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Abstract

Strong evidences demonstrate a close interplay between the immune system and the biological de-
velopment and clinical progression of solid tumors. The functional orientation, density and location
of immune cells in solid tumors is defined as immune contexture, whose composition is proved to be
related with also the clinical behavior of the disease. Nevertheless, the current clinical management
of patients affected by cancer does not take into account any immunological features either for the
staging or for the treatment choices. Head and Neck Squamous Cell Carcinoma (HNSCC) repre-
sents the 7th most common cancer worldwide and it is characterized by a relatively poor prognosis
and detrimental effect of treatments on the quality of life of patients. Beyond surgery and radio-
therapy, few systemic treatments are available, mainly represented by platinum-based chemotherapy
or cetuximab. Immunotherapy is a new therapeutical strategy, which is currently still limited to the
palliative setting (recurrent not resectable or metastatic disease). The search for new biomarkers or
possible new targetable mechanisms is meaningful. This thesis focuses on studying the role of three
possible pro-tumoral immune populations in HNSCC: the tumor associated neutrophils (TAN), in-
tratumoral B-cells with a immunosuppressive phenotype and the CD8+ T-regs. Biostatistical and
bioinformatical techniques are applied to analyze complex information derived from multiparametric
clinical and immunological variables and to validate in-situ derived findings through gene expression
data from public available datasets. The second part of the thesis presents some relevant clinical re-
search projects, aimed at improving precision oncology in HNSCC by developing survival prediction
models, comparing alternative oncological procedures, validating new classifiers or testing the use of

novel clinical protocols as the use of immunonutrition.






Riassunto

Forti evidenze dimostrano una stretta interazione tra il sistema immunitario e lo sviluppo biologico
e la progressione clinica dei tumori solidi. Il fenotipo funzionale, la densitd e localizzazione delle
cellule immunitarie nei tumori solidi é definito come come immune contexture, la cui composizione
¢ stat dimostrata essere associata al comportamento clinico della malattia. Nonostante ci6, 1’attuale
gestione clinica dei pazienti affetti da cancro non tiene conto di alcuna caratteristica immunologica ne
per la stadiazione ne per le scelte terapeutiche. Il tumore della testa e del collo (HNSCC) rappresenta
il settimo tumore pid comune al mondo ed € caratterizzato da una prognosi relativamente sfavorevole
e dall’effetto negativo dei trattamenti sulla qualita della vita dei pazienti. Oltre alla chirurgia e alla ra-
dioterapia, sono disponibili pochi trattamenti sistemici, rappresentati principalmente dalla chemioter-
apia a base di platino-derivati o dal cetuximab. L’immunoterapia € una nuova strategia terapeutica
ancora limitata al setting palliativo (malattia ricorrente non resecabile o metastatica). La ricerca di
nuovi biomarcatori o possibili nuovi meccanismi target € molto rilevante quindi nel contesto clinico
del’HNSCC. In questa tesi ci si concentrerd sullo studio di tre possibili popolazioni immunitarie
pro-tumorali studiate nel’ HNSCC: i neutrofili tumore-associati (TAN), le cellule B intratumorali
con fenotipo immunosoppressivo e 1 T-reg CD8+. Particolare attenzione € data all’applicazione di
moderne tecniche biostatistiche e bioinformatiche per riassumere informazioni complesse derivate
da variabili cliniche e immunologiche multiparametriche e per validare risultati derivati n situ, at-
traverso dati di espressione genica derivati da dataset pubblici. Infine, la seconda parte della tesi
prenderd in considerazione progetti di ricerca clinica rilevanti, volti a migliorare 1’oncologia di pre-
cisione nel’HNSCC, sviluppando modelli predittivi di sopravvivenza, confrontando procedure on-
cologiche alternative, validando nuovi classificatori o testando 1’uso di nuovi protocolli clinici come

I’uso dell’immunonutrizione.






General introduction and outline of this thesis

1.1 Cancer Immunosurveillance and Immunoediting

The identification of a close interplay between the immune system and cancer cells dates back to
1970, when Burnet and Thomas theorized the immunosurveillance hypothesis, attributing to the
immune system the role of recognizing and eliminating newly transformed cells [1]. Such theory
was later supported by in-vivo experiments with the use of mice knockout for the recombinase-1 or
recombinase-2 genes (RAG-17- or RAG-27), a murine model lacking T, NKT and B lymphocytes,
but with an intact myeloid compartment. Specifically, immunodeficient mice were more susceptible
to spontaneous or carcinogen induced tumor compared to the immunocompetent counterpart [2]. This
finding was confirmed also after depletion of single crucial components of the immune system, as NK
lymphocytes, NKT lymphocytes, T lymphocytes [3,4], Taf lymphocytes and Tyd lymphocytes [5],
perforin [6-8] and IL-12 [3,9]. The immunosurveillance theory was thus proved in the murine mod-
els, giving to the immune system the role of recognizing and eliminating newly formed tumor cells.
Evidence of this theory was also observed in human cancers, from epidemiological studies showing
an increased rate of solid tumors in immunodeficient or immunosuppressed individuals, as observed
in cohorts of transplanted patients [10], pharmacologically immunocompromised or of patients with
primary [11], or acquired immunodeficiencies [12]. The crucial experiments, by Shankaran et al.
in 2001, showed that the interplay between the immune system and tumor cells was far way more
complex. Tumors generated in immunodeficient mice were eliminated when implanted in immuno-
competent mice; on the contrary, those grown in immunocompetent mice display a progressive growth
[2]. This observation estabilished the concept of "Cancer Immunoediting”, a process in which the im-
mune system has both the ability to prevent and limit the development of neoplasms, but at the same
time it sculpts the tumor mass with a selective pressure mechanism analogous to a Darwinian pro-
cess. The elimination of highly immunogenic tumor cells, more easily recognizable and eliminable
by the immune system, selects for less immunogenic neoplastic cells capable to elude the appropriate
recognition and elimination by the immune system. Such process is envisioned in three phases, not

necessarily temporally distinct, referred as “Elimination”, “Equilibrium” and “Escape” [13]. During
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Chapter 1. General introduction and outline of this thesis

the Escape phase, the tumor cells acquire sufficient genetic mutations to develop resistance to the
immune-mediated recognition and elimination, and they can grow out of control in an immunocom-
petent individual being clinical evident as a solid tumor. In this phase multiple factors can play a
crucial role, determining the immune evasion. Among the others, the alteration of tumor cells them-
selfs, which does not allow recognition leads to resistance to elimination with the establishment of
an immunosuppressive microenvironment at the tumor site through either the secretion of immuno-
suppressive cytokines, such as TGF-f, IL-10 or VEGF, or cell-mediated mechanisms, by recruitment
of Treg lymphocytes (CD4*CD25"%) or by immunoregulatory molecules as PD-1 / PD-L1. The main
strategies by which poorly immunogenic tumor cells overcome the control of the immune system are
the loss of the expression of tumor antigens, the loss of the MHC class I complex, the insensitivity to
IFN-y and the resistance to immune-mediated cytotoxic effects, with the activation of anti-apoptotic
mechanisms (increased expression of STAT-3 or anti-apoptotic molecules as Bcl2) [14,15]. There-
fore, the ’escape” phase represents the failure of the immune system in controlling the tumor growth

and is expressed clinically with the manifestation of the disease [16].

1.2 The tumor immune contexture, friend or foe

As soon as the interaction between the immune system and solid tumor was proven, the interest in
studying the immune infiltrates in cancer exploded. The studies by J. Galon and co-authors on col-
orectal carcinoma are one of the milestones that opened the road to an extensive evaluation on the
immune infiltrates in all tumor types. With an unbiased approach, based on objective quantification
of immune infiltrates on tumor sections, they showed that the higher density and the location of lym-
phocyte subpopulations (CD3*, CD8* and CD45RO™ T-cells) were correlated with a better prognosis,
independently of the disease stage [17,18]. In the reviews by Friedman et al. in 2012 [19] and in 2017
[20], analyzing 200 articles involving more than 25000 patients, the presence of different immune
cell subtypes resulted to be associated with different outcomes in a tumor-specific way. As leading
findings, CD8" T cells infiltration or enrichment of tertiary lymphoid structures (TLS) are associated
with a better oncological outcome, whereas M2 subtype macrophages with a worse outcome [20].
Among solid tumors, 90% of cancer-related deaths depends on the development of metastases [21].
For this reason the understanding of the molecular and immunological phenomena that could con-
tribute to the metastatic process is crucial. The long-term aims are the identification of biomarkers
that better stratify patients to the current available treatments or new compounds. The metastatic
dissemination is a multi-phase process. Tumor cells located in the primary tumor should acquire the
capability to invade lymphatic or hematic vessels (1), survive in the circulation (2), extravasate in
distant sites (3), and here to adapt and proliferate (4) generating a distant metastasis [22-25].

As a consequence of the immunoediting theory, and the outstanding results obtained by Jerome Galon
and co-authors studying the tumor microenvironment in colon cancer and its prognostic significance

[18,26], the view on cancer has changed consistently and a tumor is no longer considered as a bulk
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Chapter 1. General introduction and outline of this thesis

of malignant cancer cells, but rather as a complex environment, enriched by pro-tumoral immune
cells corrupted by cancer itself or recruited into it, to form a self-sufficient biological structure [27].
The stromal component of the tumor microenvironment is composed of multiple different cell types,
such as cancer-associated fibroblasts, neutrophils, macrophages, regulatory T cells, B-cells, myeloid-
derived suppressor cells, natural killer cells, platelets, and mast cells. These subpopulations of cells
can interact with each other as well as with cancer cells through complex communication networks
based on various secreted cytokines, chemokines, growth factors, and proteins [28]. Several pre-
clinical models suggest that immune cells populations of the tumor microenvironment could exert also
pro-tumoral or immunosuppressive actions, such as the pro-tumoral tumor-associated macrophages
(TAM2) [29,30], the pro-tumoral tumor-associated neutrophils (TAN2)[31], regulatory CD4* T-cells
[32-34], regulatory CD8" T-cells [35-37] and regulatory B-cells [38]. The sum of pro-tumor and

anti-tumor immune populations at the tumor site is defined as “immune contexture”.

1.3 Head and neck cancer and tumor microenvironment

Head and neck (H&N) cancers are one of the malignant tumors associated with the most severe im-
pact on the quality of life of the patients, mainly related to the functional and aesthetic effect of the
treatments, the relatively low responsiveness to treatment and severe drug-resistance with a small ar-
mamentarium of effective drugs [39]. Over 90% of these tumors are head and neck squamous cell
carcinoma (HNSCC) [40], which represent the seventh most prevalent cancer worldwide [41,42].
Furthermore, the survival of patients affected by such tumors is poor; moreover, up to 25% of patients
develop secondary cancer within five years after the diagnosis [43], related to the long-term patho-
genetic effect of risk factors like tobacco, alcohol consumption, HPV and EBV infection [41,44,45].
The most relevant prognostic determinant of HNSCC tumors is still considered the presence of lymph
node metastases, since metastatic lymphatic spread correlates with a significant decrease in the sur-
vival rate of patients [46]. Up to now, also in the recently revised version of the UICC TNM staging
system in 2017, the overall stage, that should represent a predictor of overall survival, is derived
from morphologic and morphometric features of the primary tumor and the clinical features of lymph
node or distant site metastasis. The oropharyngeal site was the only one in which the evidence of
an HPV etiology of the tumor, by overexpression of the p16 protein in tumor cells, can modify the
staging system (with a more favorable outcome), despite the fact that changing of the treatment plan,
for such tumors, is still not allowed outside from clinical trials [47-49]. As many other solid tumors,
HNSCC develops in an immune suppressive contexture, [50]. Among HNSCC, the analysis of tumor-
infiltrating immune cells, being T lymphocytes, B lymphocytes and tumor-associated macrophages as
most studied populations, provided information on the prognosis, helping a better-tailored treatment
for new patients [51]. In particular, about HNSCC, it is known that T CD3* and T CD8* lymphocytes
are the predominant immune component being a favorable prognostic factors of overall survival [52],

in agreement with what is already observed among solid tumors of different sites [53].
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Chapter 1. General introduction and outline of this thesis

1.4 The modern concept of precision oncology in Head and Neck

Cancer

From a clinical point of view, the treatment of patients affected by Head and Neck Cancer is chal-
lenging. The anatomical structures of the head and neck region are crucial for several vital functions.
On top of that, the attention to the aesthetic of the face is of most relevance when dealing with tumors
located on or near the nose, the ear, the mouth, the eyes. Most of the tumors arising in this region
are squamous cell carcinomas (HNSCC), for which the possible available treatment modalities are
limited to surgery, radiotherapy, platinum-based chemotherapy (Cisplatin, Carboplatin), anti-EGFR
monoclonal antibody (Cetuximab) and, lastly, still limited to the palliative setting, anti-PD-1 im-
munotherapy (Nivolumab and Pembrolizumab) [41]. The development of new technologies in the
last 30 years permitted the improvement of the diagnostic evaluations, as shown for instance by the
advent of high defined ultrasonography (US), computerized tomography (CT) and magnetic resonance
imaging (MRI) scans [54], PET-CT [55], PET-MRI [56], high resolution and definition endoscopic
imaging and bioendoscopy tools (NBI, SPIES, iISCAN) [57-59]. The routine use of such technologies
in the clinical practice allows nowadays for an accurate macroscopic evaluation of the primary tumor,
its anatomical location, the involvement of critical structures such as muscles, nerves, bone and other
soft tissues, the involvement of the cervical nodes (in most of the cases the first metastatic station),
and the screening for distant metastasis. Alongside, technical improvements were also achieved in
surgical approaches with the advent of mini-invasive surgery such as transoral laser microsurgery,
endoscopic endonasal surgery or robotic surgery [60], sentinel node procedure, microsurgical recon-
structions, or with the advent of intensity-modulated radiotherapy (IMRT) or proton-therapy [41].
The aim of the application of such technical improvements is the achievement of an equally-radical
treatment with less side effects, with the quality of life being one of the crucial parameters to take into
account also during the decision-making process. Besides technical advancements, the availability
of medical treatments for patient affected by HNSCC, in the curative setting, is still limited to the
platinum-based regimen or to the use of Cetuximab [41]. As observed also for other solid tumors, an
encouraging role for immunotherapy could be seen in head and neck cancer. The results of phase I-II
trials in HNSCC suggest the best efficacy of immunotherapy in the neoadjuvant setting, before the
standard of care, where the pathological response to immunotherapy represents a good biomarker for
long-term good prognosis [61,62]. A better understanding of the mechanisms that take place inside
the tumor, and specifically its interaction with the host’s immune system, is a mandatory trajectory
for the identification of new possible therapeutical targets or for the identification of subgroups of
patients that could benefit of a de-intensified treatment regimen reducing the tremendous toxicity of

the current treatments modalities for HNSCC.

12



Chapter 1. General introduction and outline of this thesis

1.5 Aims and outline of this thesis

This thesis is a collection of the most relevant works of the last three years of my career as researcher.
This PhD project is the result of the conjunction of already acquired knowledges in the field of Head
and Neck Cancer, as ENT specialist, the interest for the understanding of the complex relationship
between the tumor microenvironment and the progression of solid tumors and the passion for the
analytical processes (biostatistics and bioinformatics) involved in clinical and translational research.
The presented studies are already published or submitted for publication in peer-review international
journals. In the first part of the thesis, from Chapter 2 to Chapter 7, I have reported the results
of translational studies for which I had a primary or prominent role and focusing on the immuno-
contexture in solid tumors including Head and Neck Cancer. Emphasis is given to the study of pro-
tumoral immune cell populations in HNSCC. In Chapter 2 the prognostic role of tumor infiltrating
neutrophils is investigated in oral cavity squamous cell carcinoma (OCSCC). An association between
tumor-associated neutrophils (TAN) and a good prognosis was detected in early stages tumors and
with a worse outcome in advanced ones, especially if TANs are present also in metastatic deposits in
neck lymph nodes. This supports the hypothesis of a phenotypic change of TANs during the progres-
sion of the disease, from a predominant anti-tumor phenotype (TANT1) to a pro-tumoral one (TAN2).
Through the analysis of a wide set of pan-cancer metastatic nodes, a recurrent occurrence of neu-
trophils in metastatic deposits was observed; TANs were also observed in lymphatic tumor emboli in
primary tumors. These descriptive findings further support the hypothesis of the contribution of TAN
in the lymphatic metastatic process. In Chapter 3 an exploratory analysis is performed on a cohort
of surgically treated laryngeal squamous cell carcinomas (LSCC) to understand whether the tumor
microenvironment contribute to different oncological outcomes. Interestingly, the enrichment of the
B-cell population resulted to be associated with a poorer distant recurrence along the follow-up time.
This observation guided an in-depth research on tumor-infiltrating B-cells in patients that experienced
distant metastases in order to understand the phenotype of these cells. Tumor infiltrating B-cells re-
sulted naive and expressing TGFp, supporting the hypothesis of the presence of regulatory B-cells
with a possible pro-tumoral effect in the tumor microenvironment of LSCC. The widely unexplored
population of regulatory CD8* T-cells is investigated in the field of HNSCC in Chapter 4. This is a
prospective observational study, for which I directly enrolled a cohort of patients affected by oropha-
ryngeal squamous cell carcinomas and treated by non-surgical protocols. This project was aimed at
studying the intratumoral and peripheral T-cells subpopulations by flow-cytometry. Patients that were
refractory to radiotherapy had a higher fraction of intratumoral CD8* T-reg, whose enrichment was
also associated with a poorer overall survival. In Chapter 5, by the use of a biostatistical technique
aimed at summarizing multiple variables of a OCSCC dataset into metavariables (classifiers) includ-
ing information from clinical parameters, peripheral immunological features and intratumoral ones
were compared to the current TNM staging system, obtaining form most of the outcomes a better pre-

dictive performance. This project is meaningful as suggests a method easily applicable to summarize
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Chapter 1. General introduction and outline of this thesis

and translate into clinical practice (for example in terms of survival prediction), the complex infor-

mation obtainable by multiparametric immunological features. Chapter 6 and 7 include research

projects for which my contribution was deeply focused on bioinformatical analysis of public data

repository, as gene expression data of the tissue cancer genome atlas (TCGA) projects. This allowed

to validate preliminary findings obtained in the lab, thus strengthening and increasing the relevance

of the in-situ obtained results. In the second part, from Chapter 8 to Chapter 12, I have reported

studies, for which I had a primary or prominent role, dealing with diagnostic, treatment stratification,

personalized prognosis, innovative treatments for the management of patients affected by HNSCC.
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lymphangiogenesis. The pro-EMT signature is lacking in peripheral
blood neutrophils from OSCC patients, suggesting tissue skewing
of TANs. Conclusion. Our findings are consistent with a novel pro-
tumoral TAN compartment that may promote nodal spread via
EMT, through the lymphatics.

Keywords: carcinoma, epithelial-to-mesenchymal transition, lymph
nodes, metastasis, tumor-associated neutrophils

INTRODUCTION

Tumor-associated myeloid cells encompass a large
variety of circulating and tissue cellular
components at various stages of differentiation.
Among them, tumor-associated macrophages,
dendritic cells and neutrophils represent the most
well-characterised cell populations.” As a group,
tumor-associated myeloid cells exert pro-tumor
functions, but recent data have challenged this
view, suggesting an extreme plasticity of these
cells modulated by the tumor microenvironment
at various disease stages.”

Emergency granulopoiesis® is prominent in late-
stage cancer and mostly accounts for the high
neutrophil count and the altered neutrophil-to-
lymphocyte ratio (NLR) in advanced stages. Within
the expanded granulocyte compartment, various
subpopulations have been identified based on
their ontogeny, fraction in the density gradient
separation, phenotype and function.>” Among
the circulating neutrophils, immunosuppressive
low-density  neutrophils  (LDNs), known as
polymorphonuclear myeloid-derived suppressor
cells (PMN-MDSCs), have recently gained great
attention.” An additional granulocyte population
is represented by neutrophils found within the
tumor tissues, the so-called tumor-associated
neutrophils (TANs).® Their connection with LDNs/
PMN-MDSCs and normal circulating neutrophils
still remains unclear due to the lack of specific
markers. Similarly to tumor-associated
macrophages,? TANs can be polarised in vitro.>'
N1-type TANs, induced by type | IFN, mainly exert
anti-tumoral functions' and promote cancer cell
elimination. On the contrary, N2-type TANs are
TGF-B-driven and sustain tumor cell proliferation,
angiogenesis, invasion, metastasis and immune
escape.®>'" Data on TAN polarisation are limited
to murine models, and it is still unknown whether
human TANs display similar polarisation. Most of
the studies performed in retrospective cancer
cohorts'? have supported a pro-tumor function of
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TANs, with a high TAN tumor density significantly
associated with a worse outcome.'® Although this
finding supports a dominant N2 polarisation of
TANs in human cancer, emerging data have
revealed extreme plasticity of these cells.
Specifically, when purified from early-stage
cancers, TANs exert anti-tumor activities and
display a hybrid phenotype together with
antigen-presenting cell features.'">

Data on the biological and clinical significance
of TANs have been obtained with the leading
assumption that they execute their programs at
the primary tumor (PT) site or in distant
metastasis and largely ignoring their role in the
tumor-draining lymph nodes (TDLNs). Nodal
colonisation by cancer cells is a harbinger of
systemic tumor spread and this is clinically
relevant in a significant fraction of cancer types.'®
In addition, TDLNs are crucial sites for the
organisation of the immune response to tumor
antigens. A significant component of the tumor-
promoting activity of LDNs/PMN-MDSCs and TANs
derives from their negative modulation of the
anti-tumor T-cell response.>”® Recent studies in
mouse models have shown that neutrophil entry
into the node results in a potent negative
regulation of the specific T-cell response to
pathogens.'"® However, very limited data are
available on the identification of nodal TANs and
their characterisation during cancer evolution in
humans.

Herein, by performing a screening of human
cancer tissues including PTs and TDLNs, we
identified that high CD66b" TAN density is
common in TDLNs from various primary sites.

CD66b" TANs in TDLNs co-express classical
neutrophil markers, as well as the recently
identified markers of PMN-MDSCs such as

S100A9,%° arginase-1, pSTAT3 and c/EBPB.2' Our
data support the notion that TANs could enter
the TDLN via Iymphatic vessels, forming
intraluminal conjugates with cancer cells. The
preferential TAN interplay with cancer cells has
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recently been reported including in squamous cell
carcinomas (SCC).>2%> By the analysis of a
retrospective cohort, colonisation of carcinoma-
draining lymph nodes by TANs predicts poor
outcome in advanced oral squamous cell cancer
(OSCC). Accordingly, increased CD66b" TAN
density correlated with recurrent head and neck
SCC. By in silico evaluation of the OSCC TCGA
dataset, we found that expression of a set of
neutrophil-specific genes at the PT is associated
with an epithelial-to-mesenchymal transition
(EMT) signature, the latter known to predict
nodal spread in OSCC.%® These findings highlight a
hitherto unrecognised contribution of TANs in
nodal colonisation by modulating EMT-dependent
lymphatic spread.

RESULTS

CD66b" TANs recurrently accumulate in
carcinoma-draining lymph nodes

A large number of studies have documented the
clinical relevance of TANs infiltrating the primary
tumor (PT) site and distant metastasis.>'® We
recently observed that CD66b* TANs are also
found in metastatic tumor-draining lymph nodes
(M-TDLNs) from patients with colon carcinomas.?’
To further follow up this finding, we extended
our characterisation to a larger cohort of cancer
patients. Compared to other myeloid markers,
CD66b is selectively expressed by granulocytes.
Clone G10F5 is suitable for staining on FFPE
sections and, among immune cells, it is selectively
restricted to mature neutrophils, as demonstrated
by the analysis of primary (n = 6) and secondary
(n = 30) lymphoid  organs  (Supplementary
figure 1a-h). In inflamed lymph nodes from non-
tumor-bearing hosts (n = 21), CD66b* neutrophils
are generally scant and limited to the HEV dilated
lumen (Supplementary figure 1e) with the
exception of suppurative necrotising
lymphadenitis of infectious origin (n=3;
Supplementary figure 1f). By using archival
material, we analysed a total of 278 M-TDLNs of
carcinomas from various primary sites
(Supplementary table 1). Nodal localisation
of CD66b" TANs was observed in 59% of M-TDLNs
(n = 165/278). Based on a three-tiered scoring
system (score 0, 1 and 2; illustrated in
Supplementary figure 2 and detailed in the
Methods), CD66b" TAN infiltration was highly
dense (score 2) in 31.5% of the M-TDLNs (n = 52/

165) from various primary sites and with different
histologies (Figure 1a, Supplementary figure 2
and Supplementary table 1). Dense CD66b" TAN
infiltration was common in head and neck
squamous cell carcinomas, adenocarcinomas of
the gastrointestinal tract, of the pancreas, of the
thyroid and ovary, as well as in urothelial bladder
cancer. On the contrary, CD66b" TANs were rarely
observed in breast carcinoma (Supplementary
table 1 and Figure 1a). We extended the latter
finding on breast carcinoma to an additional
cohort (n=38) and compared concurrently
removed M-TDLNs and PT (n = 22). A low CD66b"
TAN density was confirmed in the majority of the
cases including in the PTs (Supplementary
figure 2i, j).

In term of nodal localisation (Figure 1b—f and
Supplementary figure 3), CD66b" TANs in M-TDLNs
were localised within and immediately around the
metastatic deposits (M-TDLNM) (n = 100/165; 60.6%
Clgse, 52.7-68.1%) (Figure 1b and d green asterisks).
They were also present in the remaining spared nodal
parenchyma (M-TDLNP), where they were located
mainly within the lumen of marginal, intermediate
and medullary lymphatic sinuses (n = 90/165; 54.5%
Clgse, 46.6-62.3%; Figure 1b, c and e red asterisks).
The identity of the expanded lymphatic sinuses was
confirmed by using a set of endothelial cell markers
including podoplanin, CD31, Lyve-1, CD34, ERG,
Factor VI, and CLA/HECA 452 (Figure 1f,
Supplementary figure 4a-e) in M-TDLNs cases
(n = 10). CD66b" TANs frequently engulfed some
dilated HEVs (Supplementary figure 4f). However, as
evaluated by double immunohistochemistry, CD66b"
TANs were only rarely observed as transmigrating
cells  (Supplementary  figure 4g) or closely
surrounding HEV (n = 10).

