in modulating NK

cell function and suggest its potential as a novel ligand for NKARs.
PLAC1 modulates the binding of NK cell
activating receptors to K562 cells

PLAC1 may influence NK cell function by serving as a ligand

for NKARs. To test this hypothesis, we examined whether PLAC1

expression affects the binding of NKARs fusion proteins NKG2D,

DNAM1, NKp30 and NKp44 to K562 cells overexpressing PLAC1.

In this assay, K562 cells were stained with NKARs-Fc fusion

proteins, NKG2D-Fc, DNAM1-Fc, NKp30-Fc and NKp44-Fc.

Compared with control cells, overexpression of PLAC1 led to

significantly increased binding of all fusion proteins tested in

K562 cells (Figure 2E).
Frontiers in Immunology 04116
These results suggest that overexpression of PLAC1 results in

increased interaction of these cells with the activating receptors

NKG2D, DNAM1, NKp30, and NKp44, potentially amplifying the

recognition and lysis of tumor cells by NK cells.
PLAC1 expression in tumors based on
cancer genomic datasets

PLAC1 is highly expressed during development, particularly in

placental tissues, including trophoblast giant cells and the

labyrinthine layer derived from the trophoblast lineage (31).

According to data from The Cancer Genome Atlas (TCGA),

PLAC1 is virtually undetectable in most normal somatic tissues,

with the exception of testicular germ cells, skeletal muscle,

peritubular cells, and the placenta during gestation (Figure 3A;

Supplementary Figure S3A). In contrast, PLAC1 is significantly

upregulated in a wide range of tumor types compared to their

normal tissue counterparts (Figure 3B). Elevated expression was

observed in 15 distinct cancers, including bladder urothelial

carcinoma (BLCA), breast invasive carcinoma (BRCA), cervical

squamous cell carcinoma and endocervical adenocarcinoma

(CESC), cholangiocarcinoma (CHOL), colon adenocarcinoma

(COAD), esophageal carcinoma (ESCA), glioblastoma multiforme

(GBM), head and neck squamous cell carcinoma (HNSC), kidney

renal clear cell carcinoma (KIRC), lung adenocarcinoma (LUAD),

lung squamous cell carcinoma (LUSC), prostate adenocarcinoma

(PRAD) , rec tum adenocarc inoma (READ) , s tomach

adenocarcinoma (STAD) and thyroid carcinoma (THCA)

(Figure 3B; Supplementary Table S2). Interestingly, the prognostic

relevance of PLAC1 expression appears to be highly tumor-specific.

Elevated PLAC1 levels were associated with improved overall

survival in ESCA, GBM and LUSC, and poorer prognosis in

BLCA, CESC, CHOL, COAD, HNSC, KIRC and PRAD

(Figure 3C; Supplementary Figures S3B, C). To assess the impact

of threshold selection on survival outcomes, we conducted

sensitivity analyses using multiple clinically and statistically

relevant cut-offs—including the mean, median, and quartiles of

PLAC1 expression (Supplementary Figures S3B). Although the

strength and significance of the associations varied depending on

the chosen threshold, consistent trends were observed, particularly

in ESCA and LUSC, where the mean expression level reliably

stratified survival outcomes (Supplementary Figures S3B, C).

These findings underscore the importance of careful threshold

selection when utilizing PLAC1 as a prognostic biomarker and

suggest that PLAC1 may serve as a context-dependent indicator of

clinical outcome, with its prognostic value varying substantially

across different tumor types.

To further explore the role of PLAC1 in NK cell activation, we

analyzed its correlation with a NK cell gene signature (32) in tumor

types where PLAC1 expression affects overall survival of patients.