The expression of a panel of neutrophil-specific
molecules suitable for archival tissue was analysed
in a set of M-TDLNs and matched PTs (n =9).
CD66b" TANs showed a segmented nucleus and

co-expressed CD11b, CcD10, CD16,
myeloperoxidase, neutrophil elastase  and
cytoplasmic granule-associated molecules

confirming their neutrophil identity and mature
phenotype (Supplementary figure 5a-j).

CD66b* TANs engulf lymphatic vessels of
the PTs and predict the TDLN colonisation of
cancer cells

Recently, by using murine models, a number of
studies have shown that neutrophils can also

26



Chapter 2. Tumor-associated neutrophils in human carcinoma-draining lymph nodes

(a) TAN score (b)
[ Score 0 (3 Score 1 Hl Score 2

100

% metastasis
% sinuses

% M-TDLN

(c) TAN localization
100-

804

% M-TDLN

M-TDLN" M-TDLN®

Figure 1. CD66b" TAN density and localisation in M-TDLN. (a) The density of CD66b* TANs expressed as TAN score (SO = white, S1 = grey,
S2 = black; three-tiered score is reported in the Methods section) in 278 M-TDLNs obtained from various primary carcinomas. (b) The distribution
of CD66b" TANs in different LN compartments (red asterisks indicate marginal, intermediate sinuses and medullary sinuses whereas green
asterisks indicate CD66b" cells within and around the metastatic nest). (c) The density of CD66b* TANs localised in the metastatic nest (M-
TDLNM, black column) and in the surrounding nodal parenchyma (M-TDLNP, white column). Sections are from cases of M-TDLN of colon
carcinoma (d) and head and neck squamous cell carcinoma (e, f), stained as labelled (CK = cytokeratin 7) and illustrating CD66b" TANs within
and around (d, green asterisks) the metastatic nests, within marginal and intermediate sinuses (e, red asterisk and f). In f, lymphatic sinuses are
identified by positivity for podoplanin. Sections are counterstained with haematoxylin. Original magnification: 40x (e, scale bar 500 um), 100x
(d, f, scale bar 200 um), 400x (inset in d), 600x (inset in f). GC, germinal centre.

traffic through the Iymph in response to
pathogens,' 828  raising the possibility that
neutrophils modulate adaptive immunity directly
within the lymph node.?® Our data on the
localisation of CD66b™ TANs in nodal sinuses of
TDLNs strongly support their migration from the
primary tumor site through the lymphatic system.
This hypothesis is further strengthened by a set of
indirect findings. First, CD66b" TANs from M-
TDLNs are negative for active caspase-3 (n = 10)
and ki-67 (Figure 2a-d) (n = 13), indicating that
the CD66b'TAN pool is less susceptible to
spontaneous apoptosis and independent from
local self-renewal, as other tumor-associated
innate components.30 Moreover, by comparative
analysis of PTs and matched M-TDLNs (n = 45), we
found a high correlation (Spearman r=0.77;
P < 0.0001) between CD66b" TAN density scores
(Supplementary figure 2g-1). Finally, as observed
by double immunohistochemistry on serial
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sections of M-TDLNs (n = 4), CD66b" TANs in the
PTs were often detected within enlarged
lymphatic vessels in the form of multicellular

tumor emboli admixed with carcinoma cells
(Figure 2¢ and f), T cells (Figure 2g) and
macrophages  (Figure 2h).  Remarkably, this

multicellular interaction was not limited to the PT
lymphatic vessels, but was also detectable within
the marginal sinuses of M-TDLNs (Figure 2i; n = 5).
TAN migration via lymphatics requires endothelial
activation  for  adhesion, integrin-mediated
binding through ICAM-1 and VCAM-1 and CXCL8-
dependent chemotaxis.>'>3 We found that CXCL8
is expressed in PT cases (n=05) with massive
CD66b" TAN embolisation (Figure 2j and k), with
the main cellular source represented by the
CD66b" TANs themselves (Figure 2j and inset);
CXCL8'CD66b" TANs were also detected in
lymphatic sinuses of M-TDLNs (Figure 2I). Since
TANs and tumor cells share their path to TDLNs, it
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is conceivable that TANs contribute to organising
the pre-metastatic niche, as previously proposed
for distant metastasis.>>* We thus extended our
analysis to 175 non-metastatic TDLNs (NM-TDLNs,
Supplementary table 1). Notably, we also
observed nodal localisation of CD66b" TANs in a
significant fraction of the NM-TDLNs (77/175,
44.0% Clgse, 36.5-51.7%). In terms of nodal
localisation in NM-TDLNs, high CD66b* TAN
density was found within the lymphatic sinuses
(67/77, 87.0% Clgso, 77.4-93.6%; Supplementary
figures 3 and 4). Also, within the nodal sinuses,
CD66b" TANSs co-existed with numerous CD163"
macrophages and CD3" lymphocytes (n=5;
Supplementary figure 4h, i). These findings
suggest that multiple interactions of TANs within
the lymphatic sinuses might occur and may
establish a pre-metastatic niche in TDLNs similar
to distant sites.>>3®

CD66b" TAN immune-contexture in
squamous cell carcinoma of the oral cavity
(oscq)

In our screening cohort, CD66b" TAN infiltration
in TDLNs was striking in head and neck squamous
cell carcinoma (Figure 1a, Supplementary table 1).
By co-culture experiments combining circulating
neutrophils with three human OSCC lines, we
found that OSCC cells provide a significant
survival signal to neutrophils as measured by
Vibrant dye assay (Figure 3a and Supplementary
figure 6). A similar response, albeit attenuated,
was seen with exposure of neutrophils to OSCC-
derived supernatants (Figure 3b), which also
induced neutrophil activation as revealed by
membrane up-regulation of CD11b (Figure 3c)
and down-regulation of CD62L (Figure 3d). By
ELISA and blockade experiments, we found these
effects were mostly dependent on GM-CSF, but
not IL-6, released by OSCC cells (Figure 3b-e). To
establish the clinical significance of CD66b" TAN
infiltration, we measured CD66b" TAN density in a
large retrospective cohort of OSCC (n = 182). We
identified OSCC patients who underwent radical
surgery of the PT with node dissection. Clinical
details of the cohort are reported in
Supplementary tables 2 and 4. A representative
tissue block of the PT and at least one block
containing multiple TDLNs were available for the
analysis. For N* patients (> Stage lll AJCC), M-
TDLNs were included (Supplementary figure 7).
Data and representative images are shown in

Figure 3, Supplementary figure 8 and
Supplementary tables 2 and 3. In the PT, we
analysed a mean tumor area of 105 + 71 mm?.
The median density of CD66b" TANs was 175 cells
mm~2, and it was significantly higher in the
invasive margin (IM) compared to the centre of
the tumor (CT) (194 cells mm~2 vs 155 cells mm~2;
P < 0.0001; Supplementary table 4, Figure 3f).

We subsequently tested CD66b™ TAN density in
TDLNs by analysing M-TDLNs (n = 219), and NM-
TDLNs (n = 626). For M-TDLNs, counts were also
performed in the two distinct compartments, the
metastatic nest (M-TDLN) and the surrounding
nodal parenchyma (M-TDLNP), the latter mainly
accounting for CD66b* TANs within the lymphatic
sinuses. TAN density in the PT showed a strong
direct correlation with TAN density in TDLNs,
particularly in the M-TDLNs (r=0.5; P <0.001;
Figure 3g, Supplementary table 4). Remarkably,
the strongest correlation between sub-regions was
observed between the CT of the PT and the M-
TDLNM (Spearman r = 0.49, P < 0.001; Figure 3g),
consistent with CT CD66b" TANs receiving an
appropriate imprinting signal(s) to establish a
nodal pre-metastatic niche.

Clinical significance of TAN immune-
contexture in 0SCC compartments

Data on the prognostic significance of TAN density
in human cancer are still inconclusive. We tested
the clinical relevance of CD66b" TAN density in PTs
and TDLNs. Univariate analysis of clinical-
pathologic prognosticators for overall survival (OS)
confirms that T stage, AJCC stage, nodal status and

lympho-vascular  invasion  represented  the
strongest prognostic factors (Supplementary
table 2). In particular and as previously

recognised,?” the occurrence of extracapsular
spread (ECS) resulted in a striking decrease of
survival estimates in patients with nodal
metastasis. Moreover, the multivariable analysis
confirmed nodal status as the most powerful

independent  prognosticator  (Supplementary
table 2). We then tested the prognostic
significance of (CD66b" TAN, as continuous

variable, by performing a multivariable analysis
including interaction terms in the model. Of note,
when measured in the entire tumor area, the
CD66b" TAN density was not significantly
associated with prognosis. However, CD66b" TAN
densities measured at the CT or at the IM were
predictive of survival (P=0.019 and P = 0.033,
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Figure 2. Lymphatic derivation of nodal CD66b" TANs. Sections of M-TDLNs (a-d, i, I) [from lung carcinoma (a-d) and gastric carcinoma (i, 1)]
and of PT (e-h, j, k) [from gastric (e, f, k) and lung (g, h, j) carcinomas] stained as labelled. As illustrated by double stain, most of CD66b"
TANSs from M-TDLNs are negative for active caspase-3 (a, b) and ki-67 (c, d) in both M-TDLN compartments (M-TDLN™ [a, c]; M-TDLN [b, d]). In
primary carcinomas, CD66b" TANs are found within podoplanin® lymphatic vessels (e, f) similarly to CD3" T cells (g) and CD163" macrophages
(h), frequently admixed to carcinoma cells (e~h); this finding is confirmed in M-TDLN by a triple stain for podoplanin, CD66b and the carcinoma
cell marker claudin 4 (CL4) (i). Neoplastic cells (j) and TANs (inset in j, k and I) express CXCL8, also within lymphatic vessels (k, 1). The latter
finding is observed in a primary gastric carcinoma (k) and in the corresponding M-TDLN (I). Sections are counterstained with haematoxylin.
Original magnification: 100x (e, k, scale bar 200 pm), 200x (g-i, I, scale bar 100 pm), 400x (a, b, f, j, scale bar 50 um), 600x (c, d and inset

in j, scale bar 33 um).

respectively; Table 1). Moreover, a significant
interaction of the variables was identified with the
AJCC stage (P =0.013 and P = 0.013, respectively;
Table 1). Specifically, a higher CD66b" TAN density
in the IM associated with worse prognosis in early
stages | and Il (H.R. 1.53, 0.87-2.71), whereas it
predicted a better outcome in advanced stages llI
and IV (H.R. 0.42, 0.16-1.11; Figure 3h). By
contrast, a higher CD66b" TAN density in the CT
associated with worse prognosis in advanced
stages -1V (H.R. 1.59, 1.06-2.39) and with a better
outcome in earlier stages I-1l (H.R. 0.42, 0.16-1.11;
Figure 3i and j).

Including M-TDLNs TAN densities, thus limiting
the analysis to N* patients, a higher TAN density
in the M-TDLNM was associated with worse
prognosis (P = 0.004; Figure 3k and I), suggesting
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a pro-tumor function of nodal TANs. The
significant interaction detected between M-TDLNs
TAN density and ECS status (P = 0.036) led to a
stronger effect of the M-TDLNs TAN density on
the outcome prediction in ECS positive patients
(H.R. 2.19, 1.28-3.73) compared to ECS negative
ones (1.22, 1.00-1.48; Table 1, Figure 3I).

We further extended these analyses on the
clinical significance of CD66b" TAN"" in the TDLNM
by identifying the appropriate cut-off of TAN
density at 163 cells mm~2 (P =0.07). Of note,
CD66b" TAN™ density in the M-TDLNM confirms its
detrimental effect in terms of 5 year-OS (14%
Clgsy, 4-52%, vs 49% Clgsy, 37-63% Figure 3m).
Moreover, when the ECS was considered, the M-
TDLN™ CD66b* TAN™ / ECS" group showed the

worst OS (2y-OS 17% Clgss, 3-99%, 5y-OS:



Chapter 2. Tumor-associated neutrophils in human carcinoma-draining lymph nodes

P = 00004
<0000

2
§
O
3

F=0.036 F=0.0001
| —| e |

—
=2
i
2
—_
L

P=0.048 B P =00004 P 00001
g 60 P < 00001 £ r H a0
§ soom0 P=00014 § 40000 E
— ; 2
£ #=0.0001 2 £
zZ @ — g & 100
E P=0.0002 P < 00000 E o Q
] — — & 2000 2 20000 e
a ]
§ a a 50
o o

& P o #
ﬁ S5 & 5P Y- v
& ¥ e & e
&
{f} < 0.0001 (h) - Stage -1l Stage -1V (i] — Ginge |-l Stage Ii-IV
3000+ 1 1.00 1,00+
u ¥
1000 ¥ =l = =
o b -‘iﬁ E”ﬁ s
: £ i
3 1004 =050 H’HMM gom
!; ‘% [RR 3 5
g ; 5 : ;
o 10 t 025 025
=04 w g oy
M-TDLN_5 . ore I Hz=~68 P=0.033 ,é-.a P.0.018
o w00 000 i i
L HM=TOLK . 8 ] 200 0 &0 o 200 40 slo,
<1 L ik CDEBb' TAN IM density {celis/mm’) COBBL" TAN CT density (cells/mm®)
(i) 5y survival probability (k)  2-v survival probability (1 e b B (".14)0 — comt ey
1.00- + GOt TANMTELY 205"
- s i L - = COEBL TANMTTAN™"EC5"
oy : zun | \
-E L _E a g‘ﬂﬁ. ; 1
E Z,
& o0 L 3 Eom
£ . 3 & = 5
2 o e H
g . o i
5 %00 - = T L
g 2 3 < i I
] § 025 i 1@ E £ ]
g 100 'g L} ] R— ronths
2 2 s i 5 " i "
= 8 | 0.0 f=1 SR = = > ® " © H
e = = = » H i
Ssgol  Seagoll Stage Bl Stage IV 100 300 500 100 s 300 ‘ o . “ ™

CDB6b" TAN TDLNY den'sily (calls mm®)

CORED" TAN GT densiy (calts/ma’)
Figure 3. Clinical significance of CD66b" TANs in OSCC primary tumors (PTs) and TDLNs. Bar plots indicate the mean + SD percentage of alive
PMN after co-culture for 40 h with or without OSCC cell lines (SCC-4, n = 3; SCC-25, n = 2 or CAL-27, n = 2) (a). PMN negative for vibrant
staining were considered to be viable (see the Methods section); for conditioned media experiments, PMN were cultured for up to 40 h with or
without OSCC-derived conditioned media (SCC-4 n = 3, SCC-25 n = 3 or CAL-27 n = 3) in the presence or absence of 10 pg mL™" neutralising
human anti-GM-CSF Ab or anti-IL-6R Ab (b-d). In b, bar plots display the mean + SD percentage of alive PMN at 40 h; in ¢ and d, bar plots
show the PMN mean + SD fluorescence intensity (MFI) membrane expression of CD11b and CD62L, respectively, analysed at 20 h by flow
cytometry; GM-CSF and IL-6 levels, as measured by ELISA, in cell-free supernatants collected from 2.5 x 10° mL™' neutrophils and
5 x 10* mL™" OSCC cell lines cultured for up to 40 h (e); P-values were estimated by the one-way ANOVA followed by the Tukey’s correction
for pairwise comparisons (a—d) or by the unpaired t-test (e). Boxplots of CD66b" TAN density in the OSCC PT compartments (f); P-values were
estimated by the Mann-Whitney U-test. Correlogram of CD66b" TAN density correlations among different tumor areas, r values are shown and
ellipses show significant results (P < 0.05, Spearman test) (g). Multivariable survival analysis (Overall Survival) graphs showing survival probability
at 5 years according to Stage | and Il or lll and IV and CD66b* TAN density in the invasive margin (IM) (h) or in the centre of the tumor (CT) (i).
Heatmap showing the 5 years overall survival probability according to AJCC stage and CD66b" TAN density in the CT, adjusted for CD66b" TAN
density in the IM (j). Heatmap showing the 2 years overall survival probability according to CD66b" TAN density in the CT and CD66b" TAN
density in M-TDLN™, adjusted for ECS status (k). Multivariable survival analysis (Overall Survival) graph showing survival probability at 2 years
according to ECS status and CD66b" TAN density in M-TDLN™ (l). Kaplan Meier curves of the univariate survival analysis according to the M-
TDLNM CD66b™ TAN score (cut-off 163 cells mm~2) showing subgroups of patients according to M-TDLN™ CD66b" TAN score and ECS status
(m), all pairwise comparisons (Holm adjusted) showed significant differences except between CD66b™ TAN M-TDLN™ M ECS™ and CD66b" TAN
M-TDLN™ '° ECS* (P = 0.93).

insufficient patients at risk) followed by the M-
TDLN™ CD66b* TANM/ ECS™ (5y-0OS 25% Clggo, 8—
83%) and M-TDLNM CD66b" TAN-/ECS" (33%
Clgse, 19-55%) groups. The 5y-OS in the M-TDLNM

CD66b™ TAN"®/ECS™ reached 67% (Clgsoy, 52-86%;
P < 0.0001) confirming the detrimental value of
the high CD66b" TAN density in M-TDLNs
(Figure 3k).
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Table 1. Multivariable overall survival analysis of CD66b" TANs in OSCC primary tumors and TDLNs

Wald statistics Effects
Factor Chi-square d.f. P Factor H.R. (95% C.1.)
Multivariable model 1
AJCC stage 15.96 3 0.0012 AJCC stage (Stage IlI-IV : Stage I-l) 2.98 (1.6-5.55)
TAN density CT 7.98 2 0.0185 TAN density CT? 0.42 (0.16-1.11)
TAN density IM 6.84 2 0.0327 TAN density IM @ 1.53 (0.87-2.71)
AJCC stage * TAN density CT 6.16 1 0.0130 TAN density cT® 1.59 (1.06-2.39)
AJCC stage * TAN density IM 6.06 1 0.0138 TAN density IMP° 0.63 (0.42-0.96)
Multivariable model 2
TAN density CT 0.72 1 0.3967 TAN density CT 1.27 (0.73-2.22)
TAN density IM 1.42 1 0.2327 TAN density IM 0.68 (0.36-1.29)
TAN density NM-TDLN 1.95 1 0.1624 TAN density NM-TDLN 1.3(0.9-1.88)
TAN density M-TDLNP 2.01 1 0.1561 TAN density M-TDLNP 0.77 (0.53-1.11)
ECS 16.77 2 0.0002 ECS+ : ECS-© 2.48 (1.18-5.2)
TAN density M-TDLNM 11.03 2 0.0040 TAN density M-TDLNM¢ 1.22 (1-1.48)
TAN density M-TDLNM * ECS 4.41 1 0.0358 TAN density M-TDLNMd 2.19 (1.28-3.73)

CT, centre of the tumor; C.I., confidence interval; d.f., degrees of freedom; ECS, extracapsular spread; H.R., hazard ratio; IM, invasive margin.

* Interaction.
?Adjusted to Stage I-ll, TAN density CT = 155; TAN density IM = 194,

PAdjusted to Stage IlI-IV, TAN density CT = 155, TAN density IM = 194

‘Adjusted to ECS-, TAN density M-TDLNM = 64.
dAdjusted to ECS+, TAN density M-TDLNM = 64.

Stable TAN phenotype in OSCC
compartments

The current understanding of markers uniquely
associated with pro-tumor functions of human
TANs is very limited. Our clinical data on OSCC
highlight variability of TAN density in terms of
prognostic significance, likely indicating the
existence of stage or regional functional TAN
subsets. We compared the expression of putative
PMN-MDSC markers in various PT and TDLN
compartments by using immunohistochemistry. In
addition, a new specialised CD66b" TAN subset
(referred as ‘hybrid TANs’) with anti-tumor
capabilities and a mixed phenotype (additional
expression of HLA-DR, CD14, CD206, CD86 and
CCR7) was recently reported in the early-stage
non-small-cell lung carcinoma.'*® We therefore
tested also for the presence of this subset. These
analyses were performed on TANs from PT early-
stage OSCC cases with very good prognosis (for
markers of hybrid TANs), PT late-stage OSCC with
poor prognosis and their matched M-TDLNs (for
putative PMN-MDSC markers). CD66b* TANs from
PT early-stage OSCC cases with very good
prognosis (n = 10) lacked nuclear morphology of
hybrid TANs (round to oval), maintaining nuclear
segmentation of canonical mature neutrophils as
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shown by DAPI stain (Figure 4a). In addition, by
double staining, co-expression of HLADR, CD14
and CD66b was only limited to HLADR'/CD14"
macrophages  phagocytosing  CD66b*  TANs
(Figure 4b and c). Neutrophil phagocytosis was
also confirmed by double staining of CD66b and
CD163 and CD68 (Figure 4d and inset). In
addition, TANs from late-stage OSCC PTs with
poor prognosis and their matched M-TDLNs
(Figure 4e-t) showed the same expression levels
of putative PMN-MDSC markers®®2" S100A9,
arginase-1, </EBPB and pSTAT3 (n =4). These
markers were also observed in CD66b" neutrophils
found in early-stage PTs and suppurative
lymphadenitis (Figure 4h, |, p, t; n = 3).

Together, these findings indicate that novel
biomarkers of clinical relevance are needed to
identify TAN subsets with distinct biological
properties.

CD66b" TANs in M-TDLNs interact with T
cells

By using markers for lymphoid and dendritic cells,
we next analysed cell interactions between
CD66b" TANs and immune cells in a set of M-
TDLNs (n =9) positive for CD66b* TANs. CD66b"
TANs frequently co-localise with CD3*, CD8" T cells
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Figure 4. Analysis of the MDSC and hybrid TAN markers. Sections are from representative cases of primary tumors (PTs) and M-TDLNs at
different disease stage, as labelled. DAPI highlighting TANs morphology and markers of hybrid TANs (a-d) and of MDSCs (e-t) are shown. The
phenotype of neutrophils from suppurative lymphadenitis is shown as the control (h, I, p, t). CD66b* TANs are negative of CD14 and HLA-DR;
occasionally, they are found within the cytoplasm of CD14"(b) and HLA-DR*(c) cells, co-expressing the macrophage marker CD163 (d). Sections
are from early-stage OSCC PT (n = 2) (a—e, i, m, q) and late-stage PT from the stomach (f), pancreas (j), lung (n) and OSCC (r) coupled with
their matched M-TDLNs (g, k, o, s); a suppurative lymphadenitis case from non-tumor-bearing patients is included as control (h, I, p, t). STO0A9,
C/EBPB and pSTAT3 are also expressed on neoplastic cells and/or stromal cells. Sections are counterstained with haematoxylin. Original
magnification: 400x (e-t, scale bar 50 pm); 600x (a, scale bar 33 um). b—d are digitally resized to show phagocytosis.
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and BDCA2" plasmacytoid dendritic cells (PDCs).
While T cells are regularly found within the
metastatic nest (M-TDLN™) and in the surrounding
nodal parenchyma (M-TDLNP), PDCs are mainly
restricted to the M-TDLNP (Figure 5a). We
expanded this observation by enumerating cell
contacts between TANs and nodal CD3" T cells,
using a recently designed image analysis
algorithm®® on double stained slides (see the
Methods for details; n =9). These data confirm
that a significant fraction of CD66b" TANs contact
T cells, particularly in the M-TDLN" (Figure 5b and
Supplementary figure 9a-d). Among T cells, a
fraction of CD3" T cells interacting with CD66b"
TANs express CD8 (Figure 5b and Supplementary
figure 9¢, f). We further explored TAN/T cell
interaction and, by triple staining performed in
M-TDLNs (n =3), we detected conjugates of
CD66b* TANs with CD3" T cells and S100"
interdigitating dendritic cells (Figure 5c and d) in
all cases. These findings indicate that functional
interactions of TANs with T cells might occur also
in M-TDLNs.

The occurrence of numerous cell contacts
between CD66b" TANs and CD3" T cells in M-
TDLNs (Figure 5b and Supplementary figure 9a, b)
prompted us to investigate the T-cell status in M-
TDLNs from the OSCC cohort. Most of T cells
interacting with CD66b" TANs are negative for
activated caspase-3 in both M-TDLN compartments
(Supplementary figure 9¢, d). We then tested the
proliferation index (by ki-67 expression) of nodal
T cells in M-TDLNs (Figure 5e-h). This analysis was

performed in CD66b" TAN- (n=10) good
prognosis and CD66L'TAN"  (n=10) worse
prognosis tumor cases. Dermatopathic

lymphadenitis (D-LD) (n = 10) samples served as a
control group. We found that the proliferation
index of CD3" T cells in the M-TDLNM was
significantly increased compare to M-TDLN" and
D-LD; of note, no differences were noted by sub-
grouping for TAN density (Figure 5e). We then
tested the T-regulatory phenotype using a triple
staining for CD66b, Foxp3 and CD3 (n = 10)
(Figure 5i-1). Again, the frequency of Foxp3'CD3"*
regulatory T cells was increased in the M-TDLNM
compared to M-TDLNP and D-LD; no significant
differences were noted with respect to TAN
density (Figure 5i). Sequential double staining for
ki-67, CD3 and Foxp3 confirmed that the large
majority (72.2%) of proliferating T cells in the M-
TDLNM corresponded to Foxp3 regulatory T cells
(Figure 5m). In summary, these data suggest that
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the T-cell proliferation and polarisation towards a
regulatory T-cell phenotype that dominates the
M-TDLNM  compartment requires a complex
modulation that is likely independent of TANs.

TAN signature in OSCC correlates with an
EMT switch at the invasive margin of the PT

Our microscopic findings suggest that TANs
directly interact with cancer cells within lymphatic
vessels. Epithelial-to-mesenchymal transition (EMT)
promotes epithelial tumor spread and recent
observations suggest that neutrophils can
efficiently escort tumor cells from blood vessels to
metastatic tissues*® and promote EMT.4*3
Remarkably, the EMT signature is enriched in the
basal and mesenchymal subtypes of OSCC,
representing an independent predictor of nodal
metastasis.?®** By analysing the TCGA-HNSC (The
Cancer Genome Atlas-Head and Neck Squamous
Cell Carcinoma) dataset containing 308 OSCC
cases, we found that a partial EMT signature
(Supplementary figure 10) correlates with a
signature  of genes highly expressed by
neutrophils (Supplementary  table 5). The
neutrophil signature was obtained from previous
studies'>4>%¢ and validated using RNAseq analysis
of highly pure peripheral blood neutrophils (not
shown). Among top neutrophil-specific targets
more associated with an EMT signature, we found
TNFAIP6, MMP9, OLR1, MME, CXCR1, KCNJ15,
TNFRSF10C, FCGRB3, CEACAMS8 and FPR2 to be
specific to PMNs,'® Supplementary figure 11a and
Supplementary  table 6). Remarkably, this
association was consistent for many of these
targets also in early-stage OSCC (Supplementary
figure 11b, ¢ and Supplementary table 6). Of
note, PMNs'® were significantly enriched in basal
and mesenchymal subtypes of OSCC (Figure 6a
and b). Previous studies indicate a localisation of
the p-EMT program to tumor cells found at the
invasive margin (IM), indicating a contribution
from the tumor microenvironment, likely driven
by local availability of TGF-p from cancer
associated fibroblasts.?®*” Remarkably, TANs at
the IM in OSCC also surround tumor areas
showing an EMT switch and lymphangiogenesis.
By triple staining, this observation was
documented in a set of N* OSCC cases (n = 10)
showing highly recurrent co-localisation of TANs
with PDPN'ki-67" proliferative lymphatics*®4°
around S100A9 /PDPN™ cancer cells (Figure 6¢—f),
a phenotype highly correlated with EMT.?®



Chapter 2. Tumor-associated neutrophils in human carcinoma-draining lymph nodes

CD66b/CD3/S100
a b G TR Ay
f.?m MTOLN 1-TDLN® ('2" i i ék ""po--' % 2 - 3 ﬁ% o
i 3 ) 23 g
t 2 P - %o 5
E 2 . o N e ¢ a4
% i 1] .. 2 i T o ﬁ v ?‘ |
.: 2 » e a o5 & .. ] 4 s S 0 :
@@v@‘@&c@ﬁ&w@%@‘b cD3 cps cps cos ——a ST g T R a
ki-67/CD3/CDEEDL ki-67/CD3/CDEED (h)
e b, gl { BT )
(m)e M-TOLN™ M-TDLN® %"f' - % =
2w — &3' 4
I e ——— > .
s —_— 5 e .4
g . i . . X
2al g {f X o¥le R
T e aie = ko nugp d .
TAN' TAN'® TAN'™ TAN'® DD = i M-TDLNM M-TDLN®  D-LD
Foxp3/CD.
- m-TDLN"  m-TDLN® e
—_
2w o L
A
Rt a

(m) ki-67 Foxp3/CD3 ki-6T Foxp3/CD3
;. - . [ IR - W = - . [ ]
) 3 L ] > L] P s » g ’ i v g
T T, g X § e "y ® R ® ; )
ok DA <8 T
‘u Y - .
e ‘ i
e taw's e g 8 o 26
. . ' » -
N P - [=F § | .
e - | .
L4 ™ »
Ry & ¢ ¥ .) 1oy
VL i [ g __tr S - T TIN Y
i
. Ed
»
/
o “ee @ S Cre2d
>4 >y - P > *>h 4 >
kS
-‘ ‘ . q ‘ ’ -
L]
¥ M
A

Figure 5. TAN/T-cell interactions and TANs polarisation in TDLNs. Graphs illustrate the frequency of different immune cell types (a) and the
percentage of TANs interacting with T cells (b) in the metastatic nest (M-TDLN™, black bars/circles) and nodal parenchyma (M-TDLNF, white
bars/circles) M-TDLN compartments quantified by using a digital microscopy algorithm by ImageJ software. Section of M-TDLN from gastric
carcinoma illustrating a triple interaction between T cells, CD66b* TANs and S100" interdigitating dendritic cells (¢, d) in M-TDLNM (¢) and M-
TDLN® (d) nodal compartments. The graphs illustrate the percentage of ki-67°CD3" proliferating T cells (e) and of foxp3*CD3" regulatory T cells
(h) based on counts performed on triple stains (f, g, j. k). The analysis has been performed in the metastatic nest (M-TDLNM, black circles, f, j)
and nodal parenchyma (M-TDLN®, white circles, g, k) compartments of M-TDLNs CD66b" TAN™ with worse prognosis (n = 10) compared with
CD66b*TANL® with good prognosis (n = 10). As control group, dermatopathic lymphadenitis has been included (grey triangles, d-1). Boxplots
reporting median and interquartile ranges of proliferating ki-67" T cells (%, h) and of foxp3" regulatory T cells (%) (I) in M-TDLN™, M-TDLN® or
D-LD; P-values were estimated by the Kruskal-Wallis test and pairwise comparisons using the Dunn'’s procedure with a Bonferroni correction for
multiple comparisons (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). M-TDLNs shown are from OSCC cases (n = 4) (f, g, j, k, m) and
stained as labelled. In m, images are taken as snapshot (from Aperio Scanscope) of digitalised slides and resized (bottom panels). Green arrow
heads indicate ki-67°CD3"foxp3" T cells, and yellow arrow heads indicate ki-67'CD3"foxp3~ T cells. Sections are counterstained with
haematoxylin. Original magnification: 400x (c, d, scale bar 50 um), 600x (f, g, j, k, scale bar 33 pum).
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TAN modulate EMT signature in OSCC

We tested the hypotheses that this EMT-
imprinting is acquired by circulating neutrophils
from cancer patients. To this end, we
prospectively collected peripheral blood from
OSCC cases (n = 15) and matched controls (n = 13)
and tested for the PMN'® signature. The clinical
and laboratory findings of this cohort are
reported in  Supplementary table 7 and
Supplementary figure 12. Of relevance, the
frequency of CD66b" neutrophils, most of which
displayed a CD10" mature phenotype, as well as
the neutrophil-to-lymphocyte ratio (NLR) were
significantly increased in the OSCC group
(Supplementary figure 12). The latter observations
were consistent with our data collected from a
larger patient cohort.>® By phenotypic analysis of
the circulating compartment of neutrophils, we
could not detect significant differences for
activation markers (CD62L, CD16, CD11b, CD54 or
CD274), adhesion molecules (CD11c or CD11a) and
chemotactic receptors, (CCR7, CXCR1, CXCR2 or
C5aR), with the exception of a significantly
increased expression of CXCR4 observed in the
OSCC group (Supplementary figure 13). By reverse
transcription quantitative PCR (RT-gPCR) analysis
of the PMN' signature performed on total RNA
extracted from circulating neutrophils, we could
not detect significant differences between the
OSCC and the control group. One exception was
MME (alias CD10), that was significantly increased
in the OSCC group (Figure 6g). These findings
suggest that a full pro-EMT phenotype is likely
acquired by local interaction of cancer cells with
TANSs.

DISCUSSION

By completing a large-scale analysis of human
carcinoma samples, this study identified that
CD66b" TANs recurrently colonise TDLNs, and that
their high nodal density is associated with a
detrimental prognosis in advanced stages
squamous cell carcinomas (SCC). Based on direct
and indirect evidence, we surmise that TANs in
PTs and in TDLNs are major contributors in the
organisation and evolution of the nodal
metastatic niche, likely by modulating EMT. This
hypothesis requires additional analysis using
appropriate animal models for in vivo tracing and
modulation of TAN functions. Importantly, lymph
node metastasis can fuel distant metastasis in a
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significant fraction of cancers,'®3? as also recently

demonstrated by molecular analysis,'® thus
supporting an additional role of TANs in
promoting systemic spread.

Similar to TANs in the PT, the TDLN cellular
counterpart shows a segmented nuclear
morphology and expresses a panel of neutrophil-
specific molecules, including cytoplasmic granule-
associated molecules and CD10, confirming their
neutrophil identity and a mature phenotype.®' In
addition, at similar levels to the PT, the TANs in
TDLNs express recently identified putative PMN-
MDSC markers, including S100A9, arginase-1,
pSTAT3 and </EBPB. It should be noted that this
phenotype is observed also in neutrophils from
suppurative lymphadenitis, indicating that co-
expression of these markers by CD66b" cells is
insufficient to define a TAN phenotype. In
particular, a dense CD66b" TAN infiltration was
identified in head and neck SCC, gastric and
pancreatic adenocarcinoma and transitional
bladder cancer. By contrast, breast carcinoma
TDLNs are largely devoid of CD66b" TANs. In
breast carcinoma, a lower CD66b" TAN density
was also evident in the corresponding PT,
suggesting site- and tumor-specific differences
likely due to limited homing of the circulating
TAN precursors from the blood.

An important and novel finding of this study is
that CD66b" TANs in the PT form conjugates with
cancer cells within lymphatic emboli. Accordingly,
they reproduce similar conjugates in the marginal
and intermediate sinuses of the corresponding
TDLNs, within micro-metastatic foci. TAN entry
into the TDLNs might occur via lymphatic vessels
from the PT or, alternatively, through the blood
circulation via high endothelial venules.>?> Our
microscopic analysis supports the hypothesis that
TANs could enter the TDLN via the lymphatic
route with a potential role played by CXCL8, a
chemokine known to regulate TAN recruitment
and angiogenesis and supporting tumor
progression.3*°354 CD66b" TANs are also found
within sinuses of non-metastatic TDLNs (this
study), suggesting that a steady lymphatic
circulation of TANs might establish the pre-
metastatic niche as observed in distant sites.3436->°
We hypothesise that TANs provide a survival
signal to tumor «cells or other cells (ie.
macrophages) co-existing in the nodal sinuses.
Bidirectional signals between cancer cells and
TANs might also result in the activation of TANs in
proximity of tumor emboli.*®*>’ TANs facilitate
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Figure 6. PMN signature in OSCC. (a) The heatmap shows the log, RPKM values for the PMN signature genes grouped by Subtype annotation
(n =171 OSCC samples from the TCGA with available annotation). Samples are ordered in increasing overall expression values within Subtypes.
(b) The boxplot of PMN score (computed using GSVA algorithm) separately for Subtype annotation. P values are estimated by a linear model and
pairwise multiple comparisons adjusted for multiple tests with the Tukey-Kramer method. (c—f) Sections are from three OSCC PT (d and f single
case) and stained as labelled. Sections are counterstained with haematoxylin. Original magnification: 100x (scale bar 200 um; ¢, d, f images on
the left), 200x (scale bar 100 pm; e image on the left) and 400x (scale bar 50 pm; ¢f images on the right). (g) Dot plots show the mRNA
expression of the PMN' in circulating neutrophils freshly isolated from HDs or OSCC patients, as evaluated by RT-qPCR. Gene expression is
shown as mean normalised expression (MNE) units after RPL32 mRNA normalisation (mean =+ SD). Each symbol stands for a single HD (open
circle; n = 13) or OSCC patient (black circle; n = 15). *P < 0.05 by the unpaired t-test.
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tumor cell migration, extravasation and
subsequent invasion, thus fostering cancer cell
arrest and growth at the metastatic site.®
Notably, a set of proteases released by activated
TANs has been implicated in the formation and
dissemination of tumor aggregates in form of
emboli.’® These findings support the hypothesis
that nodal TANs can promote cancer cell
extravasation from the lymphatic sinuses, as well
as their subsequent growth and invasion of the
nodal parenchyma.>® Since TAN density in the PT
and in the M-TDLNM is highly correlated, we
surmise that only TANs receiving the appropriate
imprinting signals in the PT can execute a pro-
metastatic program in TDLNs.

Neutrophils are abundant in carcinomas showing
squamous histology (SCC) mainly due to cancer cell
intrinsic molecular traits such as SOX2 over-
expression.?> 2> The latter occurs in SCC from various
primary sites®® including OSCC.>*®" Moreover, TANs
are known to foster squamous cell fate in murine
models.?®> We found that OSCCs provide a significant
survival and activation signal to TANs via GM-CSF
expression. Mechanistically, the expression of a set
of neutrophil genes is significantly associated with a
partial EMT signature in OSCC. As recently proposed,
EMT in cancer cells enhances their capacity to
disseminate also via lymphatics,®> which is highly
relevant in terms of OSCC prognosis. Of note, EMT in
OSCC represents an independent predictor of nodal
metastasis and EMT-switched tumor cells localise to
the IM, an area also enriched with lymphatic
vessels.?84448 ywe found that the top ten neutrophil-
specific genes associated with the pro-EMT signature
(referred as PMN'?), are detected also in a subset of
early-stage OSCC and are enriched in the basal and
mesenchymal OSCC subtypes, typically associated
with an EMT switch.?®* By the analysis of
peripheral blood of OSCC patients, we also
demonstrate that the expression of PMN' is very
limited in circulating neutrophils, with only MME
(alias CD10) being over-expressed. By contrast, over-
expression of CXCR4, a chemokine receptor relevant
in the neutrophil homeostasis,® in EMT of 0SCC®
and in  neutrophil-mediated  pro-metastatic
function,®® occurs early in circulating neutrophils
from OSCC patients. Recent data on carcinomas
from different sites have proposed TANs as a
relevant player in promoting EMT.*"** Multiple
findings from this study further strengthen this
observation supporting that a full pro-EMT
signature in OSCC is likely acquired at the TAN stage
within the tumor tissue.

5
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To establish the clinical relevance of nodal TAN
infiltration, we performed a large-scale analysis of
CD66b" TAN density on a cohort of OSCC samples.
In this cohort, high neutrophil count and NLR*°
were associated with poor prognosis. Data on the
clinical relevance of CD66b" TANs by IHC are
partially conflicting, mainly due to differences in
the analysis methods. However, recent
computational approaches on a pan-cancer study
revealed that TAN abundance represents a
predictor of poor outcome.'> To minimise the
analytical biases in tissue monitoring, we strictly
adhered to recently introduced guidelines.®® We
used a highly specific marker and measured a
highly representative PT tissue area on whole
digitalised slide (105 + 71 mm?). A significant
interaction was observed between TAN density in
the CT and in the IM and tumor Stage. A higher
density in the CT was associated with worse
prognosis only in advanced stage Il and IV,

whereas it predicted better prognosis in the
earlier stages | and 1l; an opposite effect is
observed for TAN density in the IM. Stage-

dependent and spatially oriented molecular
analysis of TAN are required to further expand
our knowledge on this finding. However, this
level of stage- and site-dependent functional
heterogeneity requires further investigation.
Among potential explanations, the existence of
different TAN subsets, as recently described®’
supports the hypothesis of a dynamic change of
pro-tumor TAN localisation along with disease
progression. Among anti-tumor TANSs,
Eruslanov’s groups have recently reported a
specialised TAN subset with a hybrid phenotype
found in early-stage non-small-cell lung cancer
and associated with good prognosis.'*3® As in
other studies on human lymph nodes, these cells
are found to express MHC-Il molecules.’® We
could not identify a similar population in OSCC,
likely indicating that hybrid anti-tumor TANs are
primary site specific.

Our study identifies a contribution of nodal
TANs in OSCC prognosis with a high TAN density
in the metastatic nests (M-TDLN™) predicting
worse overall survival. This might indicate that
nodal TANs can promote systemic spread, likely by
immune escape. We found that TANs in TDLNs
recurrently  interact with T cells and
interdigitating dendritic cells. Consistently, by
image analysis we found that in M-TDLN, T-cell
proliferation and polarisation towards a
regulatory phenotype was significantly increased,
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but not affected by a higher TAN density.
Notably, we also found that TANs interact with
nodal PDCs, a major source of type | IFN in human
lymph nodes.®® This finding might suggest that
polarisation to N1 TANs via type | IFN'® could
occur®” and likely be obtained by TLR8 or TLR9
agonists  (Clinicaltrials.gov  study identifiers:
NCT02644967, NCT03445533, NCT03052205,
NCT02521870, NCT03084640 and NCT0266877).

Overall, this study identifies and characterises
the clinical relevance of a novel TAN compartment
in carcinomas, particularly in SCC. Microscopic
analysis and the clinical findings from the OSCC
cohort highlight the relevance and the plasticity
of TAN compartments in various disease stages
and their role in promoting EMT. Tailored site
and stage-dependent modulation of TANs from
various compartments should be considered to be
therapeutic option for carcinoma patients and in
particular SCC.

METHODS

Tissues

This part of the study was approved by the local IRB to WV
(WW-IMMUNOCANCERM™, NP-906). Formalin-fixed paraffin
embedded (FFPE) tissue blocks used for this study were
retrieved from the tissue bank of the Department of
Pathology (ASST Spedali Civili di Brescia, Brescia, Italy).
Human tissues included human bone marrow, thymus,
spleen, tonsil, lymph node, small bowel and appendix. In
all, 278 metastatic (M-TDLNs) and 175 non-metastatic
tumor-draining lymph nodes (NM-TDLNs), obtained from a
total of 216 patients with primary carcinomas from
different primary sites (skin, head and neck, thyroid, breast,
lung, stomach, pancreas, colon, bladder and ovary) or
cutaneous melanoma (17 cases). Details of M-TDLNs
analysed are reported in Supplementary table 1. A total of
45 cases of primary melanoma (9 cases) and carcinoma from
various sites were selected for a comparative analysis with
M-TDLNs.

0OSCC cohort

This part of the study was approved by the local IRB to WV
(H&N Cancer, NP-2066). The retrospective study population
included 182 histologically confirmed cases of oral cavity
squamous cell cancer (OSCC) who underwent radical
surgical resection and neck dissection between 2000 and
2014 (Otorhinolaryngology Department, ASST Spedali Civili
di Brescia, Brescia, Italy). Patients with at least 12 months of
follow-up or earlier death or recurrence were included.
Salvage surgery, metastatic disease, immunological
disorders or prior systemic treatment for malignancy
represented exclusion criteria. Patients were regularly
followed with clinical examinations and neck MRI or CT

every 3-6 months. Details of the cohort are reported in
Supplementary table 2. A prospective cohort, enrolled
between June 2014 and December 2014, included patients
affected by head and neck SCC, that underwent pre-
treatment full blood collection for flow cytometry analysis
and reverse transcription quantitative real-time PCR
analysis; immunological disorders or prior systemic
treatment for malignancy represented exclusion criteria.

Immunohistochemistry

Four-micron thick FFPE sections were used for
immunohistochemical staining. The primary antibodies for
this study are listed in the Supplementary table 8. The
antibody used to detect granulocytes/TANs is CD66b diluted
1:200, clone G10F5, from BioLegend (San Diego, CA). The
reaction was revealed by Novolink Polymer (Leica
Microsystems, Wetzlar, Germany) followed by DAB. For
double immunohistochemistry, after completing the first
immune reaction, the second was visualised using Mach 4
MR-AP (Biocare Medical, Concord, CA), followed by Ferangi
Blue (Biocare Medical) or New Fucsin (Agilent Technologies,
Santa Clara, CA) as chromogen. For triple
immunohistochemistry, after completing the second
immune reaction, the third was visualised using a
biotinylated system (Agilent) followed by AP-streptavidin
and New Fucsin as chromogen. Sections were then
counterstained with haematoxylin.

For the screening cohort, a training set of 15 cases on
digitalised slides (IHC nuclear algorithm, Aperio Scanscope,
Leica Microsystems) was used to define a three-tiered score
for CD66b" TANSs as it follows: SO = < 20 cell mm~2 (mean
12); S1 =< 100 cells mm~2 (mean 59); S2 = > 100 cells mm~2
(mean 235). Neutrophils interactions with PDCs and T cells
were analysed using a specifically designed algorithm in
Image J by processing 10 captured high power field on
CD66b/BDCA2, CD66b/CD3 and CD66b/CD8 double stained
sections. Enumeration of proliferating (CD66b, CD3 and ki-
67) and of regulatory (CD66b, CD3 and foxp3) T cells was
performed by using ImageScope (Aperio Counter Tool) on
triple stained sections of 20 M-TDLN cases from the OSCC
cohort. Control cases were represented by six dermatopatic
lymphadenitis.

For double sequential immunostains, the first reaction is
deleted after first chromogen de-stain and stripping. Anti-ki-
67 was used for the first immune reaction, revealed using
Novolink  Polymer and developed in 3-amino-9-
ethylcarbazole chromogen (AEC), counterstained with
haematoxylin and cover-slipped using gelatin. Subsequently,
the slides were digitally scanned, using Aperio Scanscope CS
(Leica Microsystems). After cover slip removal AEC was
washed out and the slides were eluted using a 2-
Mercaptoethanol/SDS solution (20 mL 10% w/v SDS with
12.5 mL 0.5 M Tris-HCl, pH6.8, 67.5 mL distilled water and
0.8 mL 2-ME). Slides were subsequently incubated in this
solution in a water-bath pre-heated at 56°C for 30 min.
Sections were washed for 1h in distilled water. After
unmasking in microwave, anti-foxp3 was revealed using Rat-
on-Mouse HRP  polymer (Biocare  Medical) and
3.3'Diaminobenzidine. CD3 was revealed using Mach 4 MR-
AP and Ferangi blue as chromogen and slides were
counterstained with haematoxylin, cover-slipped and

38



Chapter 2. Tumor-associated neutrophils in human carcinoma-draining lymph nodes

digitally scanned. The two digital slides were processed using
ImageScope. Slides were synchronised and corresponding
tissue regions were analysed using the counter tool.

Immunoscore definition by image analysis

Stained slides were acquired using a ScanScope digital
scanner. Images were viewed and organised using
ImageScope software. Each scanned image was annotated
manually and IHC Nuclear Image Analysis algorithm was
chosen for the analysis. Areas of suppurative necrosis were
excluded from the count. Data are expressed as number of
CD66b" cells per mm?. In the primary tumor (PT), immune
cell density was measured either in the centre of the tumor
(CT) and in the invasive margin (IM). The invasive margin
was defined as the tissue area of 1 mm wide from the front
of invasion of the tumor 7°°. For the analysis of tumor-
draining lymph nodes (TDLNs) at least one non-metastatic
TDLN (NM-TDLN) was analysed; in N patients, slides
containing metastatic TDLN (M-TDLN) have been included.
The density of CD66b"TAN in M-TDLNs was counted in the
metastatic nests (M-TDLN™) and surrounding lymph node
tissue (M-TDLNP).

Isolation of neutrophils

Circulating neutrophils were isolated by density gradient
centrifugation (Ficoll-Paque; GE Healthcare Life Sciences,
Marlborough, MA) of whole blood collected in BD Vacutainer
tubes with K;EDTA (BD Biosciences, Franklin Lakes, NJ) from
patients with OSCC or HDs or from buffy coats of healthy donors
and further purified (approximately 99.7% purity) by negative
selection using the EasySep neutrophil enrichment kit (StemCell
Technologies, Vancouver, Canada) as previously described.”"
Human samples were obtained following informed, written,
consent by healthy donors, in accordance with the Declaration
of Helsinki. This study was carried out in accordance with the
recommendations of Ethic Committee of the Azienda
Ospedaliera Universitaria Integrata di Verona (Italy).

Cell cultures

Human oral squamous cell carcinoma (OSCC) cell lines, CAL-
27 (DSMZ n° ACC 446), SCC-4 (DSMZ n° ACC 618), SCC-25
(DSMZ n° ACC 617), were purchased from Leibniz Institute
DSMZ-German Collection of Microorganisms and Cell
Cultures GmbH (DMSZ, Braunschweig, Germany). CAL-27
cell line was expanded in Dulbecco’s modified Eagle
medium (DMEM)(Corning, NY) at 37°C/5% CO,, while SCC-
25 and SCC-4 cell lines were expanded in DMEM:Ham’s F12
(Euroclone, Pero, Milan, Italy) at a 1:1 ratio. All tissue
culture media were supplemented with 10% FBS (< 0.5 EU
per mL endotoxin, BioWhittaker-Lonza, Basel, Switzerland)
and 1% of penicillin/streptomycin (pen/strep) (Corning).

Neutrophils co-culture with OSCC cell lines

Co-culture experiments were performed in 24-well culture
plates (Corning) at 37°C/5% CO,. Cell lines were plated at
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5 x 10° mL™" in RPMI (10% FBS, 1% P/S) 24 h prior the
addition of neutrophils, to permit their adhesion to the
plates. After the isolation, neutrophils were then suspended
at 025 and 25 x 10°mL™" in RPMI 1640 medium
(Corning), containing 10% FBS and 1% of pen/strep and
they were either plated alone, or directly added to the cell
lines (at neutrophil:cell line ratios of 5:1 and 50:1), to be
cultured for up to 40 h.

At the end of the incubation time, neutrophils were
detached from the co-cultures by gently pipetting, then
centrifuged at 300 x g for 5 min and finally suspended in
50 pL phosphate-buffered saline (PBS) at 1 x 10° mL~’
containing 2% FBS and 15 mm EDTA for flow cytometry
assays.

Conditioned media experiments

Neutrophil were suspended in RPMI (10% FBS, 1% P/S) or
conditioned media harvested from OSCC cell lines (CAL-27,
SCC-4, SCC-25) plated at 5 x 10° mL™" in 96-well culture
plates (Corning) and then cultured for up to 40 h. Cytokine
blocking experiments were conducted by culturing
neutrophils in OSCC-derived conditioned media, previously
pre-incubated for 30 min at 37°C in the presence of specific
neutralising monoclonal antibodies (mAb) towards GM-CSF
(10 pg mL~", R&D Systems, Minneapolis, MN). Alternatively,
neutrophils were pre-incubated with IL-6R (10 ug mL™" for
30 min, R&D Systems). After the incubation, neutrophils
were then centrifuged at 300 x g for 5 min and finally
suspended in 50 uL phosphatase-buffered saline (PBS) at
1 x 108 mL~" containing 2% FBS and 2 mm EDTA for flow
cytometry assays.