Notably, in tumors where high PLAC1 expression is associated with

a favorable prognosis (ESCA, GBM, LUSC), we observed a positive
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FIGURE 2

PLAC1 regulates the activity of NK cells. (A) Representative example of degranulation by human CD3−CD56+ NK cells from a HD, measured as
CD107a cell-surface expression following stimulation with K562 cells transduced with the indicated library clones or specific shRNAs. The
percentage of CD107a+ NK cells is indicated. A representative of three independent experiments is reported. Summary of NK cell degranulation after
stimulation with the indicated target cells with 5 HDs is reported on the right (Dunett’s multiple comparisons test). (B) Immunoblotting of PLAC1
expression in K562 cells overexpressing PLAC1. (C) Representative example of degranulation by human CD3−CD56+ NK cells from a HD, measured
as CD107a cell-surface expression following stimulation with K562 cells overexpressing PLAC1. Summary of NK cell degranulation of 7 donors after
stimulation with the indicated cells is reported on the right (two-tailed paired Student t test). (D) Expression of the indicated ligands for NKARs in
control and PLAC1-overexpressing K562 cells (Šıd́ák’s multiple comparisons test). (E) Relative intensity in NKAR-Fc protein binding on K562
overexpressing PLAC1 compared with K562-CTRL cells measured by flow cytometric analysis. Means ± SD of three independent experiments are
shown (two-tailed unpaired Student t test).
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correlation between PLAC1 and the genes XCL1, KLRC1 (NKG2A),

KLRC2 (NKG2C) and TKTL1, and a negative correlation with the

MLC1 gene (Figure 4). In contrast, these correlations were absent in

tumor types where high PLAC1 expression was associated with

poorer survival outcomes (BLCA, CESC, CHOL, COAD, HNSC,

KIRC and PRAD). These findings further strengthen the association

between PLAC1 and NK cell function in specific cancer contexts.
Frontiers in Immunology 06118
Desmoglein 2 is not expressed on NK cells

Recent studies have identified Desmoglein 2 (DSG2), a critical

component of desmosomes, as a direct interaction partner of PLAC1

(30). Desmosomes are specialized adhesive protein complexes located

at intercellular junctions, essential for maintaining tissue mechanical

integrity (33). Given PLAC1’s potential role as a ligand for NKARs,
FIGURE 3

PLAC1 expression has prognostic value in tumors. (A) PLAC1 gene expression in the indicated normal human tissues. (B) The expression status of
PLAC1 in 33 cancer types compared to the normal counterpart. (C) Kaplan-Meier curves show the duration of overall survival of the indicated tumor
patients according to the PLAC1 gene expression. Statistically significant P values are indicated. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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we investigated whether DSG2 is expressed on NK cells. According to

data from the Human Protein Atlas (HPA), DSG2 is primarily

expressed in epithelial cells and trophoblasts (34). Among immune

cells, DSG2 is predominantly found on dendritic cells (DC), with no

significant expression detected on NK cells (11) (Supplementary

Figure S4A). To further explore DSG2 expression in NK cells

within an oncological context, we analyzed single-cell RNA

sequencing (scRNA-seq) data from NK cells isolated from the bone

marrow of HD and patients with acute myeloid leukemia (AML)

(35). DSG2 was detected in fewer than 1% of total NK cells

(approximately 0.3%), with no significant differences between

healthy and AML conditions (Supplementary Figure S4B). In

contrast, well-characterized NK cell receptors, such as NKp46

(NCR1), NKG2D (KLRK1), NKG2A (KLRC1), and DNAM1

(CD226) were expressed in a substantially higher proportion of NK

cells, approximately 30%, 10%, 7%, and 1%, respectively

(Supplementary Figure S4B). Finally, we evaluated the expression

of DSG2 on the surface of NK cells purified from HDs. Unlike HeLa

cells, which are known to express DSG2, NK cells from all donors

analyzed did not express DSG2 (Supplementary Figure S4C).

Altogether, these finding indicate that DSG2 is not expressed on

the surface of NK cells, neither in healthy conditions nor in

cancerous states. Therefore, the interaction between PLAC1 and

NK cells likely involves a receptor other than DSG2.
Discussion

This study identifies a novel role of PLAC1 as a potential ligand

for NKARs, contributing to the recognition of tumor cells by NK

cells. NKARs, such as NKG2D, DNAM-1 and NCRs NKp30,

NKp44 and NKp46, interact with ligands frequently upregulated

on tumor cells, thereby promoting NK cell activation, cytokine

production and the elimination of tumor cells (1). PLAC1 appears

to function similarly, although the precise mechanisms and receptor

interactions have yet to be fully elucidated.