Flow cytometry

Neutrophils were incubated with 5% human serum
(BioWhittaker-Lonza) for 5 min on ice and then stained for
30 min at 4°C using the following anti-human
fluorochrome-conjugated mAbs or specific isotype controls
listed in Supplementary table 8. For immunophenotypic
characterisation of neutrophils from HD or OSCC patients,
events were acquired on an eight-colour three-laser-
MACSQuant Analyzer (Miltenyi Biotec, Bergish Gladbach,
Germany) while for co-culture and conditioned media
experiments, flow cytometry was performed by the use of a
FACS MACSQuant Analyzer 16 Flow Cytometer (Miltenyi
Biotec). Neutrophils were identified on the basis of their
morphological parameters (forward scatter/side scatter) and
the CD66b expression. Phenotypic analysis was performed
on live cells, identified as Vybrant-negative (Vybrant®
DyeCycle™ Violet; Life Technologies, Waltham, MA) or
propidium iodide (Life Technologies) negative cells. Cell
viability was defined as the percentage of cells that were
negative for vibrant staining.

Data analysis was performed by using FlowJo software
(Tree Star). The median fluorescence intensity (MFI) relative
to each molecule was obtained by subtracting either the
MFI of the correspondent isotype control or cell
autofluorescence. Unpaired t-tests or one-way ANOVA
analysis were performed, as appropriate.
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Reverse transcription quantitative real-time
PCR (RT-qPCR)

Immediately after purification, total RNA (0.1 pg) was
extracted from 1 x 10° neutrophils by the RNeasy mini kit
(Qiagen, Venlo, Limburg, The Netherlands) and reverse
transcribed for RT-gPCR, performed as previously
described,”?? utilising the gene-specific primer pairs (listed
in Supplementary table 9), all purchased from Thermo
Fisher Scientific). Data were calculated by Q-Gene software
(http://www.gene-quantification.de/download.html) and
expressed as mean normalised expression (MNE) units, after
RPL32 normalisation.

Cytokines production

Cytokine concentrations in cell-free supernatants were
measured by commercially available ELISA kits, specific for
human IL-6 (Mabtech, Nacka Strand, Sweden) and GM-CSF
(BioLegend). Detection limits of these ELISA were as
follows: 10 pg mL~" for IL-6 and 7.8 pg mL~" for GM-CSF.

Data preprocessing and statistical analysis
of the TCGA dataset

Raw counts for primary solid tumor samples were
downloaded from GDC portal harmonised repository using
TCGADbiolinks R/Bioconductor package (n =528). FFPE
samples were removed, and only samples corresponding to
Oral Cavity anatomical area were kept (n = 308). Gene
differential expression was tested, after library size
normalisation based on TMM (the trimmed mean of M-
values), using LIMMA linear modelling’® function were
used to model mean-variance relationship’**. Single gene
expression used as biomarker was computed as log,-RPKM.
A global score for signature expression (either neutrophil or
pPEMT) was computed using single sample enrichment based
on GSVA”*® algorithm: single sample enrichment score
represents the degree to which the genes in a particular
gene set are coordinately up- or down-regulated within a
sample and were used as a global score for signature
expression. Hierarchical clustering was performed using
correlation based (Spearman) distance matrices and
complete agglomeration method.

A filtering procedure to determine the PMN signature
genes most associated with pEMT signature was
performed based on two phases: first we performed a
regularised Canonical Correlation Analysis (rCCA). This
multivariate statistical procedure serves to identify linear
combinations among variables between two datasets in
order to maximise their correlation. The (two) new sets of
canonical variates, constructed based on the original
datasets, determine a pair of canonical variates with a
maximised simple correlation. Each set of constructed
canonical variates are uncorrelated with each other.
Genes of both signatures are represented on a correlation
circle plot where coordinates represent the correlation
between each gene and the corresponding dimension.
The correlation between genes in the two signatures can
be visualised through the angles between two vectors
(from the origin to the gene): if the angle is sharp, the

correlation is positive, if the angle is obtuse the
correlation is negative and if the angle is right the
correlation is null. Therefore, PMN genes close to the
bulk of pEMT genes and far from the origin are likely to
be associated with the pEMT signature. In a second step
we performed simple linear regression of pEMT score
versus each PMN gene separately. PMN genes with a
positive coefficient and significant P-value (not adjusted),
were retained in the filtering procedure. This was
performed for all samples and separately for low (I and
Il) and high (lll and IV) stage.

Statistical analyses

Standard descriptive statistics were used for expressing
means, standard deviations and CV. The Mann-Whitney
U-test or the Kruskal-Wallis test was used for group
comparisons, as appropriate. Differences in CD66b'TAN
density among different areas were analysed using
nonparametric Spearman’s rank correlation. For survival
analysis, the overall survival (OS) was chosen as the end-
point. Univariate survival curves were estimated using the
Kaplan—-Meier method and compared by the log-rank test.
Cut-off in continuous predictors was estimated using
maximally selected log-rank statistic. Multivariable
analyses were performed using Cox proportional hazard
models and expressed as hazard ratio (HR) with 95%
confidence intervals (Cl). To assess the clinical relevance
of infiltrating CD66b" TANs in the PTs and lymph node
areas, we modelled immune cells densities as continuous
variables and their functional relationship with survival
outcomes were evaluated investigating interactions with
relevant clinical variables. In all the analysis, a significance
level of 5% was used. GraphPad Prism Version 6.0 (San
Diego, CA) and R (version 3.5.1) were used for statistical
analysis.
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Chapter 3. Pro-tumoral B cells in laryngeal cancer

Abstract

Objectives

Laryngeal squamous cell carcinomas (LSCC) are characterized by an excellent prognosis for stage I tumors
but a significant risk of locoregional and distant recurrence for intermediate to advanced disease. This study
will investigate the clinical relevance of the tumor microenvironment in a large cohort of treatment-naive
patients affected by stage II-IV LSCC.

Methods

Whole slide-based digital pathology analysis was applied to measure six immune cell populations identified
by immunohistochemistry (IHC) staining for CD3, CD8, CD20, CD66b, CD163 and CD38. Survival analysis
was performed by Cox proportional-hazards models and unsupervised hierarchical clustering by k-means
method. Double IHC staining and in-situ hybridization by RN Ascope allowed further analysis of a pro-tumoral
B-cells population.

Results

A cohort of 98 patients was enrolled and analyzed. The cluster of immune-infiltrated LSCC experienced a
significantly worse disease-specific survival. As novel finding, we uncover an association between high
CD20" B-cells and a worse distant recurrence. The phenotypic analysis of infiltrating CD20" B-cells showed
a naive (BCL6'CD27'Muml’) regulatory phenotype, producing TGFB but not IL10, according to an
active TGFB pathway, as proved by positivity of pPSMAD?2 staining.

Conclusion

The identification of regulatory B-cells in the context of LSCC, along with the activation of the TGFR
pathway, could be a further hint for new trial designs investigating the efficacy of already available molecules

targeting the TGFB pathway in the context of LSCC.

Keywords: laryngeal neoplasms, tumor microenvironment, B-cells, B-reg, prognosis
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Introduction

One of the main goals of modern precision oncology is the ability to predict outcomes and modulate treatment
at individual patient level by profiling the immune and molecular tumor landscape. During the last decades,
several preclinical and clinical observations established the crucial role of cancer immunosurveillance in
controlling cancer growth.'™ However, most clinically apparent and progressing human neoplasms have
escaped cancer immunosurveillance emerging as variants with reduced immunogenicity through an
immunoediting process. As a result, a fraction of human cancers are immune-desert whereas others are
infiltrated by myeloid and lymphoid immune-suppressive cells.” The extensive works in colorectal
carcinoma®’ and other solid tumors®® confirmed that the analysis of the tumor microenvironment (TME)
allows the identification of patients subgroups with different prognoses and predicts response to immune
checkpoint inhibitors (ICI) as immunotherapy.'® Among head and neck cancer the indication for ICIs outside

clinical trials is still limited to non-resectable platinum-resistant tumors'"'?

with an improvement of survival,
compared to standard of care; however, long-term stable complete response is still unpredictable.'? Promising
results of ICTs in the neoadjuvant setting suggest a new clinical scenario for the treatment of these tumors.'*"
' The identification of biomarkers of response is urgently needed to guide current and future therapeutic
options. Recent analysis revealed that head and neck squamous cell carcinomas (HNSCC) are highly mutated
and distinct in molecular subtypes, including the HPV-driven subgroup showing improved prognosis.?’ As a
result of a high tumor mutational burden of HNSCC, neoantigens load could represent an indicator of response
to immunotherapies.?!

Laryngeal squamous cell carcinoma (LSCC) represents one of the most frequent HNSCC with an overall
estimate of 184’615 new cases and 99’840 new deaths in 2020. The clinical behavior of stage I glottic tumors
is favorable, with an excellent long-term prognosis;** by contrast, the survival of patients with intermediate-
advanced stage LCSS is still very poor.?* Specifically, in addition to locoregional recurrence, up to 15-20% of
patients develop hematogenous distant spread with limited treatment options and a median overall survival of
10 months.**** Few studies analyzed the TME of LSCCs and revealed that infiltration of CD8" T cells predicts
better prognosis, whereas enrichment of tumor-infiltrating macrophages identifies LSCCs with worse
outcomes.”>' No definitive data are available on the clinical relevance of tumor-infiltrating B-cells, an
immune population largely unexplored®'.

The present study proposes the analysis of the TME in a large retrospective cohort of LSSC. Nighty-eight
treatment-naive patients with intermediate to advanced stage tumors were included. Whole-slide digital
pathology analysis was performed by counting six immune cell populations: CD3" T-cells, CD8" T-cells,
CD20" B-cells, CD38" plasma cells, CD66b" neutrophils and CD163" macrophages. Immune enriched tumors
experienced a poorer disease-specific survival, supported by the multivariable analysis. Furthermore, our
results identify an association between the density of tumor-infiltrating CD20" B-cells and higher risk of distant
recurrence. The in-depth analysis of this subgroup showed a naive phenotype of B-cells (BCL6", CD27 and
Mum1) and their localization in a TGFf rich microenvironment, supporting the hypothesis of the presence of

a regulatory B-cells (B-reg) population in the immune-contexture of LSCC.
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Results

1) Coordinate infiltration of immune cells in LSCC

Nighty-eight patients (PT) were enrolled for this study including 83 males (84.7%) and 15 females (15.3%).
The mean age at the time of the treatment was 67 years (range 43-89). As surgical treatment 62 PT (63.3%)
received transoral laser microsurgery (TLM), 14 (14.3%) open partial horizontal laryngectomies (OPHL) and
22 (22.4%) a total laryngectomy (TL). According to the TNM staging system, 45 PT (45.9%) were defined as
pT2, 34 PT (34.7%) as pT3 and 19 PT (19.4%) as pT4a. Based on the regional lymph nodes involvement, 75
PT (76.5%) were defined as NO, 8 PT (8.2%) as pN1, 6 PT (6.1%) as pN2 and 9 PT (9.2%) as pN3. Risk
factors such as perineural invasion (PNI) or lymphovascular invasion (LVI) were present in 44 (44.9%) and
38 (38.8%) PT, respectively (Table 1). The median follow-up time was 49 months (CI195% 45-58 months).
During the follow-up period, 25 (25.5%) PTs developed locoregional recurrence whereas 15 (15.3%) PT
distant hematogenous metastases; 18 (18.4%) PTs died due to disease progression (Table 1).

Digital microscopy analysis was performed on immune-stained sections to quantify tumor-associated CD3" T-
cells, CD8" T-cells, CD20" B-cells, CD38" plasma cells, CD66b" neutrophils** and CD163" macrophages
(Figure 1a, Supplementary Table S1). The median area of analyzed tissue was 37.4 mm? (range 3.0 — 320.4
mm?; IQR 15.6-90.3 mm?). Using a cell recognition algorithm, the median densities of immune cells resulted
respectively of 443 cells mm™ (range 68-2210 cells mm™) for CD3" T-cells, of 457 cells mm™? (range 30-3200
cells mm™) for CD8" T-cells, of 178 cells mm™ (range 11-1230 cells mm™) for CD20" B-cells, of 310 cells
mm? (range 5-2580 cells mm™) for CD38" plasma cells, and of 140 cells mm™ (range 1-819 cells mm™?) for
CD66b" neutrophils. The CD163" macrophages infiltrate, analyzed with a pixel count algorithm, occupied a
median area of 2.94% (range 0.005-18.29%) (Supplementary Table S2).

Correlation analysis of the quantitative measurements of tumor immune infiltrates, as performed by
Spearman’s correlation test, showed a strong direct correlation between all the immune cell populations
analyzed, with the exception of the CD66b" cells (Figure 1b). Among the individual cells counted CD3" cells
represent a median 46.4% of the immune infiltrate (range 9.5-85.4%), CD8" a median 33.2% (range 3.4-
85.4%), CD38" a median 26.6% (range 0.3-65.9%), CD20" a median 12.3% (range 1.9-51.3%), CD66b" a
median 9.6% (range 0.1-63.4%) (Figure 1¢ and Supplementary Table S3); for this analysis CD163" were
not includible as measured as % of the tumor surface. At the single tumor level, computing a tSNE
dimensionality reduction of immune infiltrates identified the co-existence of most of them and confirmed the
independent enrichment of CD66b" neutrophils (Figure 1d-i). Association analysis between clinical variables

and immune cell infiltration did not any reveal meaningful relationship (Supplementary Table S4-S8).

2) Immune infiltrated LSCC display a worse prognostic phenotype

Considering the Z-score for immune cells infiltration, by the average silhouette method, the cohort can be best
subdivided into two clusters (Figure 2a). Unsupervised k-means partitioning, as shown in Figure 2b,

Cold

identified a dominant cluster (Cluster 1) characterized by Immune™°“ tumors and a minor cluster (Cluster 2)

displaying enrichment of all immune cells analyzed (Immune™). Cluster 2 was confirmed to be highly
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infiltrated of all immune-cells tested (P < 0.05; Figure 2¢), whereas no association with most relevant clinical
features (pT category, pN involvement, PNI, LVI) was observed (p>0.05, Supplementary Table S9).
Considering the survival end-points in multivariable models including Age, pT category and pN category as
covariates, the Cluster 2 was independently associated with a worsen disease-specific survival (DSS) (H.R.
6.03; CI95% 1.66-21.87; P = 0.006), as also shown in adjusted survival curves in Figure 2d. pT4a category
represented a significant and independent risk factor (H.R. 25.81; CI95% 5.35-124.45; P < 0.0001), as shown

in Figure 2e and in Figure 2f combining its marginal effect with those of the clusters.

3) Dense CD3" T-cells and CD20" B-cells infiltration predict unfavorable prognosis in LSCC

The prognostic significance of each immune cell population was investigated separately building a
multivariable model for each outcome and evaluating the AIC. Expectedly, Age, pT4a category and LVI were
covariates significantly associated with the OS (Figure 3a).> A non-linear effect was observed for the Age
variable, being a risk factor at the lowest and highest value (Figure 3b). The CD3 density was kept in the
model but none association with the OS was observed. The DSS analysis confirmed Age and pT4a category
of being independent clinical covariates related to this outcome (Figure 3c¢); the effect of the Age followed a
non-linear shape, as for OS (Figure 3d). The CD3 density represented a risk factor (Figure 3e-3f) with an
H.R. of 2.12 for each doubling of the CD3 density value (C195% 1.23-3.68; P = 0.007), coherently with the
result showing a detrimental prognostic role of Cluster 2. Notably, when considering locoregional recurrence
free survival (LRFS), CD3 density was the only covariate independently associated with the outcome (Figure
4a) in form of risk factor with an H.R. of 1.73 for each doubling value (CI95% 1.17-2.7; P = 0.014; Figure
4b-c). Interestingly, a significant interaction between the density of CD3" and pT category was observed (P =
0.0274), as shown in Figure 4d, with a remarkable effect on prognosis in pT4a group, as seen for the DSS.

Analyzing the distant recurrence free survival (DRFS) as oncological outcome both pT4a category and N3
category were associated with a worse prognosis (P < 0.001), compared to the reference categories (pT2 and
NO). Among tumor infiltrating immune cells, a higher density of CD20" B-cells was associated with a worse
outcome (H.R. 5.79; C195%, 2.23-14.98; P < 0.001), whereas enrichment of CD8+ T-cells resulted protective
(H.R. 0.54; CI95% 0.30-0.97; P = 0.04) (Figure 4e-i). Contour plots in Figure 4j-1 illustrate the combined

effect of each immune cell density measure in the model, to predict the 5-y DRFS.

4) Occurrence and localization of CD20" B-cells in LSCC

The evidence of the worse prognostic significance of CD20" B-cells infiltration guided to an in-depth analysis
of their localization within the TME. B-cells were organized in form of aggregates (median, 36.0%; min-max,
0%-83.7%) also identifiable as tertiary lymphoid structures, based on the occurrence of BCL6' germinal center
B-cells (CD20™5); alternatively, CD20" B-cells were in form of diffuse stromal/intratumoral infiltrate
(CD20'), (median, 64.0%; min-max, 16.3%-100%). The TLS frequency in terms of number of TLS per
squared millimeter was also taken into account, having in the whole cohort a median value of 0.131 TLS mm’

2 (min-max, 0.010-2.32 TLS mm™). The density of CD20" B-cells measured in the different areas of interest
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(CD20™S and CD20') were highly directly correlated (P < 0.0001, Figure 5a-c), suggesting a coordinated
recruitment of B-cells organized as TLS or diffuse into the tumor/stroma. A significant decrease of TLS was
observed in advanced T and N categories, along with the progression of the disease, and for tumors harboring
risk factors, such as PNI and/or LVI, a significant decrease of TLS density was also observed (Figure 5d-e).
A further multivariable model was fitted to dissect the clinical relevance of CD20™ and CD20' in terms of
distant recurrence. Adding the TLS density as covariate, this did not result in an improvement of the regression
model (AIC. 102.68, AIC,0s 104.35) and this variable was not even associated with a different DRFS (H.R.
1.26; C195% 0.574-2.763; P = 0.5647, Figure 5f-), still being the whole CD20" density a significant risk
factor (H.R. 5.053; CI95% 1.771-14.419; P = 0.002, Figure 5f-1). Thus, the enrichment of CD20" B-cells and

not their differential localization is relevant for the risk of distant recurrence in LSCC.

5) In situ characterization of pro-metastatic B-cells

Tumor-infiltrating B-cells are in general poorly characterized and data on head and neck squamous cell
carcinoma are limited to the oral cavity, oropharynx and hypopharynx sites,* being their study in the laryngeal
site included in mixed cohorts.”® Literature data indicate that B-cells can localize both in the tumoral or stromal
compartment, and they often contribute to the composition of TLS, although their exact function and clinical
relevance are not yet completely understood.* To investigate the phenotype of CD20'" B-cells, we tested a set
of B-cell antigens including CD20, Pax5, Bcl6, Mum1 and CD27 on seriate and double-stained sections of a
set of cases that experienced distant recurrence along the follow-up time (n=15).>%*" The TLS structures,
defined as aggregates of B and T cells showing a BCL6" germinal center phenotype, were excluded from this
analysis (Figure 6a-b). Based on double stains we found that most CD20" lacked CD27, (median fraction of
CD277/CD20" < 1%) and Mum1 reactivity (median fraction of MUM1'/CD20" < 1%) thus corresponding to

mature B-cells with naive phenotype lacking a plasma cell differentiation (Figure 6¢).***’

6) Functional analysis of pro-metastatic B-cells

To extend our analysis at the functional level, we tested the expression of IL-10 and TGF by using RNAscope
(n=13). IL-10 and TGFR probes were validated in cell-blocks of monocyte-derived macrophages showing, as
expected, a selective expression of IL-10 on M2 macrophages and a diffuse expression of TGF both on M1
and M2 type macrophages; this observation was also validated by RT-qPCR data (Supplementary Figure
S2).

Based on RNAscope findings, TGFB mRNA resulted strongly and diffusely expressed by tumor cells and cells
of the TME (mean + SD scores 1.6 + 1.0 and 2.2 £ 0.8 on 0-3 scale; Figure 7a), whereas IL-10 signal was
limited to the TME compartment (Figure 7a). Specifically, by using a set of immunohistochemical markers,
we found that among TME cells, TGFB transcript were detected in CD20'", CD163" macrophages and SMA*
fibroblasts (Figure 7b), whereas IL-10 expression was limited to CD163" macrophages (Figure 7b).
Furthermore, by triple immunohistochemical staining for FOXP3, CD20 and CD3 or CD8 we could
demonstrate recurrent cell interaction between CD20'" and CD3 'FOXP3" T-cells, the latter displaying a CD§
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CD3" Treg phenotype (Figure 7¢ and Supplementary Figure S3). Thus, our data support the identification
in LSCC of a subset of naive CD20"" TGFB" coherents with the so called tumor-evoked regulatory B-cells
(tBreg), previously identified as promoters of breast cancer metastasis through conversion of resting CD4" T
cells to regulatory T-cells.*® Furthermore, testing for pPSMAD2 reactivity, its nuclear positivity was observed
in most of tumor infiltrating CD20" B-cells (TIB) of such cases and on tumor cells, further supporting the
activation of the TGFR pathway (Figure 7d), by contrast they were negative for PD-L1 staining (Figure 7e).

Discussion

In the present study we have characterized the TME of a homogeneous retrospective cohort of patients affected
by LSCC and surgically treated in a referral center. Among relevant findings, a cluster of immune infiltrated
cases (Immune'™®), representing one-third of the cohort, experienced a significantly worse DSS as confirmed
at multivariable analysis. Furthermore, the investigation of different survival outcomes identified the
association between a high CD20" B-cells density with a worse distant recurrence. The immuno-phenotype of
the intratumoral CD20" B-cells was coherent with a naive B-cell phenotype with production of TGFB, likely
corresponding to regulatory B phenotype.

Studies on colorectal carcinoma,** subsequently extended to other cancer types®, have shown that the type
and density of immune cells in the TME is one of the key prognosticators of the clinical outcomes of patients,
beyond the classical staging criteria.*” The available literature on LSCC TME is limited to few studies based
on tissue microarray samples and computing only OS and DFS as outcomes.?>!*!*> Most authors confirmed

the positive prognostic role of high CD8" T-cells density,?*?%30-!

as was also observed in our analysis
concerning the distant recurrence, as outcome. The favorable effect of a high CD8" T-cells density was also
already proved by a meta-analysis by Rodrigo et al. both considering the overall and disease-free survivals as
outcomes.* However, as one of the main findings of this study, we identified an association between an
immune-rich TME and a worse DSS. Although surprising, this observation is not limited to our cohort. Hoing
et al. observed a worse OS in LSCC patients with a high CD45" cells infiltration;”’ similar observations were
obtained in cohorts of renal clear cell carcinoma.”***> A possible explanation of such phenomenon is the switch

towards an exhausted tumor microenvironment,***°

and this is coherent with the observed significant
interaction between CD3"* T-cells and T stage in the survival analysis, meaning a worser prognostic effect in
advance T categories. Limited data, furthermore, suggests also to be relevant the ratio between CD3"* T-cells
and CD4" T-cells whose higher value are related to a better overall and disease-free survivals, meaning a
microenvironment skewed toward an enrichment of CD8" T-cells and paucity of CD4" T-cells.* This finding
was also confirmed by the analysis conducted by Zhang et al. on the HNSCC cohort of the “The Cancer
Genome Atlas” (TCGA) dataset.”’

The investigation in our cohort of different survival outcomes allowed the identification in the tumoral area of
a population of CD20" B-cells associated with a worse distant recurrence. Previous hints from the HNSCC

literature also support this observation. Whole genome expression analysis in a matched cohort of 49 primary

HNSCC showed an enrichment of plasma cells and T-reg, estimated with a deconvolution algorithm, in the
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group that experienced distant recurrence.*® Data on clinical and biological relevance of TIB in the immune
contexture of solid tumors are limited.*’ The emerging literature, mostly derived from the analysis of cohorts
of patients treated with immunotherapy, suggests the contribution of B-cells in the anti-tumor response,
selectively in the context of mature TLS, whereas the extra-TLS component likely promotes

immunosuppression.”"!

The existence of immunosuppressive and tumor-promoting B-cells (Breg) was described since the 1990s°*>
in the mouse system. The most studied population is characterized by the B10 phenotype, identified by Yanaba
et al.>* and subsequently confirmed in human solid tumors.>>*® B10 cells (CD1d"CD5'CD19") are located in
lymphoid organs, express switched (IgM") or unswitched (IgM") B-memory (CD27") phenotype®” and produce
IL-10.°¢

Several studies reported the crucial role of IL-10 in the B-cells regulation.*” However IL-10-independent
regulatory functions were identified as mediated by TGFB.*® Preclinical studies indicate that a population of
TGFB" Breg can be generated starting from a pool of naive B-cells exposed to tumor-derived factors, as
exosomes,* in agreement with the observed mature naive phenotype of TIB in the context of LSCC (BCL6’,
CD27 and Muml").

The subset of Breg, also referred as tumor evoked Breg (tBreg),*® was identified both in the murine and solid
tumors models by Olkhanud et al.,” and its properties and phenotype are coherent with the above identified
TIB described in LSCC patients of our study (CD20", PAX1*, CD27, Mum1", IL10", TGFB*, FOXP3", PD-L1°
). tBreg regulatory functions are IL-10-independent; by secreting TGFB they promote FOXP3* Treg*®¢!
conversion. Furthermore, by flow cytometry, the tBreg phenotype was described as mature B2
CDI19"pSTAT3*CD81"CD25'CD27 IgD" and the results from a breast cancer mouse model support their key-
role in promoting cancer metastasis.***!

Given the occurrence of B-reg populations in the immune contexture of solid tumors, the therapeutical benefit
of the depletion of the B-cells has been tested with rituximab. However, the results were disappointing and the
treatment greatly enhanced cancer progression and metastasis.*? In contrast, the positive results obtained in the
murine models targeting the TGF pathway, paved the way for the design of clinical trials in human solid
tumors.*% Despite several molecules targeting the TGFB pathway were designed and multiple trials conducted
in the last 15 years, a clinical approval of these compounds outside clinical trials is still lacking.®*%> As these
drugs do not exploit a direct cytotoxic effect on cancer cells, ongoing studies are testing the best clinical
scenarios (i.e., drugs combination, biomarkers of response). Of note, in the HNSCC field the Bintrafusp alfa
(M7824) molecule, combining a target effect on TGF3 and PD-L1, has shown promising preliminary results
with an objective response rate ranging from 13% to 30.5%, with the highest observed in HPV related
tumors.**%*¢7 Currently, M7824 is under investigation in the NCT04220775 trial (NCT number), combined
with stereotaxic radiotherapy in recurrent or second primary HNSCCs, and definitive results in the neoadjuvant

setting, from the NCT04247282 and NCT04428047 trials, whose enrollments is already completed, are

expected within 1 year.
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In terms of biomarker of response, a rationale exists for pPSMAD2 expression.** In our series, the evidence of
diffuse positivity of pPSMAD2 both on TIB and tumor cells supports the rationale of considering this pathway
active and targetable in the clinical context of LSCC.*

In conclusion, this work identifies a subset of TIB likely promoting failure in the distant control of LSCC.
These preliminary findings require additional validation on LSCC and extension to other cancer types whose

producing TGFB.

Methods

Study design and cohort of patients.

The study is an retrospective and translational study, retrieving clinical data and pathologic specimens of a
homogeneous cohort of patients affected by LSCC and treated at Otorhinolaryngology Unit of IRCCS
Ospedale Policlinico San Martino, University of Genoa, Italy (IRB approval: CER Liguria 230/2019).

As inclusion criteria we enrolled patients affected by intermediate to advance T category LSCC that underwent
surgery as primary treatment between 2012 and 2016, with at least 12 months of follow-up or earlier death or
recurrence. Early T stage tumors (T1 category), salvage surgery, metastatic disease, or prior systemic treatment
for malignancy represented exclusion criteria. Patients were regularly followed with clinical examinations and
neck MRI or CT every 3-6 months. For pTNM staging the 8" ed. of TNM was applied.** Surgical procedures
encompassed transoral laser microsurgery, open partial horizontal laryngectomy or total laryngectomy.
Patients with clinically positive nodes, with high-risk features, or submitted to open neck surgery underwent
lateral and central compartment neck dissection. Patients affected by advanced staged tumors, with high risk
features such as perineural invasion, vascular invasion, multiple positive lymph nodes or positive margin were
submitted to adjuvant radiotherapy or chemo-radiotherapy, following the NCCN guidelines®. Clinical and
pathological data taken into account included: age, gender, smoke and alcohol consumption habits, site of the
neoplasm, treatment modality, pT category, pN category, overall Stage, Grading, Cartilage invasion (cricoid
or thyroid), laryngeal motility, extranodal extension (ENE) for positive lymph-nodes, surgical margins
(negative or positive) and follow-up data. As survival endpoints were considered the locoregional recurrence
free survival (LRFS), the distant recurrence free survival (DRFS), the overall survival (OS) and the disease
specific survival (DSS), defined as the time between surgery and the date of the corresponding event
(locoregional recurrence, distant metastasis, death for any cause, cancer related death) or censoring at the last

follow-up visit. Details of the cohort are reported in Table 1.

Immunohistochemical staining

Immunohistochemistry (IHC) was performed on a set of tissues samples obtained from the archive of the
Department of Pathology (Policlinico San Martino, Genova). For each patient, tissues included a representative
whole tissue formalin-fixed, paraffin-embedded (FFPE) block of primary carcinoma. Immunostaining was

performed using four micron-thick tissue sections and a set of primary antibodies (Supplementary Table S1).
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The reaction was revealed using Novolink Polymer (Leica Microsystems) followed by diaminobenzidine
(DAB, Dako, Glostrup, Denmark). Finally, the slides were counterstained with Meyer’s Haematoxylin.

For double staining, after completing the first immune reaction, the second was visualized using Mach 4 MR-
AP (Biocare Medical), followed by Ferangi Blue (Biocare Medical). For triple IHC the third immune reaction
was revealed using Novolink Polymer (Leica Microsystems), and developed in 3-amino-9-ethylcarbazole
chromogen (AEC), counterstained with hematoxylin and cover-slipped using gelatin. Single staining for CD3,
CD8, CD20, CD66b, CD163 and CD38 were applied to identify T-cells, B-cells, Neutrophils, Macrophages,
and Plasma cells, respectively. To characterize the phenotype and the localization of tumor-associated B-cells,
we performed double and triple immunostaining for a set of B-cells markers including CD20, BCL6, CD27,
PAXS5, MUM1, CD38, FOXP3, PD-L1 and pPSMAD?2.

Digital microscopy analysis

The CD3, CD8, CD20, CD66b, CD163 and CD38 stained slides were digitalized using the Aperio CS2 digital

scanner and ScanScope software (Aperio Technologies, Leica Biosystem, New Castle Ltd, U.K.) at 20x
magnification and analyzed using ImageScope (Leica Microsystems). Each scanned image is annotated
manually, and IHC Nuclear Image Analysis algorithm or V9-pixel count algorithm (Leica biosystems, New
Castle Ltd, U.K.) is chosen for the computerized whole slide analysis. From each case we obtained the
quantitative measure of immune cells density (number of cells/mm? or the relative frequency of the area
positive to the biomarker) of the entire tumor area, including the invasive margin of the tumor, the latter
considered as an area 500 pm wide beneath the tumor nests. Examples of counted fields are provided in
Supplementary Figure S1. For each section stained for CD20, these cells were organized in form of
aggregates also identifiable as tertiary lymphoid structures, based on the occurrence of BCL6" germinal center
B-cells and localization in the same region of T cells, seen on the section stanned for CD3 (CD20™®) or in
form of diffuse stromal/intratumoral infiltrate (CD20'"). The density of CD20'" (number of CD20" cells mm?-

1), excluding the aggregates of B-cells and the TLS density (number of TLS/mm?) were measured.

RNAscope
To localize IL10 and TGFB positive cells, tissues were analyzed with RNAscope assay (Advanced Cell

Diagnostics, Newark, CA, USA) using RNAscope 2.5 HD Assay-RED kit, Hs-IL10 probe (Cat No. 602051)
recognizing the nt 122 - 1163 of the IL10 reference sequence NM_000572.2 and Hs-TGFf probe (Cat No.
400881) recognizing the nt 170 to 1649 of the TGFB reference sequence NM_000660.4. The sections from
fixed human tissue blocks were treated following the manufacturer’s instructions. Briefly, freshly cut 3 um
sections were deparaffinized in xylene and treated with the peroxidase block solution for 10 minutes at room
temperature followed by the retrieval solution for 15 minutes at 98 °C and by protease plus at 40 °C for 30
minutes. Control probes included Hs-PPIB (Cat No. 313901) and DapB (Cat No. 310043). The hybridization
was performed for 2 h at 40 °C. The signal was revealed using RNAscope 2.5 HD Detection Reagent-RED.
Combined RNAscope and immunohistochemistry (for CD20, CD163, CD66b, SMA) were used to identify the
cellular source of IL10 and TGFB positive cells. To this end, IL10 and TGFB detection by RNAscope was
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followed by immunoreaction was visualized using Mach 4 MR-AP (Biocare Medical) followed by Ferangi

Blue (Biocare Medical).

Cell-block preparation

Cell suspensions of monocyte-derived macrophages (MDM) were centrifuged for 10 minutes at 3000 rpm. A
solution of plasma (100 pL, kindly provided by Centro Trasfusionale, ASST Spedali Civili, Brescia) and
HemosIL8 RecombiPlasTin 2G (200 pL, Instrumentation Laboratory, Bedford Ma, USA, cat. n0.0020003050)
(1:2) were added to cell pellets, mixed until the formation of a clot, then placed into a labeled cassette. The

specimen was fixed in 10% formalin for 1 hour followed by paraffin inclusion.

Real-Time PCR

IL-10 and TGFP mRNA targets were quantified by reverse transcription-polymerase chain reaction (qRT-
PCR) assay using the Vii-A 7 Real-Time PCR System (Applied Biosystems, Thermo Fisher Scientific,
Waltham, MA, USA). Total RNA was purified from M0, M1 and M2 macrophages (n = 1), as previously
reported®. The cDNA was synthesized by iScript gDNA cDNA Synthesis kit (cat. n. 1725035; Biorad,
Hercules, CA, USA) from 500 ng of total RNA, in a total volume of 20 pL. One pL of the cDNA synthesis
reaction was used for the specific amplification of the target transcripts. The HPRT1 transcript was used as
normalization control. The qPCR was performed in a total volume of 10 pL with TagMan® Universal Master
Mix II (cat. no. 4369016, Applied Biosystems, Thermo Fisher Scientific) and the Gene Expression Assay for
IL10 (Hs00961622-m1), TGFB1 (Hs00998133-m1) and HPRT1 (Cat. n. 4333768T) (Applied Biosystems,
Thermo Fisher Scientific). The threshold cycle (Ct) was determined for each sample and quantification was
performed using the comparative AACt method. ACt was derived as Ctrarget — CtHousckeeping, then AACt was

derived as ACtTargct sample (M1¢ or M2¢) — ACtComrol sample (MO¢)-

Statistical analysis

Standard descriptive statistic was used for data summarizing, expressing means, medians, interquartile range,
and ranges. Shapiro-Wilk test was applied to verify the normality of continuous variables distribution. Missing
values of clinical variables were imputed with Multivariate Imputation by Chained Equations (MICE)”.
Correlation analysis between immune cells densities was done using nonparametric Spearman’s rank
correlation. Wilcoxon-Mann-Whitney test or Kruskal-Wallis test (followed by Bonferroni p-values
adjustment) were used for group comparisons in quantitative variables, and Fisher’s exact test for qualitative
ones, as appropriate. For achieving a qualitative description of cohabiting immune cells, an Exact Barnes-Hut
t-Distributed Stochastic Neighbor Embedding (tSNE) was computed considering Z-scored immune cells
infiltration, with Euclidean distance as similarity measure".

The median follow-up time was estimated with the reverse Kaplan-Meier method. Multivariable semi-
parametric Cox proportional-hazards modesl presented, for each outcome, were built estimating the linear

predictors of the full models (including all candidate predictors) and developing simplified models that can
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predict the predicted values of the full model with high accuracy (R2 > 0.85). The simplification is done using

an Akaike’s Information Criterion (AIC) guided fast backward stepdown against the full model predicted

values. Each model was internally validated using bootstrap with 300 resamples. Discrimination was measured

by the concordance index (c-index), reported as naive model estimates, its bootstrap estimate (average of

individual bootstrap estimates) as well as optimism-corrected one.

For clustering analysis, the optimum number of clusters for subdividing the cohort into groups according to

the Z-scored immune cells infiltration, was chosen applying the average silhouette method’. Cluster

partitioning was performed applying the k-means algorithm with 1000 repetitions. A heatmap was built for

graphical evaluation of the results. Comparisons of clusters have been performed by Fisher’s exact test or

Wilcoxon-Mann-Whitney test.

In all the analyses, a significance level of 5% was used. R (version 4.0.2) and R studio were used for statistical

analysis.

Availability of data and materials

Full

dataset is available at: “Larynx_GE_TILS Dataset”, Mendeley Data, Vi,

https://doi.org/10.17632/zgp6yt5s2m. 1 (Embargo date: 5™ May 2023).
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Tables

Table 1: Summary statistics of the cohort. Legend: OPHL, open partial horizontal laryngectomy; TL, total

laryngectomy,; TLM, transoral laser microsurgery; ENE, extranodal extension.

Variable (()1\}]:'9:])] Variable (();:;;l)l
Age Cartilage invasion
Mean (SD) 67.4 (9.82) No 74 (75.5%)
Median [Min, Max] 67.0 [43.0, 89.0] Yes 24 (24.5%)
Gender N category
Male 83 (84.7%) NO 75 (76.5%)
Female 15 (15.3%) N1 8 (8.2%)
Habits N2 6 (6.1%)
None 7(7.1%) N3 9(9:2%)
Smoke or alcohol 49 (50.0%) ENE
Both 42 (42.9%) NO 75 (76.5%)
Site N+ ENE- 13 (13.3%)
Glottis 55 (56.1%) N+ ENE+ 10 (10.2%)
Supraglottis 28 (28.6%) Stage
Transglottic 15 (15.3%) Stage 11 39 (39.8%)
Surgery Stage 111 33 (33.7%)
OPHL 14 (14.3%) Stage IV 26 (26.5%)
TL 22 (22.4%) Grading
TLM 62 (63.3%) Gl 8 (8.2%)
Node dissection G2 74 (75.5%)
No 50 (51.0%) G3 16 (16.3%)
Yes 48 (49.0%) PNI
Margins No 54 (55.1%)
Negative 68 (69.4%) Yes 44 (44.9%)
Positive 30 (30.6%) LVI
T category No 60 (61.2%)
pT2 45 (45.9%) Yes 38 (38.8%)
pT3 34 (34.7%)
pT4a 19 (19.4%)
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Figure 1: Representative immunohistochemical panel for immune cells quantification performed on LSCC sections, scale bar 100um
(a). Spearman correlogram of immune cells density (b), R coefficient are shown and significant results, adjusted for multiple
comparisons, are highlighted with colored ellipses. Violin plots of relative fraction of immune cells densities (b). Plots of tSNE of z-
scored immune cells density (d-i); a transversal immune-rich cluster can be identified, as well as one rich of CD66b+ cells (dotted red

circle).
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Figure 2: Maximizing the average silhouette, considering the immune cells density, an optimum number of 2 cluster for k-means

partitioning was identified (a). Heatmap showing the k-means unsupervised clustering between samples, according to immune cells

densities (b); right annotations showing the average immune cells density, occurrence of survival endpoints events along the follow-

up and the main clinical features. Violin plots comparing immune cells densities among the cluster 1 and cluster 2 identified by the

unsupervised k-means clustering confirming that cluster 2 is enriched of all immune cells measured (¢). The multivariable model for

DSS including as covariates Age, T category, N category and Clusters. Immune rich cluster (P = 0.006), pT4 category (P < 0.0001)

and Age (P = 0.015) were independent significant prognostic factors; the adjusted survival plots for the Cluster (d), the pT category

(e) and their combinations (f) is shown. Legend: DSS, disease specific survival event; LRFS, locoregional recurrence survival event;

DRFS, distant recurrence survival event.
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Figure 3: Forest plot of the multivariable overall survival (OS) model (a). Plot showing the adjusted effect of Age on the 5-year OS
probability derived from the multivariable OS model (b). Forest plot of the multivariable disease specific survival (DSS) model (c).
Plots showing the adjusted effect of Age (d), CD3* T-cell density (e) and the combined effect of CD3" T-cell density and pT category
(f) on the 5-year DSS probability derived from the multivariable DSS model.
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Figure 4: Forest plot of the multivariable locoregional recurrence free survival (LRFS) model (a). Plots showing the adjusted effect of

CD3* T-cell density (b) and its paired effect with pT category (¢) derived from the multivariable LRFS model and their effect including
their significant interaction term (d) in the model. Forest plot of the multivariable distant recurrence free survival (DRFS) model (e).
Plots showing the adjusted effect of CD20* B-cells density combined with pT category (f) or N-category (g) derived from the
multivariable DRFS model. Plots showing the adjusted effect of CD8" T-cell density combined with pT category (h) or N-category (i)
derived from the multivariable DRFS model. Contours plots showing the 5-year DRFS probability considering together the CD8" T-
cell and CD20" B-cells densities (j), the CD38" plasmacell and CD20" B-cells densities (k) and the CD8" T-cell and the CD38* plasma

cells densities (I).
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Figure 5: Scatter plots showing the significant direct correlation between CD20" B-cells density and TLS density (a), between CD20'T

B-cells density and CD20™S B-cell density (b) and between CD20'™ B-cells density and TLS density (¢). Violin plots showing the

significant decreasing density of clusters of B-cells among the progression of the disease (d) considering both pT category, nodal

involvement, and presence of risk factors as PNI and LVI. Sections from representative Stage II (n=3) or Stage IV (n=3) LSCC cases

immunostained as labeled (e), first and third column scale bar 1 mm, second and fourth column scale bar 200 um. Forest plot of the

multivariable distant recurrence free survival (DRFS) model including density of B-cells as covariate (f). Plots showing the adjusted

not significant effect of the density of B-cells clusters (g) and the significant ones of CD8" T-cells (h) and CD20" B-cells (i-j). Contours

plots showing the 5-year DRFS probability significantly associated with CD20* B-cells (k) and CD8" T-cells (1) densities and not with

the density of clusters of B-cells.
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Figure 6: Sections from LSCC cases that experienced distant recurrence (N = 15) stained as labeled showing the in-situ characterization
of pro-metastatic B-cells; slides in each column belong to the same LSCC case (N = 3). In (a) is shown double IHC for CD3 and CD20
showing the identification of TLS (N = 3), magnification 100X, scale bar 200um. In (b) areas of interest outside the TLS (outside the
dotted red lines) are shown; TLS are identified by double IHC for CD20 and BCL6 (N = 3), magnification 100X. Scale bar 200 um. In
(¢) representative high-power fields of serial sections double stained for CD20/BCL6, PAX5/CD27, MUM1/CD20 are shown; B cells
(CD20" or PAXS5™) result largely negative for CD27 and MUMI, defining a B-cell mature naive phenotype (N = 3); magnification
400X. Scale bar 50 um.
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Figure 7: Sections from LSCC cases that experienced distant recurrence (N = 15) and stained as labeled. In (a), in situ hybridization
for TGFR and IL-10 using RNAscope is shown (N = 3); magnification 400x scalebar 50 pm. In (b), in situ hybridization for TGF8 and
IL-10 is combined with immunohistochemistry for CD20, CD163 and SMA and confirm the positivity of TGF on CD20* B-cells,
CD163" macrophages and on SMA™ tumor-associated fibroblasts; conversely, IL-10 expression is limited to CD163" macrophages;
magnification 600X scalebar 33 um. In (¢), co-localization of CD20" B-cells together with CD3"* T-reg (CD3*FOXP3*CDg") is shown;
FOXP3 reactivity is found on CD3" (green arrowhead) CD8" (yellow arrowhead) cells (N=3); magnification 400x scalebar 50 um. In
(d), double staining for pPSMAD2 and CD20 confirmed the activation of TGFB pathway in a relevant fraction of CD20" B-cells (green
arrowhead) (N = 2); magnification 400X Scale bar 50 um. In (e) is shown that both in PD-L1" (upper row) and PD-L1- tumors (lower
row) no PD-L1 reactivity was seen on PAX5* B-cells (N=4), magnification 400x scalebar 50 um.
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Supplementary Tables

Supplementary Material

Supplementary Table S1: List of the antibodies used for immunohistochemistry (IHC).

Immune cell

Reagent X Clone Dilution Source
population

CD3 Pan-T cell SP7 1:100 Thermo Scientific

CD8 Cytotoxic T cell C8/144B 1:30 Dako

CD66b Neutrophil G10F5 1:200 BioLegend

CD163 Macrophage 10D6 1:50 Thermo Scientific

CD20 Pan-B cell L26 1:150 Novocastra

CD38 Plasma cell ber-MAC-DRC 1:50 Dako

PAXS Pan-B cell 24/PAXS 4/PAXS 4/PAXS5
By Dr. Giovanna Roncador

. Monoclonal Antibodies Unit.

BCLO Germinal Center cell 1:600 (Spanish National Cancer Rese’arch
Center, CNIO, Madrid)

CD27 Activated B cell 137B4 137B4 137B4

MUMI Activated B cell MUMI1p MUMI1p MUMIp

Foxp3 T-regulatory cell PCH101 1:200 eBioscience

PD-L1 Immune check point ~ SP263 Ready to use Ventana

pSMAD2 TGFB-expressing cell ;:jfi)’ ni?:;zgit 1:2000 Invitrogen
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Supplementary Table S2: Summary statistics of digital pathology counts.

Overall (N=98)

CD3" density (cells/mm?)

Mean (SD)

Median [Min, Max]
CD8" density (cells/mm?)

Mean (SD)

Median [Min, Max]
CD66b* density (cells/fmm?)

Mean (SD)

Median [Min, Max]
CD38" density (cells/mm?)

Mean (SD)

Median [Min, Max]
CD163" area (%)

Mean (SD)

Median [Min, Max]
CD20" density (cells/mm?)

Mean (SD)

Median [Min, Max]
TLS density (TLS/mm?)

Mean (SD)

Median [Min, Max]
CD20'" density (cells/mm?)

Mean (SD)

Median [Min, Max]
TLS area (%)

Mean (SD)

Median [Min, Max]
TLS area (mm?)

Mean (SD)

Median [Min, Max]

618 (500)
443 [67.9, 2210]

600 (550)
457[29.6, 3200]

191 (173)
140 [1.42, 819]

517 (505)
310 [5.20, 2580]

3.74 (2.92)
2.94[0.00491, 18.3]

240 (217)
178 [10.7, 1230]

0.226 (0.297)
0.131 [0.0100, 2.32]

145 (140)
104 [10.7, 842]

3.26 (3.51)
2.04 [0.0500, 16.6]

0.184 (0.162)
0.157[0.0100, 1.27]
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Supplementary Table S3: Summary statistics of immune cells fractions and CD20" cells localization.

Cells fractions (% of counted immune cells)

Overall (N=98)

CD3" percentage
Mean (SD)
Median [Min, Max]
CDS8* percentage
Mean (SD)
Median [Min, Max]
CD38" percentage
Mean (SD)
Median [Min, Max]
CD20" percentage
Mean (SD)
Median [Min, Max]
CD66b" percentage
Mean (SD)
Median [Min, Max]

CD3" - CD8" percentage

46.4(17.9)
46.4[9.45, 85.4]

34.7 (20.4)
33.2[3.42, 85.4]

27.0 (16.5)
26.6[0.278, 65.9]

13.6 (8.28)
12.3[1.94, 51.3]

13.0 (12.8)
9.64 [0.113, 63.4]

Mean (SD) 11.7 (15.2)
Median [Min, Max] 2.72 [0, 60.0]
Cells fractions (% of counted CD20" cells)
TLS localization
Mean (SD) 36.4 (19.9)
Median [Min, Max] 36.0 [0, 83.7]
Intratumoral/stromal localization
Mean (SD) 63.6 (19.9)

Median [Min, Max]

64.0 [16.3, 100]
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Supplementary Table S4: Association analysis between immune cells infiltration and overall pathologic

Stage; p values estimated by Kruskal-Wallis test.

ety = o6 P-value
CD3" density (cells/mm?)
Mean (SD) 688 (580) 636 (495) 491 (344) 0.583
Median [Min, Max] 511[67.9,2210] 444 [803,1750] 396 [69.4, 1390]
CD8" density (cells/mm?)
Mean (SD) 632 (647) 546 (416) 622 (557) 0.972
Median [Min, Max] 467[46.6,3200]  412[29.6,1680] 431 [74.7, 2280]
CD66b* density (cells/mm?)
Mean (SD) 209 (175) 207 (189) 144 (143) 0.159
Median [Min, Max] 158 [13.5,819] 150 [1.42, 635] 80.8 [2.55, 455]
CD38" density (cells/mm?)
Mean (SD) 614 (630) 437 (426) 474 (357) 0.534
Median [Min, Max] 317 [5.20, 2580] 278 [6.59, 1510] 376 [48.6, 1220]
CD163" area (%)
Mean (SD) 2.95 (1.95) 3.88 (2.94) 475 (3.76) 0.0565
Median [Min, Max] 2.62[0.454,8.89]  291[0.105,109] 1 1[2:23)491’
CD20" density (cells/mm?)
Mean (SD) 277 (267) 236 (177) 188 (172) 0.308
Median [Min, Max] 208 [17.3, 1230] 185 [10.7, 629] 151 [23.3, 872]
TLS density (TLS/mm?)
Mean (SD) 0.259 (0.216) 0.263 (0.424) 0.129 (0.170) 0.00317
Median [Min, Max] 0.2091.[(;)7.5)100, 0.1252'[302.5)100, 0.08‘())%9[104;)264,
CD20P'FF density (cells/mm?)
Mean (SD) 179 (181) 126 (93.1) 116 (110) 0.123

Median [Min, Max]

121 [16.2, 842]

90.7 [10.7, 387]

86.7[22.1, 503]
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Supplementary Table S5: Association analysis between immune cells infiltration and nodal involvement; p

values estimated by Mann-Whitney U test.

NO N+ P-value
(N=75) (N=23)

CD3" density (cells/mm?)
Mean (SD) 635 (512) 564 (462) 0.595
Median [Min, Max] 472[67.9,2210] 422[69.4, 1750]

CDS8" density (cells/mm?)
Mean (SD) 598 (549) 609 (564) 0.957
Median [Min, Max] 469 [29.6, 3200] 411 [78.7, 2280]

CD66b" density (cells/mm?)
Mean (SD) 201 (181) 158 (141) 0.395
Median [Min, Max] 143 [1.42, 819] 138 [3.54, 455]

CD38" density (cells/mm?)
Mean (SD) 500 (526) 572 (435) 0272
Median [Min, Max] 278 [5.20, 2580] 493 [48.6, 1510]

CD163" area (%)
Mean (SD) 3.51 (2.94) 4.49 (2.77) 0.0599
Median [Min, Max] 2.78[0.00491, 18.3]  4.14[0.276, 11.0]

CD20" density (cells/mm?)
Mean (SD) 261 (237) 170 (109) 0.144
Median [Min, Max] 198 [10.7, 1230] 150 [39.8, 457)

TLS density (TLS/mm?)
Mean (SD) 0.257 (0.329) 0.125 (0.105) 0.029
Median [Min, Max] 0.152[0.0100,2.32]  0.108 [0.0154, 0.500]

CD20P'FF density (cells/mm?)
Mean (SD) 160 (155) 94.9 (49.1) 0.0896
Median [Min, Max] 116 [10.7, 842] 90.2[29.2, 216]
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Supplementary Table S6: Association analysis between immune cells infiltration and evidence of lympho-

vascular invasion; p values estimated by Mann-Whitney U test.