The PLAC1 gene is primarily expressed in the placenta, where it

plays a crucial role in fetal development (24). Its protein product is

mainly localized on the surface of trophoblastic cells, where it

contributes to cell adhesion processes and helps to maintain the

maternal-fetal interface (31). Notably, PLAC1 is not expressed in

other normal tissues but is detectable in a variety of cancers, making

it an attractive target for cancer research due to its restricted

expression pattern and immunogenic potential (36–38).

PLAC1 is classified as a cancer/testis antigen (CTA) (39), with

elevated expression reported in several tumor types, including

stomach (40), colon (41), liver (42), pancreas (43), prostate (44),

ovary (45, 46), uterus (47), cervix (48), breast (49), lung (37), HNSC

(38, 50) and nasopharynx carcinoma (51). Beyond its expression

profile, PLAC1 has been implicated in promoting cancer cell

proliferation, invasion, and migration (52). Several factors may

explain PLAC1’s role in cancer. For example, it might be ectopically

expressed in tumors due to widespread epigenetic deregulation,

without directly contributing to oncogenic processes. Its role could

be context-dependent, becoming functionally relevant only in
Frontiers in Immunology 07119
certain tumor types, disease stages, or microenvironmental

conditions. Alternatively, PLAC1 may participate in broader

molecular networks, where its effects are compensated by other

mechanisms, making its individual contribution difficult to detect

experimentally. Finally, PLAC1 might play a primarily

immunological role, contributing to tumor immunogenicity

rather than directly driving oncogenic transformation.

In this study, we employed a genome-wide loss-of-function

screening approach to demonstrate that PLAC1 can act as a ligand

for NKARs. This interaction enhances NK cell-mediated

cytotoxicity against PLAC1-expressing tumor cells. Notably,

overexpression of PLAC1 in K562 cells increased binding to

NKAR-Fc fusion proteins, including NKG2D-Fc, DNAM1-Fc,

NKp30-Fc and NKp44-Fc. These findings suggest that PLAC1

may function as a novel ligand for these receptors. Beyond its

potential role as a direct ligand for NKARs, PLAC1 could also act as

a cofactor for known ligands, modulating their interaction with

NKARs through a mechanism distinct from merely inducing ligand

expression. While the direct role of PLAC1 as an NKAR ligand

remains to be fully validated, our findings underscore its impact on

NK cell activation and tumor cell recognition. Further studies are

required to determine whether PLAC1 interacts with an as-yet-

unidentified NK cell receptor. The potential importance of PLAC1,

compared to other tumor-mediated NK cell regulation

mechanisms, lies in its role as a direct ligand for NKARs. Unlike

stress-induced activation mechanisms such as MICA/B or ULBPs,

PLAC1 offers an additional interaction with NK cells, potentially

enhancing tumor recognition and killing. This makes PLAC1 a

promising target for therapeutic strategies, particularly in tumors

that express this antigen.

PLAC1 has been shown to interact with DSG2 in a

choriocarcinoma model (30). DSG2 is a key component of

desmosomes, structures essential for cell adhesion in epithelial

and cardiac tissues (33). As a member of the cadherin

superfamily, DSG2 plays diverse roles in cell adhesion and is

implicated in both normal development and cancer progression

(34, 53). Interestingly, DSG2 is highly expressed in epithelial and

cardiac tissues but less so in immune cells, including NK cells,

where its expression decreases during lymphocyte differentiation

(11). While the role of DSG2 in NK cell function and its potential

affinity for PLAC1 warrant further investigation, our data suggests

that the interaction between PLAC1 and NK cells likely involves a

receptor other than DSG2. Exploring the targeting of PLAC1 to

enhance NK cell-mediated anti-tumor responses could lead to the

development of new immunotherapies that increase NK cell

cytotoxicity or harness PLAC1’s immunogenic potential to

improve cancer treatment outcomes. Further studies are needed

to assess how PLAC1 influences tumor progression and whether

targeting it can effectively modulate the tumor microenvironment.