LVI No LVI Yes P-value
(N=60) (N=38)

CD3" density (cells/mm?)
Mean (SD) 689 (537) 507 (416) 0.086
Median [Min, Max] 514 [80.3, 2210] 381 [67.9, 1750]

CD8" density (cells/mm?)
Mean (SD) 619 (563) 571 (534) 0.523
Median [Min, Max] 481 [46.6, 3200] 393 [29.6, 2280]

CD66b* density (cells/mm?)
Mean (SD) 201 (173) 175 (174) 0.206
Median [Min, Max] 156 [1.42, 819] 95.7 [3.54, 572]

CD38" density (cells/mm?)
Mean (SD) 576 (560) 425 (391) 0.225
Median [Min, Max] 326 [6.45, 2580] 306 [5.20, 1510]

CD163" area (%)
Mean (SD) 3.29(2.39) 4.44 (3.52) 0.0795
Median [Min, Max] 2.64[0.105, 10.9] 3.65[0.00491, 18.3]

CD20" density (cells/mm?)
Mean (SD) 268 (241) 194 (164) 0.132
Median [Min, Max] 203 [10.7, 1230] 155 [17.3, 872]

TLS density (TLS/mm?)
Mean (SD) 0.272 (0.340) 0.153 (0.197) 0.00517
Median [Min, Max] 0.160 [0.0100,2.32]  0.0964 [0.0100, 0.926]

CD20P'FF density (cells/mm?)
Mean (SD) 166 (159) 111 (96.7) 0.0367

Median [Min, Max]

119 [10.7, 842]

86.7 [17.3, 503]
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Supplementary Table S7: Association analysis between immune cells infiltration and evidence of perineural

invasion; p values estimated by Mann-Whitney U test.

PNI No PNI Yes P-value
(N=54) (N=44)

CD3" density (cells/mm?)
Mean (SD) 625 (515) 610 (486) 0.935
Median [Min, Max] 498 [67.9, 2210] 434 [69.4, 2080]

CD8" density (cells/mm?)
Mean (SD) 602 (593) 598 (498) 0.708
Median [Min, Max] 457 [46.6, 3200] 439 [29.6, 2280]

CD66b* density (cells/mm?)
Mean (SD) 229 (181) 144 (151) 0.00329
Median [Min, Max] 175[13.5,819] 82.8 [1.42, 555]

CD38" density (cells/mm?)
Mean (SD) 590 (573) 428 (393) 0.595
Median [Min, Max] 307 [5.20, 2580] 310 [6.59, 2180]

CD163" area (%)
Mean (SD) 3.03 (2.10) 461 (3.52) 0.0113
Median [Min, Max] 2.59 [0.454, 10.9] 3.73 [0.00491, 18.3]

CD20" density (cells/mm?)
Mean (SD) 237 (205) 243 (233) 0.724
Median [Min, Max] 184 [10.7, 1230] 174 [23.3, 1010]

TLS density (TLS/mm?)
Mean (SD) 0.269 (0.346) 0.174 (0.217) 0.00473
Median [Min, Max] 0.183 [0.0100,2.32]  0.0964 [0.0264, 0.926]

CD20P'FF density (cells/mm?)
Mean (SD) 145 (135) 144 (148) 0.443

Median [Min, Max]

117 [10.7, 842]

91.2[19.7, 672]
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Supplementary Table S8: Association analysis between immune cells infiltration and differentiation; p

values estimated by Kruskall-Wallis test.

Gl G2 G3 P-value
(N=8) (N=74) (N=16)

CD3" density (cells/mm?)
Mean (SD) 623 (690) 656 (506) 443 (329) 0.329
Median [Min, Max] 341 [67.9, 2140] 483 [93.7, 2210] 402 [69.4, 1460]

CDS8" density (cells/mm?)
Mean (SD) 739 (1040) 574 (472) 654 (586) 0.88
Median [Min, Max] 400 [46.6, 3200] 457 [59.4, 2530] 481 [29.6, 2280]

CD66b* density (cells/mm?)
Mean (SD) 163 (108) 209 (183) 119 (131) 0.137
Median [Min, Max] 146 [47.6, 403] 168 [1.42, 819] 70.2 [7.09, 436]

CD38" density (cells/mm?)
Mean (SD) 483 (409) 540 (508) 428 (550) 0.538
Median [Min, Max] 394 [14.7, 1090] 307 [5.20, 2580] 274 [6.45, 2180]

CD163" area (%)
Mean (SD) 272 (1.43) 3.98 (3.16) 3.14 (2.09) 0.566
Median [Min, Max] 3.10 [0.735, 4.38] 2.96 1[2123)491’ 2.85 [0.488, 8.89]

CD20" density (cells/mm?)
Mean (SD) 229 (408) 248 (194) 208 (205) 0.126
Median [Min, Max] 97.1[17.3, 1230] 206 [10.7, 1010] 165 [59.1, 939]

TLS density (TLS/mm?)
Mean (SD) 0.192 (0.356) 0.239 (0.313) 0.181 (0.175) 0.157
Median [Min, Max] 0.07612.([)2.]0100, 0.1532'[302.3)100, 0.1 15.6[2.10]612,

CD20P'F density

(cells/mm?)
Mean (SD) 172 (276) 145 (119) 128 (149) 037

Median [Min, Max]

91.3[16.2, 842]

111[10.7, 624]

85.8 [36.4, 672]
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Supplementary Table S9: Association analysis between Cluster group identified in Figure 2 and clinical

variables or immune cells infiltration; p values estimated by Mann-Whitney U test (1) or Fisher’s exact test

(€92
N =C6h7ls(t§§.c}%) N %‘1‘1??%%) P-value

Age
Mean (SD) 66.1 (10.0) 70.2 (8.86) 0.049 T
Median [Min, Max] 66.0 [43.0, 89.0] 74.0 [51.0, 81.0]

T category
pT2 32 (47.8%) 13 (41.9%) 0.848 1
pT3 22 (32.8%) 12 (38.7%)
pT4a 13 (19.4%) 6 (19.4%)

N involvement
NO 52 (77.6%) 23 (74.2%) 0.799
N+ 15 (22.4%) 8 (25.8%)

N category (8th)
NO 52 (77.6%) 23 (74.2%) 0.702 %
N1 5(7.5%) 3(9.7%)
N2 5(7.5%) 1 (3.2%)
N3 5(7.5%) 4(12.9%)

AJCC Stage (8th)
Stage IT 28 (41.8%) 11 (35.5%) 0.793 %
Stage 111 21 (31.3%) 12 (38.7%)
Stage IV 18 (26.9%) 8 (25.8%)

PNI
No 34 (50.7%) 16 (51.6%) 1.0%
Yes 33 (49.3%) 15 (48.4%)

LVI
No 38 (56.7%) 20 (64.5%) 0.514 %
Yes 29 (43.3%) 11 (35.5%)

CD3" density
Mean (SD) 372 (229) 1150 (514) <0.001 ¥
Median [Min, Max] 319[67.9,1010] 1050 [296, 2210]

CDS8* density
Mean (SD) 393 (303) 1050 (686) <0.001 §
Median [Min, Max] 297 [29.6, 1140] 899 [92.9, 3200]

CD38" density
Mean (SD) 370 (401) 835 (564) <0.001 f
Median [Min, Max] 225[5.20, 1700] 734 [85.5, 2580]

CD66b* density
Mean (SD) 161 (150) 256 (201) 0.022
Median [Min, Max] 131 [1.42, 635] 224 [3.54, 819]

CD20* density
Mean (SD) 153 (102) 426 (277) <0.001 §
Median [Min, Max] 139 710.7, 440] 389 [56.5, 1230]

% area CD163"
Mean (SD) 2.55(1.63) 6.31 (3.41) <0.001 §

Median [Min, Max]

2.56 [0.00491, 6.91]

6.00 [2.24, 18.3]
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Supplementary Figures

Supplementary Figure S1: Representative panel including eight illustrative fields of sections
immunostained for CD3, and ordered by increasing density measurement, using the cells recognition

algorithm (Aperio Scanscope).

Liohe 7 a7 of
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Supplementary Figure S2: /n-situ hybridization for TGFB and IL-10 by RNAscope assays, in (a)
showing that M1 type and M2 type M¢ generated from peripheral blood monocytes express TGFS,
whereas IL-10 is selectively expressed on M2 type M¢, magnification 600X, scalebar 33 um. In (b) are

shown tissue controls, magnification 400X, scalebar 50 um.
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Supplementary Figure S3: Further N=3 cases stained as labeled (one in each column), showing
recurrent identification in CD20 TGFB" areas of FOXP3'CD3" T-cells (green arrowheads), identifiable
also as FOXP3'CDS8 (yellow arrowheads), no FOXP3'CDS8" cell was identified; high magnification
fields are highlighted in low magnification pictures; magnification 200X (first, second and fourth row),

scale bar 100um; magnification 600X (third and fifth row), scale bar 33um.

TGF/+CD20

FOXP3+CD3+CD20

FOXP3+CD8+CD20
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Simple Summary: CD8+ T lymphocytes are among the immune cells reputed to kill tumor cells.

Received: 23 February 2021 Head and neck squamous cell carcinoma (HNSCC) has a poor clinical outcome despite the presence
Accepted: 27 April 2021 of arich CD8+ T cell tumor infiltrate. This may be due to alterations of tumor infiltrating CD8+ T cells.
Published: 6 May 2021 Here, we performed a characterization of infiltrating CD8+ T cells in a cohort of 30 HNSCC patients.

The results showed that differential intratumoral frequency of CD8+CD28+ T cells, CD8+CD28— T
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undergo exhaustion and acquisition of regulatory properties, hampering their anti-tumor functions.

m Abstract: Head and neck squamous cell carcinoma (HNSCC) has a poor clinical outcome despite
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guished between HNSCC patients who did or did not respond to treatment. Moreover, high PD1
expression identified a CD8+CD28— T cell subpopulation, phenotypically / functionally correspond-
ing to CD8+CD28—CD127—-CD39+ Treg, which showed a high expression of markers of exhaustion.
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This observation suggests that development of exhaustion and acquisition of regulatory properties
may configure the late differentiation stage for intratumoral effector T cells, a phenomenon we define
as effector-to-regulatory T cell transition.

Keywords: head-neck cancer; CD8+ T lymphocytes; regulatory T cells; exhaustion

1. Introduction

Head and neck squamous cell carcinoma (HNSCC) is a relevant medical issue since it
is the sixth most common cancer globally and its incidence is increasing (mainly in HPV+
patients). Despite several options being available for treatment [1-8], the mortality rates
for patients with HNSCC are still very high (mainly in advanced /metastatic or recurrent
disease) [7,9,10]. It is possible that the poor clinical outcome of HNSCC patients depends on
the characteristics of their tumor immune infiltrate. Specifically, highly infiltrated tumors
(“hot tumors”) have a better prognosis than poorly infiltrated ones (“cold tumors”) [11],
and a robust CD8+ T cell infiltration showed a positive prognostic impact on several
types of tumors [12-18]. However, HNSCCs are tumors with a rich immune infiltrate,
particularly characterized by high frequencies of CD8+ T cells, yet they have a poor clinical
outcome, independent from the adopted therapy [9]. Moreover, the prognostic role of
CD8+ T cells in individual patients is ambiguous, as there are reports assessing either a
positive or a negative association between the degree of CD8+ T cell HNSCC infiltration
and the clinical outcome [15,19-21]. It is possible that the basis for this conundrum relies on
functional alterations of tumor infiltrating CD8+ T cells. Indeed, several dysfunctions may
affect intratumoral CD8+ T cells [22,23]. Moreover, they may acquire regulatory functions,
as we showed that tumor infiltrates contain a variable frequency of immune suppressive
CD8+ T cells characterized by the CD8+CD28—CD127—CD39+ phenotype [24,25]. These
CD8+CD28—CD127—CD39+ regulatory T cells (Treg) localize in the primary and metastatic
sites of tumors, and are able to inhibit both T cell proliferation and cytotoxicity [24,25].
Hence, we hypothesized that an in-depth characterization of the dynamics of effector T
lymphocytes toward exhaustion and acquisition of regulatory function at the tumor site
could provide clues helping to explain the unsolved pathogenic aspects of HNSCC.

2. Materials and Methods
2.1. Patients

This was a descriptive observational clinical study. Peripheral blood and tumor
samples were collected from 30 patients affected by HNSCC who were enrolled at the
Radiation Oncology Department and Otorhinolaryngology Unit of the IRCCS Policlinico
San Martino Hospital.

The enrollment was divided into two phases: (a) the former cohort included 20 patients
with oropharyngeal squamous cell cancer (OPSCC) treated with non-surgical radical
treatment (Table 1 shows their clinical characteristics). To evaluate if some investigated
parameters could be used to predict a clinical outcome, this first cohort was divided into
two subgroups (Group 1: non-responders and Group 2: responders) according to their
response to therapy. Responders were defined as patients that obtain a complete response
at radiological re-evaluation after treatment.

(b) The second cohort included 10 patients affected by HNSCC submitted to radical
surgery + adjuvant treatment according to international guidelines. This latter group
was considered to better characterize specific T cell populations from fresh tissue samples
originating not from exiguous bioptic samples but from wider surgical specimens. This
second cohort included recently diagnosed patients with a too-short follow-up for allowing
any judgment on treatment efficacy.
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Table 1. Patient characteristics.

Demographic and Clinical Variables

Overall (n 2 = 20)

Age
Mean (SD) 65.1 (11.6)
Median (Min, Max) 65.0 (35.0, 83.0)
Gender n (%)
F 4 (20.0%)
M 16 (80.0%)
Smoke 7 (%)
No 5 (25.0%)
Yes 15 (75.0%)
Alcohol drinker 1 (%)
No 13 (65.0%)
Yes 7 (35.0%)
HPV (p16) 1 (%)
Negative 10 (50.0%)
Positive 10 (50.0%)
Site
Oropharynx 20 (100.0%)
cT category (7th ed.) n (%)
T1 2 (10.0%)
T2 6 (30.0%)
T4 12 (60.0%)
cN category (7th ed.) n (%)
NO 2 (10.0%)
N1 3 (15.0%)
N2 14 (70.0%)
N3 1 (5.0%)
cStage (7th ed.) n (%)
i} 2 (10.0%)
I 2 (10.0%)
v 16 (80.0%)
Therapy
RT P alone 3 (15.0%)
RT + CHT € 16 (80.0%)
Surgery 1 (5.0%)
Response n (%)
Not responder (Group 1) 7 (35.0%)
Responder (Group 2) 13 (65.0%)

2 51: Number; P RT: radiotherapy; ¢ CHT: chemotherapy.

The study was carried out in compliance with the Helsinki Declaration and approved
by the Ethical Committee of the San Martino Hospital in Genoa (PR.133REG2017). All

enrolled patients provided written informed consent.

2.2. Monoclonal Antibodies (mAbs) and Immunofluorescence Analyses

Lymphocytes from surgical specimens were purified filtering minced tissues using
a sterile cell strainer (Falcon, BD Biosciences, San Jose, CA, USA) and running the col-
lected cells on Ficoll-Hypaque gradient (Biochrom AG, Berlin, Germany) for 30 min at
1800 rpm. Due to the low number of infiltrating CD3+ T lymphocytes in many biopsies
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and the subsequent impossibility to perform Fluorescence Minus One (FMO) control for
exhaustion and activation markers, we preliminarily applied the same multiparametric
panels to PBMC purified from heparinized blood samples derived from the same patients
by centrifugation on Ficoll-Hypaque gradient. This strategy allowed us to identify a pop-
ulation not expressing the marker of interest (i.e., circulating naive CD8+ T cells) to set
the positivity threshold of each marker for each patient. Immunofluorescence analyses
were performed on 1 x 10° cells in 100 pL of PBS incubating with specific fluorochrome-
conjugated mAbs. The following mAbs specific for surface markers were used: Brilliant
Violet(BV)605-conjugated anti-CD45RA clone HI100 (BD Biosciences), phycoerythrin (PE)
or cyanin (Cy) 7-conjugated anti-CCR7 clone 3D12 ((BD Biosciences), phycoerythrin (PE)-
conjugated or BV421-conjugated anti-CD127 clone HIL-7R-M21 (BD Biosciences), Peridinin
Chlorophyll Protein Complex-cyanin 5.5 (PerCP-Cy5.5)-conjugated or PE-Cy5.5-conjugated
anti-CD28 clone CD28.2 (BD Biosciences), fluorescein isothiocyanate (FITC)-conjugated
anti-CD25 clone M-A251 (BD Biosciences), BV711-conjugated anti-CD39 clone TU66 (BD
Biosciences), BV650-conjugated anti-TIM-3 clone 7D3 (BD Biosciences), BV786-conjugated
anti-PD-1 clone MIH4 (BD Biosciences), allophycocianin (APC)-conjugated anti-CD152
(CTLA-4) clone BNI3 (BD Biosciences), APC-H7-conjugated anti-CD4 clone RPA-T4 (BD Bio-
sciences), BV 421-conjugated or or Alexa Fluor 647-conjugated or PerCP-Cy5.5-conjugated
anti-CD8 clone RPA-T8 (BD Biosciences), BV450-conjugated or Alexa Fluor 700-conjugated
anti-CD3 clone UCHT1 (BD Biosciences), PE-conjugated anti-CD103 clone Ber-ACT8 (BD
Biosciences), PE-conjugated anti CD137 (4IBB) clone 4B4-1 (BD Biosciences). To exclude
dead cells, the samples were incubated with Aqua dead (Molecular Probes, Thermo Fisher)
for 15 min at room temperature, before proceeding with surface staining. Cells were
washed with PBS-BSA 0.01% and incubated with the surface mAbs. After surface staining,
the cells were fixed and permeabilized by Transcription Buffer Set (BD Pharmingen) prior
to performing intracellular staining for 30 min in the dark with the following mAbs: FITC
mouse anti-Ki-67 (BD Biosciences), PE-CF594-conjugated anti-FoxP3 clone 259D /C7 (BD
Biosciences), PE-conjugated anti-EOMES clone X4-83 (BD Biosciences). The cells were
washed with 1 mL of PBS-BSA 0.01% and resuspended in 300 pL of PBS. The samples were
analyzed by a BD Fortessa X20 flow cytometer (BD Biosciences) using the BD FACS Diva™
software version 8.0 (BD Biosciences).

2.3. Evaluation of HLA-A2 Positive Patients

Fifty uL samples of fresh blood were incubated with 10 uL of un-conjugated anti-
HLA-A2 BB7.2 mAb (Biolegend, San Diego, CA, USA) for 20 min at room temperature.
The cells were then washed and incubated with the FITC-conjugated Goat anti mouse IgG1
secondary antibody (Millipore) for 30 min at room temperature. Red cells were lysed with
2 mL of FACS Lysing solution (BD Biosciences) and resuspended in 200 pL of the same
solution. Tubes were analyzed by a BD Fortessa X20 flow cytometer (BD Biosciences) using
the BD FACS Diva™ software version 8.0 (BD Biosciences).

2.4. Multidimensional Data Reduction Analysis

Flow cytometric data were exported with compensated parameters in FCS express soft-
ware v6.03.0011 (DeNovo Software, Pasadena, CA, USA). t-dependent Stochastic Neighbor
Embedding (t-SNE) analysis was performed on live CD8+ T cells on the transformed data
for CD28, CD127, CD39, PD-1, TIM-3, EOMES, CD137, CD103, CD45 RA, CCR7, EOMES,
and Ki-67 antigens using Barnes-Hut SNE approximations. This generated 2-D plots that
clustered cells on the basis of marker expression profiles.

2.5. Analysis of G250/CAIX Specific CD8+ T Lymphocytes

Cells (1 x 10°) derived from biopsy were incubated with PE conjugated HLA-A*02:01
G250 HLSTAFARV ;17925 pentamers (Proimmune, Oxford, UK), or with PE conjugated
HLA-A*02:01 hTert ILAKFLHWLs40_548 pentamers (Proimmune) as negative control, for
15 min at 4 °C. Cells were washed with PBS-BSA 0.01% and incubated with Aqua dead
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(Molecular Probes, Thermo Fisher Scientific, Waltham, MA, USA) for 15 min at room
temperature. Cells were washed with PBS-BSA 0.01% and incubated with the following
mAbs: Alexa Fluor-700-conjugated anti-CD3 clone UCHT1 (BD Biosciences) PerCP-Cy5.5-
conjugated anti-CD8 clone RPA-T8 (BD Biosciences), PE-Cy5-conjugated anti-CD28 clone
CD28.2 (BD Biosciences), APC-H7-conjugated anti-CD4 clone RPA-T4 (BD Biosciences),
BV605-conjugated anti-CD45RA clone HI100 (BD Biosciences), PE-Cy7-conjugated anti-
CCRY7 clone 3D12 ((BD Biosciences), BV421-conjugated anti-CD127 clone HIL-7R-M21 (BD
Biosciences), BV711-conjugated anti-CD39 clone TU66 (BD Biosciences), BV650-conjugated
anti-TIM-3 clone 7D3 (BD Biosciences), BV786-conjugated anti-PD-1 clone MIH4 (BD
Biosciences). After the staining the tubes were washed with 1 mL of PBS-BSA 0.01% and
resuspended in 300 pL of BD Facs Lysing solution (BD Biosciences). The samples were
acquired by a BD Fortessa X20 flow cytometer (BD Biosciences) using the BD FACS Diva™
software version 8.0 (BD Biosciences). The analysis of T cell populations was performed by
Flow]o version 10.4 (Flowjo, L.L.C., Ashland, OR, USA)

2.6. Proliferation Suppression Assay

CD8+ T lymphocytes were purified from the tumor immune infiltrate by immunomag-
netic beads using microbeads conjugated with mAb-specific for the CD8 antigen (Miltenji
Biotec, Bergisch Gladbach, Germany). Due to the paucity of purified cells, no further
selection procedures were possible. In the case of patients #5 CD8+CD28— T cell per-
centage on total purified CD8+ T cells was >80%, so their suppressive activity was tested.
Hence, PBMC (1 x 10° cells/well) from a healthy donor, stained with carboxyfluorescein
succinimidyl ester (CFDA-SE) (5 uM) (Thermo Fisher), were pulsed with the anti-CD3
UCTH-1 mAD (5 pg/mL, BD Bioscience) and incubated for 5 days in a 96-well U bottomed
plate in the presence or not of purified CD8+CD28— T cells (1 x 10° cells/well). Then,
the samples were washed in PBS and analyzed by a BD Fortessa X20 flow cytometer (BD
Biosciences) using the BD FACS Diva™ software version 8.0 (BD Biosciences) in order to
monitor the inhibition of dye dilution. Dead cells were excluded from analysis by adding
7-aminoactinomycin D (BD Biosciences) before the analysis. Suppression activity was
expressed as a percentage reduction of proliferation in the presence of tumor infiltrating
CD8+CD28— T lymphocytes compared to the levels of proliferation observed in control
cultures of PBMCs alone.

2.7. Statistical Analyses

Results were reported as mean and standard deviation (SD). To compare the frequency
of the different T cell subsets between the tumor infiltrates of the two groups, we used
the independent samples Student’s ¢-test for not skewed populations or non-parametric
Mann-Whitney test for all other populations; two-sided tests were always applied. The
overall survival at 2 years was calculated using the Kaplan—-Meier method. The associ-
ation between overall survival and T cell subsets was assessed using the log-rank test.
Multivariable survival analysis was performed by Cox proportional hazard models in-
cluding as covariates each tested T cell subset and the HPV status. Each T cell subset
was binarized according to the median value and the overall survival of patients with
lower and higher values was compared. Pearson’s correlation between percentages of
CD8+CD28—CD127°CD39+PD-1" Treg and CD8+CD28—-PD1M T cells was calculated.
Analyses were performed by GraphPad Prism 5 for Mac OS X (San Diego, CA, USA), Stata
Statistical Software, Release 16 (StataCorp. LLC, College Station, TX, USA) and R software
(version 3.6.2) (Free Software Foundation).

3. Results

3.1. Comparative Phenotypic and Functional Characterization of Intratumoral T cells between
HNSCC Patients with Poor (Group 1) or Good (Group 2) Response to Therapy

In order to achieve a detailed picture of tumor infiltrating T cell subsets in HNSCC
patients and to define their eventual prognostic value, we examined the intratumoral
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frequency of the T cell subpopulations listed in Table S1. T cell subsets were selected
for (a) maturation stage, in terms of naive, central memory (CM), effector memory (EM),
and terminal effector memory cells (TEM); (b) regulatory commitment, in terms of both
CD4+CD25MFoxP3+ and CD8+CD28—CD127—-CD39+ Treg, respectively; (c) expression of
T cell inhibitory receptors (CTLA-4, PD-1, CD39, TIM-3).

Next, we investigated whether any of these defined T cell subsets could be used
to predict a clinical outcome. To determine this, the first 20 HNSCC patients enrolled,
quite homogeneous for tumor site and treatment (Table 1), were monitored for at least
18 months and up to 32 months, and divided into two subgroups according to their
response to therapy. Group 1 included 7 patients showing early disease progression or
death (non-responders), while Group 2 included 13 patients with stable complete responses
to treatments (responders). Then, we compared the frequency of the different T cell subsets
between the tumor infiltrates of the two groups.

No significant differences between responder and non-responder patients were ob-
served concerning any tumor infiltrating CD4+ T cell subsets (Table 2).

Table 2. Percent frequencies of HNSCC infiltrating CD3+ and CD4+ T cell subsets in Group 1 and Group 2.

Group 1 Group 2
T Cell Subsets =7 (n=13) p-Value
Median IOR Median IQOR

CD3+/total cells 8 7-48 27 9-36.1 0.38
CD4+/CD3+ 61 56-71 70 54-80 0.94
Naive CD4+ 33 0.5-5.2 0.8 0.3-1.1 0.19
CM CD4+ 8.5 1.9-17 44 2-7.6 0.69
EM CD4+ 82 72-83 83 78-89 0.50
TEM CD4+ 7 1.3-13 8 4-13 0.63
Naive CD4+PD1+ 45 1.8-10 1.9 0.8-4 0.25
CM CD4+PD1+ 9 5.2-20 5 3.8-12 0.41
EM CD4+PD1+ 64 58-75 74 56-81 0.75
TEM CD4+PD1+ 8.5 3.6-24 14 6-18 0.69
CD4+CD25hiFoxP3+ (CD4+ Treg) 22 11.5-25 16.4 11.7-20.4 0.69
CD4+CD25hiFoxP3+/CD3+ 14.5 9.9-15.6 8.8 7.9-15.4 0.46
CD4+PD1+ Treg 47 23-53 43 21-48 0.59
CD4+CD152+ Treg 59 34-72 62 45-72 0.84
CD4+CD39+ Treg 48 46-94 74 54-87 0.96
CD4+PD-1+/ 50 37-67 50 44-63 0.81
CD4+CD152+ 27 7.2-40 29 13.2-50 0.63
CD4+CD39+ 48 12-61 33 19-55 0.99
CD4+ CD39+PD1+ 35 6-59 20 7-32 0.50
CD4+CD152+PD1+ 15 4.8-20 13 8-32 0.94

Concerning intratumoral CD8+ T cell subsets, we found decreased frequencies of
CD8+CD28+ T cells and increased frequencies of both CD8+CD28— T lymphocytes and
CD8+CD28—CD127—CD39+ Treg in Group 1 with respect to Group 2 (Table 3, Figure 1A-C,
Figure S1). We found predictive value for prognosis in these T cell subsets when we divided
the HNSCC patients based on cutoffs for the median frequency of either CD8+CD28+
(> or <47.50%), CD8+CD28- T lymphocytes (> or <52.5%) or CD8+CD28—-CD127—-CD39+
Treg (> or <13.5%); specifically, patients with CD8+CD28+ T cell values lower than the
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cutoff, or CD8+CD28— T cells and CD8+CD28—CD127—-CD39+ Treg values greater than
the cut-off, had remarkably reduced survival (Figure 1D-F). Moreover, in bivariate Cox
models including T cells fractions and HPV status such prognostic effects were confirmed
to be significant (p < 0.05).

Table 3. Percent frequencies of HNSCC infiltrating CD8+ T cell subsets in Group 1 and Group 2.

Group 1 Group 2
T Cell Subsets =7 (n=13) p-Value
Median IQR Median IQR
CD3+CD8+/CD3+ 40.7 29-44.1 20 17-45 0.63
CD8+CD28+/CD8+ 23 15-34 74 67-82 0.0006
CD8+CD28—/CD8+ 77 66-85 26 18-33 0.0006
Naive CD8+/CD8+ 1 0.24.1 0.6 0.3-1.7 0.66
CM CD8+/CD8+ 1.8 0.1-3.3 1.2 04-2.5 0.72
EM CD8+/CD8+ 62 49-74 79 63-84 0.07
TEM CD8+/CD8+ 31 24-50 17 14-32 0.14
CDBJ'G?é?D;S%ez;_Cm% 289 16-51 6.2 44-159 0.03
CD8+CD28-CD127—-CD39+PD-1+ 10.6 2.1-27.9 2.1 04-2.8 0.18
CD8+PD-1+ 60 36.4-81 61 52-67 0.99
CD8+PD-1- 37 18-51 34 23-38 0.84
CD8+CD152+ 5 2-8.7 2.3 1.5-8 0.69
CD8+CD39+ 50 25-54 20.6 12-47.5 0.25
CD8+PD1+CD152+ 4 0.7-7 1.7 0.5-4.5 0.51
CD8+PD1+CD39+ 38 4.3-48 18 10-39 0.61

3.2. Phenotypic Characterization of CD8+CD28— HNSCC Infiltrating T Cells

CD8+CD28+ T cells belong to the naive and memory T cell compartments. Antigen
priming of CD8+CD28+ T cells induces progressive downregulation of CD28 expression [22,26].
The finding that Group 1 patients showed reduced CD8+CD28+ T cell frequency with
respect to Group 2 patients suggests (a) an increased rate of conversion of CD8+CD28+
T cells to CD8+CD28— effector T cells and/or (b) a reduced process of replenishing the
intratumoral CD8+CD28- pool in Group 1 patients. Whatever the mechanism, it appears
paradoxical that Group 1 patients, who have an increased frequency of CD8+CD28— T
cells, which belong to the subset of effector CD8+ T cells [22], could manifest a poorer
response to therapy than Group 2 patients. Hence, we focused on this cell subset in order
to achieve any insight to shed light on this apparent paradox.

We noted that tumor infiltrating CD8+CD28— T cells of HNSCC patients could be di-
vided in three subgroups (CD8+CD28—PD-1", CD8+CD28—PD-1"t and CD8+CD28—PD-
1lo/absent T ¢e]ls) based on their PD-1 mean fluorescence intensity (MFI), reminiscent of
what was recently observed in CD8+ T cells from the infiltrate of lung cancer (Figure 2A,C,
Figure 2B left panels) [27]. Interestingly, a gradient of expression paralleling that of PD-1
(from low to intermediate to high) was also observed for CD39 and TIM-3 on CD8+CD28-
T cells (Figure 2A,C, Figure 2B, right panels).

To achieve a better characterization, we applied the t-SNE algorithm to the multipara-
metric analyses performed on these T cells. Thus, we observed that the clusters relative
to CD8+CD28—PD-1M T cells lacked expression of both CD45RA and CCRY (Figure 3A),
indicating a maturation stage corresponding to that of effector-memory T lymphocytes.
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A portion of these cells also expressed CD39, TIM-3 and EOMES, demonstrating their
exhausted status [28-31].
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Figure 1. Frequency of tumor infiltrating CD8+CD28+ T cells, CD8+CD28— T cells and CD8+CD28—-CD127—-CD39+ Treg
from HNSCC patients. (A—-C): Comparative analysis of the frequencies of CD8+CD28+ T cells (Panel A), CD8+CD28— T
cells (Panel B) and CD8+CD28—-CD127—CD39+ Treg (Panel C) between Group 1 and Group 2 patients. (D-F): Survival
of HNSCC patients divided into two groups based on the median (calculated in the overall population) of frequency
of either CD8+CD28+ T lymphocytes (> or <47.5%) (Panel D), CD8+CD28— T lymphocytes (> or <52.5%) (Panel E) or
CD8+CD28—CD127—CD39+ Treg (> or <13.5%) (Panel F).

Knowing that the exhaustion mechanism heavily hampers the activity of effector
T cells, we further analyzed the CD8+CD28— T cells taking into consideration only the
subpopulations that did not express T cell inhibitory receptor markers of exhaustion such
as CD39 and PD-1. Figure 3C shows that CD8+CD28—CD39-PD-1- T cells were a minority
of the total CD8+CD28— T cells and their frequencies were comparable between Group 1
and Group 2.

These findings suggest that exhaustion targets the majority of effector CD8+ T cells in
HNSCC, thus likely representing a remarkable mechanism determining the poor prognosis
of these patients. However, it also suggests that the difference in rates of T cell exhaustion
is not a discriminating element for distinguishing between responder and non-responder
patients to therapy.
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Figure 2. Phenotypic characterization of tumor infiltrating CD8+CD28— T cells based on the levels of PD-1 expression. A
and B. CD28— T cells were gated and tumor infiltrating CD8+CD28— T cells from representative patients #13 (A) and #19 (B)
were divided in three subpopulations (CD8+CD28—PD-1M, CD8+CD28—PD1™ and CD8+CD28—PD-1!°/~, respectively)
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based on the mean fluorescent intensity (MFI) of PD-1 expression (left panels). CD8+CD28—PD-1M,
CD8+CD28—PD-1" and CD8+CD28—PD-1"° were considered cells with PD-1 MFI > 103, >10? and <10,
or <102, respectively. The frequencies of CD127—-CD39+ T cells (middle panels) and of CD39+TIM-3+ T cells
(right panels) are separately shown for CD8+CD28—PD-1", CD8+CD28—PD-1"t and CD8+CD28—PD-1'°. (C)
MFI mean values of PD-1 (left panel), CD39 (middle panel) and TIM-3 (right panel) in CD8+CD28—PD-1",
CD8+CD28—PD-1"t and CD8+CD28—PD-1!°/~ tumor infiltrating T cells from our series of HNSCC patients.
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Figure 3. Multiparametric phenotypic characterization of tumor infiltrating CD8+ T cells from HNSCC patients. (A): tSNE
algorithm was applied to the analysis of tumor infiltrating CD8+ T cells from patient #13. A red circle identifies a map
area where cell clusters, negative for CD28, CD127, CD45RA and CCR7 expression and highly positive for PD-1, CD39
and TIM-3 expression, segregate. The colorimetric scale of expression is shown below each graph (blue clusters indicate
absent expression, red clusters represent high expression). (B): t-SNE algorithm was applied to the analysis of tumor
infiltrating CD8+ T cells from patient #27. A red circle identifies a map area where cell clusters, negative for CD28 and CD127
expression, highly positive for PD-1 and CD39 expression, and partly positive for TIM-3 and EOMES expression, segregate.
The colorimetric scale of expression is shown below each graph (blue clusters indicate absent expression, red clusters
represent high expression). (C): Frequencies of CD39-PD-1- T cells among tumor infiltrating CD8+CD28— T lymphocytes in
Group 1 and 2 patients.

3.3. Characterization of CD8+CD28—PD1" T cells as CD8+CD28-CD127-CD39+ Treg

Notably, our previous studies demonstrated that tumor infiltrating CD8+CD28— T
cells may be highly immunosuppressive, since these cells contain and are also precursors
of CD8+CD28—-CD127—-CD39+ Treg [24,25,32,33]. Importantly, in the present study we
observed that not only the CD8+CD28— T cell subset but also the subpopulation consti-
tuted of CD8+CD28—CD127—-CD39" Treg was significantly increased in Group 1 with
respect to Group 2. These data raised the question about the possible existence of relation-
ships between intratumoral CD8+CD28— T cells and CD8+CD28—-CD127 —CD39+ Treg
in HNSCC. Interestingly, t-SNE maps unveiled that the cellular clusters corresponding to
CD8+CD28—PD1M T lymphocytes overlapped those of CD8+CD28-CD127-CD39+ Treg
(Figure 3A,B). Accordingly, the frequency of CD8+CD28—-CD127—-CD39+ Treg was signifi-
cantly higher among CD8+CD28—PD1" T lymphocytes than among CD8+CD28—PD-11"t
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or CD8+CD28—PD-1" T lymphocytes (Figure 2A,B, middle panels, Figure 4A), and a very
high level of statistical correlation was observed between the intratumoral frequencies
of the two T cell subpopulations (Figure 4B). These observations indicate that the tumor
microenvironment of HNSCC patients is highly enriched in CD8+CD28—PD-1" T cells
that are phenotypically indistinguishable from the CD8+CD28—CD127—-CD39+ Treg sub-
population. Interestingly, CD8+ T cells sorted from the infiltrate of patient #5 contained
similar frequencies of CD8+CD28—PD-1M T cells (66%) and CD8+CD28—CD127—CD39+
Treg (60%), and these cells exerted a remarkable suppressive function, demonstrating the
intratumoral acquisition of regulatory activity by this originally effector-memory T cell
subset (Figure 4C). This finding is of interest since it suggests that intratumoral T cell
exhaustion may be associated with acquisition of regulatory activities.

Enrollment of 10 new patients affected by HNSCC and surgically treated allowed
an in-depth phenotypic characterization showing that both CD8+CD28—PD-1M T
cells and CD8+CD28—CD127—-CD39+PD1" Treg may express the CD103 integrin,
characterizing stably resident cells within the tumor (Figure 5A), as well as the CD137
antigen, a marker of recently TCR-stimulated T lymphocytes with potential anti-tumor
reactivity (Figure 5B) [34-37]. The fact that CD8+CD28—PD-1NCD137+ T cells were
shown to be positive for ki67 staining suggests that these T cells were proliferating in
response to a recent TCR stimulation (Figure 5B). Altogether, these data suggest that both
CD8+CD28—PD-1M T cells and CD8+CD28—CD127—CD39+PD-1" Treg might be cells
that were longtime residents within the tumor microenvironment where a portion of them
were responding to specific antigens. Hypothesizing that part of these cells could be tumor-
reactive, we analyzed tumor infiltrating T cells from an HLA-A2+ HNSCC patient for their
capacity to bind an HLA-A2 pentamer loaded with G250/CAIX, a tumor antigen frequently
expressed by HNSCC cells [38]. Figure 5C shows that 0.8% of total tumor infiltrating CD8+
T cells, 0.28% of CD8+CD28—PD-1M T cells and 0.5% of CD8+CD28—CD127—CD39+PD-1hi
Treg bound specifically to the HLA-A2 G250/CAIX loaded pentamer, demonstrating that
they contained tumor-reactive CD8+ T cells. Collectively, these data indicate that effector
CD8+ T cells, at least partly tumor-specific, become exhausted and acquire regulatory
activity within the tumor microenvironment, a phenomenon we define here as “effector-to-
regulatory CD8+ T cell transition”.
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Figure 4. Relationship between tumor infiltrating CD8+CD28—PD1M T cells and CD8+CD28—CD127—CD39+ Treg in
HNSCC patients. (A): Mean frequencies of CD8+CD28—CD127—CD39+ Treg among CD8+CD28—PD-1°, CD8+CD28—PD-
10t and CD8+CD28—PD-1M T cell subpopulations. Statistical significant differences are evidenced. (B): Statisti-
cal correlation between the frequency of tumor infiltrating CD8+CD28—PD-1" T cells and that of tumor infiltrating
CD8+CD28—CD127—-CD39+ Treg in our cohort of HNSCC patients. (C): Proliferation suppression assay performed with
the CD8+ T cell infiltrate from the representative patient #5 containing comparable frequencies of CD8+CD28—PD-1M
(66%) and CD8+CD28—CD127—CD39+ Treg (60%). The percentages of T cell proliferation under unstimulated conditions
(left panel) or anti-CD3 UCHT1 mAb-stimulated conditions in absence (middle panel) or presence (right panel) of tumor
infiltrating CD8+CD28—CD127—-CD39+ Treg (CD8+ Treg in the Figure) are shown; the percentage of proliferation inhibition
by CD8+CD28—CD127—-CD39+Treg is shown in parentheses in the right panel. One out of two concordant experiments

performed with cells of different patients.
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Figure 5. Further phenotypic characterization of tumor infiltrating CD8+CD28—PD-1" /CD8+CD28—~CD127—CD39+ T
cells. (A): t-SNE algorithm was applied to the analysis of tumor infiltrating CD8+ T cells from patient #28. A red frame
identifies a map area where cell clusters, negative for CD28 and CD127 expression and highly positive for CD39, PD-1,
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TIM-3 and CD103 expression, segregate. The colorimetric scale of expression is shown below each graph (blue
clusters indicate absent expression, red clusters represent high expression). (B): t-SNE algorithm was applied
to the analysis of tumor infiltrating CD8+ T cells from patient #28. A red circle identifies a map area where
cell clusters, negative for CD28 and CD127 expression and highly positive for CD39, PD-1, CD137 and ki-67
expression, segregate. The colorimetric scale of expression is shown below each graph (blue clusters indicate
absent expression, red clusters represent high expression). (C): Staining of tumor infiltrating CD8+ T cells
(upper row), CD8+CD28—-CD127—-CD39+ Treg (middle row) and CD8+CD28—PD-1" T cells (lower row) from
patient #30 with a G250 HLSTAFARV 17255 loaded HLA-A2 pentamer. An unrelated, hTert ILAKFLHWLs40_548
loaded HLA-A2 pentamer was used as negative control (upper, right panel).

4. Discussion

CD8+ T lymphocytes are deputed to recognition and lysis of endogenous cells altered
by the presence of an infecting agent (i.e., a virus) or by cancer transformation. However, in
cancer patients, oncogenic cells progressively escape immune control, until ultimately the
cancer develops and progresses [39]. What differentiates the effective CD8+ T cells of healthy
subjects from the dysfunctional ones in infiltrating tumors is still poorly understood.

A rich CD8+ T cell infiltrate correlates generally with a better prognosis, although
this is not a unique finding [12-17,40-45]. There is evidence that the level of CD8+ T
cell infiltrate has a prognostic value even in HNSCC. In fact, HPV+ HNSCC, which is
generally more infiltrated by T cells than HPV- HNSCC, has a better prognosis than the
corresponding HPV- tumor [16,46,47], unless HPV+ HNSCC has a low T cell infiltrate [48].
Moreover, the application of Immunoscore to HNSCC showed a prognostic advantage for
T cell rich tumors [49,50]. Similarly, tumors, including HNSCC, highly infiltrated by CD8+
T cells have a better outcome after immunotherapy than poorly infiltrated ones [51,52].
Overall, these findings suggest that CD8+ T cells play a role in the control of HNSCC
growth, a role that is likely hampered by their progressive alteration, leading to tumor
escape and cancer progression. Indeed, an array of alterations has been described in tumor
infiltrating lymphocytes targeting both effector and memory CD8+ T cell subsets [22,26,34].
Dysfunctional CD8+ T cells are characterized phenotypically by a high expression of
molecules related to functional exhaustion (including PD-1, TIM-3, EOMES, CD39), and
functionally by progressive loss of effector functions [22,26].

Based on this knowledge, our demonstration that what differentiates between HN-
SCC patients responding or not responding to therapies is their relative frequencies of
CD8+CD28+ and CD8+CD28— T cells, is of relevance. In fact, CD28, essential during T cell
priming to prevent anergy and tolerance, is expressed mainly by naive and central memory
T cells; antigen stimulation of these T cell subsets leads to differentiation into effector mem-
ory T cells and downregulation of CD28 [22,26]. Hence, CD8+CD28+ T cells represent the
reservoir for effector memory T cells and, subsequently, their depletion may halt chronic,
long-lasting immune responses. Our finding that reduced frequency of CD8+CD28+ T cells
as well as increased frequency of CD8+CD28— T cells are associated with poor prognosis,
suggest that a progressive deterioration of intratumoral immune response, characterized
by loss of memory T cells and functional exhaustion of effector T cell subsets, is a relevant
pathogenic mechanism of tumor immune escape in HNSCC.

Intriguingly, we also found that exhausted CD8+CD28— T cells from HNSCC ex-
ert suppressive function and that the CD8+CD28— T cell subset highly expressing PD-1
phenotypically overlap with CD8+CD28—-CD127—-CD39 Treg. This indicates that T cell
exhaustion at the tumor site may be associated with the acquisition of regulatory properties,
since CD8+CD28—-CD127—CD39 Treg, highly concentrated within the tumor microenviron-
ment, exerts remarkable immunosuppressive activity targeting both T cell proliferation and
cytotoxicity [24,25,32,33]. This finding sheds new light on CD8+ T cell exhaustion, inter-
preting this phenomenon not only as the loss of effector activities but also as a progressive
functional switch from effector to regulatory functions. The recent finding that enrichment
of peripheral CD8+PD1+ T cell associates with poor overall survival in a cohort of pa-
tients affected by metastatic cancer (=50% HNSCC) and submitted to immune-checkpoint
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inhibitors [53] may be interpreted as a clinical consequence of the biologic phenomena
highlighted by our data.

Interestingly, we show that CD8+CD28—-CD127—-CD39+ Treg may belong to the pool
of tumor resident T cells (since they express CD103) and that they may be specific for a
tumor-associated antigens. These findings suggest that these cells originate from effector
cells that convert their activity to regulatory functions within the tumor microenvironment:
a phenomenon we define as “effector-to-regulatory CD8+ T cell transition”. A schematic
representation of this phenomenon is illustrated in Figure 6.
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Figure 6. Schematic representation of the “effector-to-regulatory CD8+ T cell transition” at the
tumor site.

Future work will be necessary to verify whether such effector-to-regulatory CD8+
T cell transition could be reversed by exposure to different and/or combined immune
checkpoint blockers.

5. Conclusions

The results of our study show that: (a) differential intratumoral frequency of three T
cell subsets, CD8+CD28+ T cells, CD8+CD28— T cells, and CD8+CD28—-CD127—-CD39+
Treg, distinguished between HNSCC patients who did or did not respond to treatment;
(b) high PD-1 expression identified a CD8+CD28— T cell subpopulation phenotypi-
cally/functionally corresponding to CD8+CD28—CD127—-CD39+ Treg; (c) CD8+CD28—
T cell and CD8+CD28—CD127—-CD39+ Treg subpopulations showed high expression of
markers of exhaustion associated with regulatory function.

Although with the limit relative to the small number of patients included in our series,
collectively our data may have a pathogenic relevance. In fact, they describe the process
we define “effector-to-regulatory CD8+ T cell transition”, which determines both the loss
of effector activities and the acquisition of regulatory properties by effector CD8+ T cells
infiltrating HNSCC. This process may be a clue to explaining the failure of intratumoral
CD8+ T cells in destroying tumors. Future molecular analyses at the single-cell level will
be useful to unveil the pathways involved in this process, perhaps allowing us to identify
new molecules to be addressed by a specific targeted therapy.

Lastly, our findings may also impact on therapeutic choices since they show that TIM-3
expression closely parallels that of PD-1 on HNSCC infiltrating CD8+CD28—-CD127—-CD39+
Treg. This makes it possible to speculate that combinatorial therapeutic strategies associat-
ing blockers of both PD-1 and TIM-3 could be effective in this tumor in order to antagonize
CD8+ T cell exhaustion and suppressive activity.
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Abstract: Oral cavity squamous cell carcinoma (OSCC) is a common head and neck cancer character-
ized by a poor prognosis associated with locoregional or distant failure. Among the predictors of
prognosis, a dense infiltration of adaptive immune cells is protective and associated with improved
clinical outcomes. However, few tools are available to integrate immune contexture variables into
clinical settings. By using digital microscopy analysis of a large retrospective OSCC cohort (n = 182),
we explored the clinical significance of tumor-infiltrating CD8* T-cells. To this end, CD8" T-cells
counts were combined with well-established clinical variables and peripheral blood immune cell
parameters. Through variable clustering, five metavariables (MV) were obtained and included
descriptors of nodal (NODALMV) and primary tumor (TUMORMV) involvement, the frequency of
myeloid (MYELOIDMY) or lymphoid (LYMPHOIDMV) peripheral blood immune cell populations,
and the density of tumor-infiltrating CD8* T-cells (TI-CD8MV). The clinical relevance of the MV
was evaluated in the multivariable survival models. The NODALMY was significantly associated
with all tested outcomes (p < 0.001), the LYMPHOIDMV showed a significant association with the
overall, disease-specific and distant recurrence-free survival (p < 0.05) and the MYELOIDMV with the
locoregional control only (p < 0.001). Finally, TI-CD8MY was associated with distant recurrence-free
survival (p = 0.029). Notably, the performance in terms of survival prediction of the combined effect of
NODALMVY and immune metavariables (LYMPHOIDMY, MYELOIDMY and TI-CD8MV) was superior
to the TNM stage for most of the outcomes analyzed. These findings indicate that the analysis of the
baseline host immune features are promising tools to complement clinical features, in stratifying the
risk of recurrences.

Keywords: oral neoplasms; lymphocyte; CD8; biomarker; survival modeling; data reduction; PCA;
TIL; peripheral; head and neck
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1. Introduction

Oral cavity squamous cell carcinoma (OSCC) is one of the most frequent head and
neck tumors [1] with a rising incidence in the Western countries [2,3]. The clinical behavior
of OSCC is characterized by the occurrence of early lymphatic spreading to regional lymph
nodes. Among clinical and pathological features, nodal involvement is per se one of the
most relevant prognostic factors [4,5], with an upstage to Stage III-IV and 42-43% 5-year
estimated overall survival [5,6]. Furthermore, despite achieving early diagnosis, OSCC
is characterized by a poor prognosis when locoregional or distant failure occurs [7], thus
including the mandatory management of the neck with elective node dissection [8] or
sentinel node biopsy [9] also for low-stage tumors. The main treatment modality for naive
tumors is still represented by radical surgery retaining radiotherapy (RT) or cisplatin-based
chemo-radiotherapy (CT-RT) as adjuvant treatments.

The spectrum of available treatment options in the metastatic/recurrent not resectable
setting, for which the median survival ranges between 6 and 15 months, is limited to conven-
tional cytotoxic therapy (platinum-based chemotherapy, fluorouracil and taxanes), molecu-
lar target agents as anti-EGFR monoclonal antibodies and immunotherapy with PD-L1/PD-
1 checkpoint inhibitors. The results obtained with the CheckMate 141, the KEYNOTE-012,
and the KEYNOTE-048 trials established the role and use of pembrolizumab or nivolumab
(PD-1 checkpoint inhibitors) with or without chemotherapy as first-line therapy in this
clinical scenario [10-12]. The evaluation of the PD-L1 expression on tumor cells and tumor
infiltrating cells, in the so-called CPS score [13], nowadays represent the key biomarker for
the choice of systemic therapy modality [14]. However, its efficacy in patients’ selection is
still debated. Several prognostic and predictive biomarkers have been recently proposed
and tested in a wide retrospective cohort of OSCC patients, including a measure of the
immune contexture on tissue slides. In addition to novel histological features [15,16] and
morphology-based immune contexture parameters [17], recent meta-analysis showed that,
in OSCC, a favorable overall outcome is associated with a high density of tumor infiltrating
lymphocytes (TIL) as NK-cells, CD45RO* T-cells and CD8* T-cells, mainly if measured in
the tumoral site [18,19], whereas tumor-associated CD68" or CD163" macrophages predict
a worse prognosis [19]. The routine availability of pre-treatment blood samples raised
the interest of studying circulating biomarkers. Among these, the neutrophil, lympho-
cyte, monocyte or platelet counts and the derived ratios have shown prognostic relevance
among solid tumors with myeloid predominance, mainly associated with the worse out-
comes [20-22]. One of the main limitations of the available literature is the paucity of
analysis considering specific oncologic outcomes, including the locoregional or distant
failures separately. For biomarkers analysis, the identification of cut-offs is still a matter of
debate [23], likely overcome by avoiding dichotomization and keeping the whole infor-
mation of a continuous variable [24]. Moreover, few attempts have been made to combine
peripheral and tumoral immune-features in a unique classifier [25].