In summary, the interaction between PLAC1 and NK cells

represents a promising mechanism by which the immune system

can recognize and eliminate PLAC1-expressing tumors. These

findings provide new insights into tumor immunity and suggest

potential strategies for cancer immunotherapy involving the

modulation of PLAC1. Further studies are needed to unravel the
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precise molecular pathways and to assess the therapeutic potential

of PLAC1 in clinical settings.
Methods

Cell lines, patients, NK cells and reagents

All cell lines were obtained by ATCC and characterized every 6

months by HLA class I typing. Mycoplasma contamination was

routinely detected by Mycoplasma Detection kit (Venor-GeM

Advance). Cells were maintained in RPMI 1640 medium

supplemented with 10% FBS (Gibco), 2 mM glutamine, 100 mg/

ml penicillin and 50 mg/ml streptomycin (Euroclone).

HumanNK cells were isolated from peripheral bloodmononuclear

cells (PBMC) of HDs by the RosetteSep NK-cell enrichment mixture

method (StemCell Technologies) and Ficoll-Paque Plus (Lympholyte

Cedarlane) centrifugation. NK cells with purity greater than 90% were

suspended in NKMACSmedium (Miltenyi Biotec) supplemented with

NK MACS Supplement, AB serum and 500 IU/mL of recombinant

human IL-2 (PeproTech) for 18 hours at 37°C.
Lentiviral infections and transfections

K562 cells were stable infected with a pooled shRNA human

library from the RNAi consortium (TRC 1.5) consisting of over

150000 plasmid-based shRNA constructs targeting 15000 human

genes (Sigma). On average, there were five shRNA designs for each

gene target. K562 were stably transduced with a multiplicity of

infection (MOI) ≤ 1 such that the majority of cells will be

transduced with a single shRNA. Transduced cells were selected

using 3 µg/ml puromycin for 4 days. As control K562 cell were

infected with an shRNA (sgCTR). Transduced cells were cocultured

with NK cells isolated from HD at an E:T ratio of 15:1 for 3 days. The

surviving cells were FACS sorted for cell viability and morphology

and seeded clonally in 96 well plates. The clones obtained were

expanded and genomic DNA extracted by standard procedures.

Lentiviral particles were generated in HEK293T cells by combining

a pLKO.1 plasmid containing shRNA sequences, packaging plasmid

pCMV-dR8.74, and envelope plasmid VSV-G/pMD2.G using

TransIT-293 transfection reagent (MIRUS Bio LLC, Madison, WI,

USA). K562 cells were infected by the spin inoculation method with

lentivirus containing a nontarget shRNA control vector (SHC002) or

either of MICA, PLAC1, TCF7 and PLEK shRNAs (clone ID:

TRCN0000061288, TRCN0000061031, TRCN0000061677, and

TRCN0000060846) targeting the indicated genes (Sigma-Aldrich).
PLAC1 cloning

Full-length cDNAs encoding human PLAC1 (accession number

AF234654.1) was cloned from JEG3 cells in the lentiviral vector
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pRRL-CMV-PGK-GFP-WPRE (TWEEN) under the control of the

CMV promoter. K562 cells were transfected with PLAC1 vector or

empty vector using LipofectAMINE 2000 according to the

manufacturer’s instructions (Invitrogen Life Technologies). Stably

transfected cells were sorted by FACS as GFP expressing cells.
DNA sequencing

Genomic DNA was isolated with standard procedures and

primers designed to flank the shRNA hairpins were used to

amplify the shRNA sequences. Hits identified by sequencing the

PCR amplicon were matched to database.
Quantitative mRNA expression

Total RNA was extracted using TRIzol Reagent (Invitrogen).

First-strand cDNA was synthesized using the SuperScript II First

Strand cDNA synthesis kit (Invitrogen). Quantitative real-time PCR

(qPCR) reactions were performed using pre-validated TaqMan gene

expression assays from Applied Biosystems (Hs06598311_m1 for

PLAC1, Hs01556515_m1 for TCF7, Hs01043767_m1 for

PLEKHA5, Hs02786624_g1 for GAPDH). Relative gene

expression was determined using the 2-DDCt method with ß-actin

as endogenous control.
Cytotoxicity and degranulation assay

NK cell cytotoxic activity and degranulation assay were

performed by a standard 4-hour 51Cr-release assay and flow

cytometric analysis of cell-surface CD107a expression,

respectively. In cytotoxicity assay K562 cells were labelled with
51Cr [Amersham International; 100mCi (3.7 MBq)/1 x 106 cells] and

co-cultured (5 x 103) with NK cells or NKL cell line at different E:T

cell ratios, in 96-well plates round bottom in triplicates, and

incubated at 37°C. At 4 hours of incubation, 25mL supernatant

were removed, and the 51Cr release was measured with TopCount

NXT beta detector (PerkinElmer Life Sciences). The percentage of

specific lysis by counts per minute (cpm) was determined as follows:

100 x (mean cpm experimental release – mean cpm spontaneous

release)/(mean cpm total release - mean cpm spontaneous release).

Specific lysis was converted to lytic units (L.U.) calculated from the

curve of the percentage lysis (54) and defined as the number of NK

cells required to produce 20% lysis of 106 target cells during the 4

hours of incubation. In degranulation assays, NK cells were co-

cultured with K562 target cells at 1:1 ratio for 3 hours, in complete

medium in the presence of anti-CD107a (diluted 1:100). During the

last 2 hours, GolgiStop (BD Bioscences) was added at 1:500 dilution.

Cells were firstly pre-stained with Live/Dead Kit (L/D), stained with

anti-CD56, anti-CD3 and then, the expression of CD107a was

evaluated in the CD3-CD56+ subset by flow cytometry.
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Antibodies for flow cytometry

The following antibodies were used: anti-CD3-Alexa-700

(UCHT1), anti-CD56-PE-Cy7 (B159), anti-CD107a-FITC
Frontiers in Immunology 09121
(H4A3), anti-IgG1-FITC (A85-1), anti-IgM-PE (R6-60.2), anti-

MICA/B-BV650 (6D4), anti-ULBP2/5/6-BV510 (165903), anti-

CD155/PVR-BV605 (SKII.4), anti-CD112/Nectin-2-PE (R2.525),

anti-CD95/FAS-BV421 (DX2), anti-CD262/TRAIL/R2-PE
FIGURE 4

PLAC1 correlates with the expression of NK-cell signature genes in cancer. Heatmap showing the differential expression of NK cell marker genes in
the indicated tumor types. The color scale is based on z-score-scaled gene expression. The z-score distribution ranges from −2 (blue) to 2 (red).
Statistically significant P values are indicated; * p<0.05, ** p<0.01.
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(YM366), anti-ULBP1-PE (170818), anti-ULBP3-PE (166510),

anti-FAS-BV421 (DX2), anti-B7-H6-BV421 (1A5), anti-DSG2-PE

(6D8), purchased from BD Biosciences. For indirect staining, goat F

(ab’)2 Fragment anti-mouse IgG FITC (IM1619) was used. All these

antibodies were used according to the manufacturers’ protocol.

Prior to surface staining, NK cells were pre-stained with Live/

Dead™ Fixable Near-IR Dead Cell Stain Kit (Invitrogen). Flow

cytometry was performed by using FACSCalibur, FACSCantoII or

FACSFortessa X-20 (BD Biosciences) and analyzed by FlowJo

Software. Recombinant human NKG2D-Fc, DNAM1-Fc, NKp30-

Fc and NKp44-Fc chimera proteins were purchased from R&D.

Cells were incubated with fusion proteins for 30 min in ice, washed

twice and then incubated with PE-conjugated goat anti-human Fc

antibody (Jackson ImmunoResearch Laboratories) for 30 min on

ice, and propidium iodide was added to cells before flow analysis.
Western blotting

Equal amounts of protein extracts were resolved on 15% or 10%

polyacrylamide gel for the detection of PLAC1 and MICA,

respectively, and transferred on nitrocellulose membranes

(Amersham Systems, Ge Healthcare Sciences). Filters were blocked

with 5% (v/v) non-fat dry milk for 1 hour at room temperature, and

then blotted with rabbit anti-human PLAC1 polyclonal antibody

(kindly provided by Prof. Zarnani, Sina Biotech Co) or mouse anti-

human PLAC1 (G1, Santa Cruz Biotechnology, Cat No 365919), and

mouse anti-humanMICAmonoclonal antibody (Proteintech, Cat No.

66384-1-Ig) to recognize PLAC1 and MICA, respectively. Anti-

ERp57, anti-b−actin or anti-GAPDH antibodies were used as

loading control. After extensive washing with TBST, filters were

incubated with peroxidase-coupled secondary antibody for 1 hour at

room temperature. Reactivity was detected with the ECL Western

Blotting Detection Kit (Amersham Systems, Ge Healthcare Life

Sciences) and the protein bands were quantified using Image J.
Databases and data analysis

Pan-cancer gene expression data and clinical data from 33

tumor types were downloaded from The Cancer Genome Atlas

(TCGA, https://portal.gdc.cancer.gov/, accessed April 5th, 2024)

database. The survival curves using log-rank test of Kaplan-Meier

overall survival (OS) and the forest-plots indicating hazard-ratio

and 95% confidence intervals for different cut-off values for PLAC1

expression were conducted using the survival R package (version

3.4.0) under R version 4.4.1 (https://www.R-project.org/). P

values<0.05 were considered significant. The expression of PLAC1

and DSG2 in healthy tissues and cell types was obtained from the

Human Protein Atlas (HPA, http://www.proteinatlas.org/, accessed

July 2nd, 2024) database. The Gene Expression Omnibus (GEO,

https://www.ncbi.nlm.nih.gov/geo/, accessed September 6th, 2024)

database was used to obtain normalized scRNA-seq data from NK

cells (GSE159624).
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Statistical analysis

For all data, statistical significance was evaluated using

GraphPad software. Statistical tests performed are indicated in the

figure legends. P values not exceeding 0.05 were considered to be

statistically significant.
Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Material. Further inquiries can be

directed to the corresponding author.
Ethics statement

The studies involving humans were approved by Ospedale

Pediatrico Bambino Gesù. The studies were conducted in accordance

with the local legislation and institutional requirements. The participants

provided their written informed consent to participate in this study.
Author contributions

PR: Conceptualization, Data curation, Formal Analysis,

Funding acquisition, Investigation, Methodology, Project

administration, Resources, Software, Supervision, Validation,

Visualization, Writing – original draft, Writing – review &

editing. LC: Conceptualization, Data curation, Formal Analysis,

Funding acquisition, Investigation, Methodology, Project

administration, Resources, Software, Supervision, Validation,

Visualization, Writing – original draft, Writing – review &

editing. PG: Conceptualization, Data curation, Formal Analysis,

Funding acquisition, Investigation, Methodology, Project

administration, Resources, Software, Supervision, Validation,

Visualization, Writing – original draft, Writing – review &

editing. VD: Conceptualization, Data curation, Formal Analysis,

Funding acquisition, Investigation, Methodology, Project

administration, Resources, Software, Supervision, Validation,

Visualization, Writing – original draft, Writing – review &

editing. MC: Conceptualization, Data curation, Formal Analysis,

Funding acquisition, Investigation, Methodology, Project

administration, Resources, Software, Supervision, Validation,

Visualization, Writing – original draft, Writing – review &

editing. VF: Resources, Conceptualization, Data curation, Formal

Analysis, Funding acquisition, Investigation, Methodology, Project

administration, Software, Supervision, Validation, Visualization,

Writing – original draft, Writing – review & editing. VL:

Conceptualization, Data curation, Formal Analysis, Funding

acquisition, Investigation, Methodology, Project administration,

Resources, Software, Supervision, Validation, Visualization,

Writing – original draft, Writing – review & editing. OM:

Conceptualization, Data curation, Formal Analysis, Funding
frontiersin.org

https://portal.gdc.cancer.gov/
https://www.R-project.org/
http://www.proteinatlas.org/
https://www.ncbi.nlm.nih.gov/geo/
https://doi.org/10.3389/fimmu.2025.1537876
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Romania et al. 10.3389/fimmu.2025.1537876
acquisition, Investigation, Methodology, Project administration,

Resources, Software, Supervision, Validation, Visualization,

Writing – original draft, Writing – review & editing. RB:

Conceptualization, Data curation, Formal Analysis, Funding

acquisition, Investigation, Methodology, Project administration,

Resources, Software, Supervision, Validation, Visualization,

Writing – original draft, Writing – review & editing. FL:

Conceptualization, Data curation, Formal Analysis, Funding

acquisition, Investigation, Methodology, Project administration,

Resources, Software, Supervision, Validation, Visualization,

Writing – original draft, Writing – review & editing. DF:

Conceptualization, Data curation, Formal Analysis, Funding

acquisition, Investigation, Methodology, Project administration,

Resources, Software, Supervision, Validation, Visualization,

Writing – original draft, Writing – review & editing.
Funding

The author(s) declare that financial support was received for the

research and/or publication of this article. This work was supported

by grants awarded by the European Union’s Horizon 2020 research

and Innovation program under the Marie Skłodowska-Curie

Actions grant agreement No 954992 (CAPSTONE-ETN) (D.

Fruci), the Associazione Italiana Ricerca sul Cancro (AIRC)

IG18495 (D. Fruci) and IG24345 (D. Fruci), the Italian Ministry

of Health with Ricerca Finalizzata No. PE-2011-02351866 (D.

Fruci) and Current Research funds (D. Fruci), PRIN2022/

20223RRASS/CUP: E53D23001190006 (L. Cifaldi) and PRIN

PNRR2022/ P2022XZKBM/CUP: E53D23015290001 (L. Cifaldi).

This research was also supported by fellowships from the

Fondazione Umberto Veronesi (FUV) (V. Lucarini and O.

Melaiu) and a CAPSTONE-ETN H2020 Early-Stage Researchers

(P. Gragera).

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.
Frontiers in Immunology 11123
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.

1537876/full#supplementary-material

SUPPLEMENTARY FIGURE 1

Related to Figure 1. MICA inhibition confers protection of K562 cells from NK

cell-mediated lysis. (A) Representative immunoblotting analysis of MICA
expression on K562 cells infected with lentiviruses carrying control shRNA

(shMICA-) or shRNA targeting the MICA gene (shMICA+). Densitometric

analysis of GAPDH-normalized MICA expression from three independent
experiments is shown below. (B) Flow-cytometry analysis of MICA

expression in the indicated cell lines. The percentage of MICA-positive
K562 cells is shown. (C) K562-shMICA and K562-shCTRL cells were

assayed as targets of NK cells at the indicated E:T ratios in a standard 51Cr-
release assay. A representative of five independent experiments is reported.

(D) Specific lysis of C was converted to L.U. 20%. Dots, L.U. 20% of the

effector/target pairs tested; horizontal bars, average values. P values,
compared with K562-shMICA and K562-shCTRL cells (two-tailed paired

Student t test).

SUPPLEMENTARY FIGURE 2

Related to Figure 2. PLAC1 regulates the activity of NK cells. (A) qPCR of

PLAC1, TCF7 and PLEKHA5 expression in K562 cells transduced with lentiviral

vectors encoding either control shRNA (shCTRL) or shRNA targeting PLAC1,
TCF7 or PLEKHA5 genes (two-tailed unpaired Student t test). (B) qPCR of

PLAC1 expression in K562 cells overexpressing PLAC1 (two-tailed unpaired
Student t test).

SUPPLEMENTARY FIGURE 3

Related to Figure 3 PLAC1 expression has prognostic value in tumors. (A)
PLAC1 gene expression in the indicated human cell types. (B) Kaplan-Meier
curves show the duration of overall survival of the indicated tumor patients

according to the PLAC1 gene expression. (C) Forest plots showing hazard
ratio and 95% confident intervals of the full range of cutoff values of the

indicated tumor patients according to the PLAC1 gene expression. Log-rank
test with Miller and Siegmund P-value correction was used. Statistically

significant P values are indicated.

SUPPLEMENTARY FIGURE 4

Desmoglein 2 expression in tumor cells and NK cells. (A) DSG2 expression in
the indicated human cells. (B) Density plots of DSG2 expression of NK cells

from scRNA-seq of HD and AML patients (GSE159624). (C) Representative
flow-cytometry analyses of DSG2 expression in HeLa cells and NK cells from

a HD. Summary of DSG2 expression in NK cells from 3 HDs is reported on

the right.
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