Within a homogeneous cohort of surgically treated OSCCs, we combined peripheral
and tissue immune features with demographic, clinical and pathological characteristics to
generate meta-variables (MVs). The MV describing the nodal involvement was confirmed
to be detrimental for any survival end-points, whereas the peripheral blood myeloid-
related MV and the CD8" T-cells infiltration MV were significant predictors of locoregional
or distant failure, respectively.

2. Materials and Methods
2.1. Clinical Cohort

A retrospective observational study was carried out, enrolling one hundred eighty-
two histologically confirmed cases of oral cavity squamous cell carcinoma (OSCC) who
underwent radical surgical resection and neck dissection between 2000 and 2014 (Otorhi-
nolaryngology Department, ASST Spedali Civili di Brescia, Brescia, Italy). This study was
approved by the local IRB to WV (H&N Cancer, NP-2066). Patients with at least 12 months
of follow-up or earlier death or recurrence were included. Salvage surgery, metastatic
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disease, immunological disorders or prior systemic treatment for malignancy represented
the exclusion criteria. Patients were regularly followed up with clinical examinations
and neck MRI or CT every 3-6 months. Preliminary clinical and oncological findings are
reported in our previous works [26,27]. Last follow-up was updated until September 2020.

2.2. Blood Samples

Preoperative blood cell counts were retrieved. The absolute counts of full white blood
cells (WBC), neutrophils, lymphocytes, monocytes and platelets were considered as the
biomarkers of interest. Further derived parameters of clinical interest according to the
recent literature, the neutrophil-to-lymphocyte ratio (NLR) [22,28], i.e., the ratio between
neutrophils and lymphocytes counts and the platelet-to-lymphocyte ratio (PLR) [29], i.e.,
the ratio between platelets and lymphocytes counts were obtained.

2.3. Tissues

Formalin-fixed paraffin embedded (FFPE) tissue blocks of a representative section of
the primary tumor (PT) were retrieved from the tissue bank of the Department of Pathology
(ASST Spedali Civili di Brescia, Brescia, Italy). Four-micron thick FFPE sections were used
for immunohistochemical staining and as a primary antibody, the anti-CD8 (clone C8/144B,
dilution 1:30, Dako) was used. The reaction was revealed by EnVision (Dako) followed by
DAB. Sections were then counterstained with hematoxylin.

2.4. Digital Pathology Analysis

Stained slides were acquired using a ScanScope CS (Leica Microsystems, Wetzlar,
Germany) digital scanner. Images were viewed and organized using ImageScope soft-
ware (version 12.03.5048, Leica biosystems, Wetzlar, Germany). Each scanned image was
manually annotated and the IHC nuclear image analysis algorithm was chosen for the
analysis. Data are expressed as the number of CD8* cells per mm?. Primary tumor (PT)
was analyzed measuring the immune cell density either in the center of the tumor (CT) and
in the invasive margin (IM) (Figure 1). The invasive margin was defined as the tissue area
of 1 mm wide from the front of invasion of the tumor [30].

2.5. Statistical Analysis

The main goal was to summarize all the available clinical and biomarkers data in a
minimal number of synthetic components, each representing a set of highly correlated
variables, therefore identifying a few homogeneous latent variables. Applying a data
reduction method allows the multivariable survival modelling of cohorts with a limited
sample size and event rates [31].

Firstly, clinical, pathological and biomarkers variables were clustered using hierar-
chical clustering with a bottom-up agglomerative algorithm. This algorithm aimed to
maximize the clusters” homogeneity, defined as the proximity of each variable in the cluster
to a synthetic centroid, using as proximity metrics either the Pearson correlation coefficient
for quantitative variables or the correlation ratio for qualitative ones [32]. The optimal
number of partitions was determined evaluating clusters’ stability measured by the Rand
index between the observed hierarchy and a random sample of dendrograms generated by
bootstrap (B = 200). Finally, a synthetic variable representing each cluster was computed as
the first principal component derived by a mixed principal component analysis (PCAmix)
performed on the variable within the cluster [32,33].

Quantitative variables were summarized using the mean, standard deviation, median
and range, while qualitative variables were described as counts and proportions. For group
comparisons in qualitative variables, Fisher’s exact test was applied, and for quantitative
ones, the Wilcoxon test or Kruskal-Wallis test was applied. Missing data, representing 2.6%
of the measured data, were imputed with multivariate imputation by chained equations
(MICEs) [34].
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Figure 1. Panel showing whole tumor sections stained for CD8 in two representative cases (A—C and D-F). In (A) and (D),
the selection of areas of interest is shown: the center of the tumor (CT) and the invasive margin (IM)—whilst the black line
defines the whole tumoral bed. Representative high magnification immunostained (left) and processed (right) sections
showing the immune cells recognition and counting algorithm (B,C,E,F). In (B) and (C), the example fields of 1 mm? of
the case presented in (A) taken from the CT (554 CD8" T-cells) or IM (1159 CD8* T-cells), respectively. In (E) and (F), the
example fields of 1 mm? of the case presented in (D) are taken from the CT (26 CD8* T-cells) or IM (294 CD8* T-cells),
respectively. The box plots (G) show a higher density of CD8* T-cells in the IM compared to the CT (grey lines connecting
the measures of CD8" T-cell density in each single patient) and the scatter plot (H) illustrates a significant direct correlation
of CD8* T-cells” density between those regions (H); p values estimated by the Wilcoxon matched-pairs signed rank test (G)
or Spearman rank correlation test (H). Scale bars: (A,D), 5 mm; (B,C,E,F), 500 um.
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The survival endpoints considered are the overall (OS), the disease-specific (DSS),
the locoregional recurrence-free survival (LRFS), and the distant recurrence-free (DRFS)
survival. The OS was defined as the time between the date of surgery and the date of
death for any causes; the DSS as the time between the date of surgery and the date of
cancer-related death; the LRFS as the time between the date of surgery and the date of local
or nodal recurrence; and the DRFS as the time between the date of surgery and the date of
distant recurrence. For each outcome, patients now having the event were censored at the
last follow-up.

Survival analysis was performed fitting multivariable Cox proportional-hazards mod-
els, estimating p values by the Wald statistic. The relationship between continuous predictor
and the outcomes was modelled with restricted cubic splines with 4 knots [35]; not lin-
ear terms were retained in the presented models for variables mostly explaining the X?
statistic [36]. The likelihood ratio test was applied for comparing nested models. Decision
curve analysis (DCA) [37-39] was used to evaluate the net benefit of each proposed model
compared to the one fitted considering the UICC overall pathological stage alone. Survival
estimates were reported as hazard ratios (HR) with 95% confidence interval (95% CI) and es-
timating the 2- and 5-year survival probability with 95% CI for the variables of main clinical
interest. Proportional hazards assumption was tested examining Schoenfeld residuals [40].
Data reduction analysis was performed with the ‘ClustOfVar’ package [32]. Contour plots
were drawn with the ‘visreg’ package [41] and DCA was performed with the ‘dcurves’ one.
In all analyses, two-tail tests with a significance level of 5% were applied; adjusted p values
for multiple tests were corrected with Bonferroni’s method. R version 4.1.0 (R Foundation
for Statistical Computing, Vienna, Austria) was used for statistical analysis.

3. Results
3.1. Clinical Findings of the OSCC Cohort

One hundred and eighty-two patients were enrolled for data analysis; the cohort was
composed of 115 males (63.2%) with a mean =+ SD age of 63.6 & 13.1 years. Among the
clinical, pathological and biomarker variables of interest, missing data accounted for 2.6%
of the dataset, with no variable with “missingness” >10% (Supplementary Figure S1 and
Supplementary Table S1). Considering already imputed data (Table 1), the cohort was well
balanced among all pT categories, and metastatic lymph-node involvement was recorded
in 85 cases (46.7%), and in 42 cases (23.1%), evidence of pathologic extranodal extension
was observed. The mean £ SD number of involved positive nodes was 1.54 & 2.84, ranging
from 0 to 18. Adverse pathological features as perineural invasion (PNI) or lymphovascular
invasion (LVI) were present in 90 (49.5%) and 52 (28.6%) cases, respectively. The rate of
positive margin was 17.6%. The treatments included surgery alone in 78 patients (42.9%),
surgery and adjuvant radiotherapy (RT) in 61 (33.5%), and surgery followed by adjuvant
chemo-radiotherapy (CRT) in 43 (23.6%).

The mean follow-up time was 71.5 months (IQR 24.3-105.8, range 1-214 months).
During the follow-up course, 71 patients (39.0%) experienced at least one recurrence event,
42 (23.1%) experienced locoregional recurrence alone, 14 (7.7%) distant recurrence alone
and 15 (8.2%) both locoregional and distant recurrences. At the last follow-up available,
78 patients (42.9%) were dead and for 53 of these (67.9%), the cause of death was related to
disease progression.
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Table 1. Summary statistics of the cohort.

Variable Overall (N =182) Variable Overall (N = 182)

Age Margins
Mean (SD) 63.6 (13.1) Positive 32 (17.6%)
Median (Min, Max) 64.0 (26.0,93.0) Close 54 (29.7%)

Sex Negative 96 (52.7%)
Male 115 (63.2%) Treatment
Female 67 (36.8%) Surgery 78 (42.9%)

pT category (8th Ed.) Surgery+RT 61 (33.5%)
pT1 23 (12.6%) Surgery+CRT 43 (23.6%)
pT2 41 (22.5%) WBC (10°/L)
pT3 85 (46.7%) Mean (SD) 7.41 (1.94)
pT4 33 (18.1%) Median (Min, Max) 7.39(2.77,13.7)

PN category (8th Ed.) Lymphocytes (10°/L)
pNO 96 (52.7%) Mean (SD) 1.82 (0.535)
pN1 24 (13.2%) Median (Min, Max) 1.78 (0.690, 3.69)
pN2a 6 (3.3%) Neutrophils (10°/L)
pN2b 16 (8.8%) Mean (SD) 4.79 (1.64)
pN2c 2 (1.1%) Median (Min, Max) 4.76 (1.04, 10.1)
pN3b 38 (20.9%) Monocytes (10°/L)

Npos Mean (SD) 0.585 (0.231)
pNO 97 (53.3%) Median (Min, Max) 0.550 (0.160, 1.53)
pN+ 85 (46.7%) PLT (10°/L)

ENE Mean (SD) 228 (68.6)
No 140 (76.9%) Median (Min, Max) 220 (51.0, 431)
Yes 42 (23.1%) NLR

Nodal ratio Mean (SD) 2.83(1.31)
Mean (SD) 0.0326 (0.0558) Median (Min, Max) 2.53(0.799, 7.55)
Median (Min, Max) 0 (0, 0.320) PLR

E‘;:Llje“;‘:;:s Mean (SD) 134 (52.7)
Mean (SD) 1.54 (2.84) Median (Min, Max) 129 (31.1, 315)
Median (Min, Max) 0(0,18.0) ngj;’;f;;y Total

LVI Mean (SD) 418 (403)
No 130 (71.4%) Median (Min, Max) 279 (16, 2180)
Yes 52 (28.6%) (chfj;‘;f)y cr

PNI Mean (SD) 333 (406)
No 92 (50.5%) Median (Min, Max) 170 (5, 2270)
Yes 90 (49.5%) ggfj;‘;f;;y ™M

Differentiation Mean (SD) 520 (429)
Gl 18 (9.9%) Median (Min, Max) 394 (24, 2340)
G2 87 (47.8%)

G3 77 (42.3%)

Bone invasion
No 148 (81.3%)

Cortical 16 (8.8%)
Medullary 18 (9.9%)

3.2. Clinical Relevance of CD8 Immune Contexture and Peripheral Blood Biomarkers in OSCC

By digital image analysis, the CD8* T-cell infiltration of tumor tissue was evaluated
by measuring a mean + SD area of 108.7 4+ 73 mm? (range 4.2-319.9 mm?). Analyzing
both the center of the tumor (CT) and the invasive margin (IM), the latter was significantly
enriched (p < 0.0001) of CD8* T-cells (median 394 cells/mm?, IQR 210-712) compared to
the CT (median 170 cells/mm?2, IQR 64-430), as shown in Figure 1G; furthermore, a strong
direct correlation between the density of CD8 T-cells in CT and IM was evident (R = 0.78
(Clgs9, 0.71-0.83, p < 0.0001, Figure 1H)); representative fields of the analysis are shown in
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Figure 1. Whilst testing for associations and correlations., a lower MCD8* T-cells density
was observed in patients with evidence of LVI (p = 0.032); no other meaningful association
with further clinical or pathological features was observed (Supplementary Tables S1-59).
Finally, no correlation was observed between intratumoral CD8" T-cells density and any of
the available peripheral blood biomarkers (Supplementary Table S1).

Analyzing the available pre-operative peripheral blood biomarkers, a significant
association was observed, as expected, between the sex and all the absolute biomarkers and
lymphocyte counts (Supplementary Table S2). Furthermore, no relevant associations or
correlations were observed between such measures and the other clinical and pathological
features (Supplementary Tables S1-S9).

3.3. Identification of the Meta-Variables in OSCC

With the aim of summarizing all available clinical and biomarkers variables in a
minimal number of synthetic components, a data reduction algorithm was applied [32,33].
The available 24 variables were resumed into metavariables (MV). The aggregation of
highly correlated variable was obtained by ascending hierarchical clustering, (Figure 2A).
By inspecting the scree plot (Figure 2B), five clusters were identified, from here on referred
to as metavariables (MVs). Specifically, the identified MV are the IT-CD8MY, MYELOIDMV,
LYMPHOIDMY, TUMORALMY and NODALMV, whose composition is highlighted by
dashed rectangles in Figure 2A. The relationship between the MV scores and the variables
is shown in Figure 2C and summarized in Supplementary Figure S2-56; full details of
the squared loadings (as a measure of the weight of each variable within the MV) are
reported in Supplementary Table S10. MVs did not show significant correlations, except for
a slight direct correlation (R = 0.27, p = 0.002) between the TUMORALMY and NODALMY
(Figure 2D), confirming the appropriate segregation of the associated variables.

3.4. NODALMV [s Highly Related to OS and DSS

The NODALMY, whose lower values (Supplementary Figure S2) are correlated with
a high nodal category, high nodal burden (both lymph node ratio and number of pos-
itive nodes), presence of pathologic risk factors as ENE, PNI, LVI or high grade and
positive margins was highly associated with all survival endpoints. NODALMV and the
LYMPHOIDMY were significantly associated (p < 0.0001 and p = 0.0165, respectively) with
OS (Figure 3A). Specifically, NODALMV showed a linear relationship (Figure 3B), whereas
LYMPHOIDMV displayed a non-linear effect (Figure 3C) with the best outcome at its mid-
values (Supplementary Table S11). The contour plot in Figure 3D represents isoprognostic
areas according to the combined value of NODALMY and LYMPHOID MV. Applying the
likelihood ratio test, we found that the removal of the LYMPHOIDMV from the model
significantly reduced its accuracy (p = 0.028), further supporting the relevance of this
variable in the OS outcome. By decision curve analysis (DCA), the model including MVs
was comparable to the UICC-TNM pathological Stage in terms of 5 years OS prediction
(Figure 3E).
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Figure 2. Dendrogram of the hierarchical ascending clustering of the 24 demographic, clinical, pathological and peripheral
and tissue biomarkers according to their correlation ratio (A); aggregation level plot related to the number of clusters of
variables, red circle showing the chosen 5 clusters as optimum choice (B); heatmap showing the relationship between each
metavariable (MV) and the original variables from which is derived (columns on the right of each metavariable) (C); and
correlogram showing the Spearman correlation between each metavariable, R coefficient is shown, adjusted not significant
comparisons are covered with a cross (D). Dashed rectangles in A highlight which original variable is included in each MV.
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Figure 3. Chunk test results on the OS multivariable model reporting the proportion of the overall x> of the model explained
by each variable, the partial x? and P value of the Wald test, testing the association between each variable and the outcome
(A); adjusted marginal effect plot of the NODALMYV score for the 5-year OS estimate with the Clgsy, gray band (B); adjusted
marginal effect plot of the LYMPHOIDMV score for the 5-year OS estimate with Clgse, gray band (C); contour plot showing
isoprognostic OS bands according to the combined effect of the NODALMY and LYMPHOIDMV scores for the 5-year
OS estimate, the color scale represents the 5 y OS probability (D); and decision curve analysis (DCA) analysis showing
comparable results of the model including metavariables and to the one fitted with UICC overall stage alone in predicting

the 5-year OS (E).

Analyzing the DSS, the NODALMY and MYELOIDMV were significantly associated
with the outcome (p < 0.0001 and p = 0.0123, respectively; Figure 4A-C, Supplementary
Table S11). Specifically, for MYELOIDMV, higher scores (associated with leukopenia,
neutropenia, monocytopenia and female sex) were associated with a poorer DSS, as shown
in Figure 4C. The combined partial effect of NODALMY and MYELOIDMV on the 5-year
DSS estimate is shown with the contour plot in Figure 4D that illustrates the detrimental
contribution of different MYELOIDMV scores along the different values of NODALMY
scores. By using the likelihood ratio test, the removal of the MYELOIDMV from the model
significantly reduced its accuracy (p = 0.011), further supporting the relevance of such a
variable for the DSS outcome. By DCA, the model including MVs showed a benefit in
terms of the prediction of the 5-year DSS compared to the UICC-TNM pathological stage,
(Figure 4E).
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Figure 4. Chunk test results on the DSS multivariable model reporting the proportion of the overall x? of the model
explained by each variable, the partial x> and p value of the Wald test, testing the association between each variable and
the outcome (A); adjusted marginal effect plots for the 5-year DSS with Clgse, (gray bands) of the NODALMV (B) and
MYELOIDMV (C) scores; contour plot showing isoprognostic DSS bands according to the combined effect of the NODALMY
and MYELOIDMYV scores for the 5-year DSS estimate, the color scale represents the 5 y DSS probability (D); and decision
curve analysis (DCA) showing the advantages of the model including MV compared to the one fitted with UICC overall
stage alone in predicting the 5-year DSS (E).

3.5. Immune MV as Predictor of Loco-Regional and Distant Failure

During the follow-up course, 57 patients (31.3%) developed locoregional recurrence
with a 5-year LRFS estimate of 78% (Clgse, 72-84%) and 29 distant metastases (15.9%),
with an estimate of DRFS at 5 years of 85% (Clgse, 79-90%). Modelling the LRFS outcome,
we could confirm the detrimental prognostic significance of the NODALMV (p < 0.001),
MYLEOIDMV (p =0.009) and TUMORMV (p =0.032) (Figure 5A-D, Supplementary Table S11).
The contour plot shown in Figure 5E illustrates the combined effect of NODALMY and
MYELOIDMV scores for the 5-year LRFS prediction with iso-prognostic levels (color gra-
dient) strictly dependent on both variables. By the likelihood ratio test, the removal of
the MYELOIDMV from the model significantly reduced its accuracy (p = 0.004), further
supporting the relevance of this variable for the LRFS outcome. By DCA and compared to
the UICC-TNM pathological stage, the model including MVs showed a benefit in terms of
predicting the 5-year LRFS, specifically in the lowest and highest ranges of the estimated
risks (Figure 5F).
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Figure 5. Chunk test results on the LRFS multivariable model reporting the proportion of the overall x* of the model
explained by each variable, the partial x> and P value of the Wald test, testing the association between each variable and the
outcome (A); adjusted marginal effect plots for the 5-year LRFS with Clgsy, (gray bands) of the NODALMV (B); MYELOIDMV
(C), and TUMORMYV (D) scores; contour plot showing isoprognostic LRFS bands according to the combined effect of the
NODALMY and MYELOIDMV scores for the 5-year LRFS estimate—the color scale representing the 5 y LRES probability (E);
and decision curve analysis (DCA) showing a better performance of the model including MVs compared to the one fitted
with the UICC overall stage alone in predicting the 5-year LRES in the lowest and highest ranges of the estimated risks (F).

Considering the DRFS outcome and its modeling with a multivariable model
(Figure 6A, Supplementary Table S11), NODALMV confirmed its high weight for its associ-
ation with such an outcome (p < 0.001, Figure 6B), furthermore LYMPHOIDMY (p =0.008,
Figure 6C) and IT-CD8MV (p = 0.022, Figure 6D) were associated with DRFS following
non-linear effects (p = 0.0037, p = 0.0537, respectively). The lowest IT-CD8™ score, corre-
sponding to low CDS8 infiltration in all the tested areas of interest, were strictly related to a
poor DRES, also independently from the NODALMYV score, as shown in the contour plot in
Figure 6E. By using the Likelihood ratio test, the removal of IT-CD8MVY and LYMPHOIDMV
from the model significantly reduced its accuracy (p = 0.036 and p = 0.013, respectively), fur-
ther supporting the relevance of such variables for the DRFS outcome. By DCA, the model
including MVs showed a benefit in terms of the prediction of the 5-year DSS, compared to
the UICC-TNM pathological stage, shown in (Figure 6F).
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Figure 6. Chunk test results on the DRFS multivariable model reporting the proportion of the overall %2 of the model
explained by each variable, the partial x> and P value of the Wald test, testing the association between each variable
and the outcome (A); adjusted marginal effect plots for the 5-year DRFS with Clgse, (gray bands) of the NODALMV (B);
LYMPHOIDMV (C) and IT-CD8MV (D) scores; contour plot showing isoprognostic DRFS bands according to the combined
effect of the NODALMY and IT-CD8MV scores for the 5-year DRFS estimate—the color scale represents the 5 y DRFS
probability (E); and decision curve analysis (DCA) showing the better performance of the model including MVs compared
to the one fitted with the UICC overall stage alone in predicting the 5-year DRFS (F).

4. Discussion

In this study, we tested the clinical significance of peripheral blood and tumor-
associated immune features in patients submitted to surgery-based treatments for OSCC.

Through a data reduction analysis, five metavariables (MV) were defined; the survival
analysis showed their association with different types of oncological outcomes. Specifically,
the NODALMY was independently associated with all oncological outcomes tested, thus
confirming the detrimental prognostic value of nodal involvement in OSCC. Informa-
tion derived from peripheral blood biomarkers, and resumed in the MYELOIDMV and
LYMPHOIDMV, significantly improved the accuracy of the models of DSS/LRFS and of
OS/DREFS, respectively. Thus, these MV represent candidates for the development of
predictors models. Interestingly, the IT-CD8MY was significantly associated with the DRFS,
suggesting that the group of OSCC desert of CD8* T-cells should be deeply investigated
to identify an innovative therapeutical strategy limiting distant spread. Furthermore, the
proposed models including MVs outperform the UICC TNM stage in predicting most of
the outcome analyzed.
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It is well-known that several clinical variables (e.g., features describing the nodal
involvement such as N category, number of positive nodes, LNR, presence of ENE, or
high-risk features as PNI, LVI or grading and T category and bone involvement) are highly
correlated and it is often difficult to select which variable has to be included in a prognostic
regression model.

Building MV might represent an alternative strategy to keep all the available informa-
tion for the survival modelling analysis. Applying the PCAmix as data reduction method,
the explainability of each MV is well achieved, as each original variable can contribute
just for one of the five identified MV. Finally, the clinical significance of higher and lower
values of each score is easily understandable by inspecting the correlation/associations
plots, as shown in Supplementary Figures 52-56.

Our results confirm the prognostic relevance of nodal involvement, summarized
in NODALMVY, for all the outcomes analyzed. The highest squared loading for the
NODALMV were observed for N category, the nodal ratio and number of positive nodes
(Supplementary Table S10) underlining the relevant weight of these variables for the defi-
nition of the score and, therefore, their prognostic value. Such an observation is in keeping
with the robust literature of recent decades [4,42], including the last update of the TNM
classification system [43]. Features such as the nodal ratio [5] and the total number of posi-
tive nodes [44] are of main interest and were also tested for the proposal of a new staging
systems in the OCSCC setting [45], which are easily available from any pathologic report.

One of the main findings obtained from this analysis suggests that tumor CD8* T-cells
depletion, derived by measuring CD8* T-cell density in different tumoral compartments,
and summarized within the IT-CD8MV, is associated with a higher risk of distant failure,
independently from the NODALMY score. Interestingly, the correlation with DRFS appar-
ently displays a threshold effect, with a critical IT-CD8MV score below which the risk of
distant metastasis steadily increases (Figure 6D). Although limited to few studies, an associ-
ation between high tumor CD8" T-cell density and a better distant metastasis free-survival
was already observed in solid tumors from different primary sites including breast [46],
colon [47] or soft tissues [48]. Among head and neck malignancies, evidence derived
from the analysis of nasopharyngeal carcinoma [49], hypopharyngeal carcinoma [50,51] or
from carcinomas of mixed primary sites [52] further support this finding. For OSCC, the
association of CD8" T-cell infiltration and distant failure still needs to be better defined [53];
however, indirect but still limited findings [52], support their protective role.

The occurrence of metastatic disease is associated with systemic immune escape [54].
Cancer-cell intrinsic features as well as host response might represent relevant players
in the T-cell exclusion (TCE) mechanism [55-57]. No data are available on the molecular
basis sustaining TCE in OSCC. However, TCE can be bypassed by various immunotherapy
strategies [58-63]. Currently, immune checkpoint inhibitors are investigated in the neoad-
juvant setting in OCSCC, and this could allegedly enhance CD8* T-cell activity and reverse
tumor host interplay, thus reducing also the risk of tumor escape at distant sites [64—68].

Notably, as recently proposed, photodynamic therapy (PDT) combined with CTLA-
4 blockade can enhance the cytotoxic CD8* T-cell response to achieve durable tumor
eradication and inducing an immunological memory [69]. This is worthwhile, since
PDT is one of the treatment options for early or recurrent oral cavity squamous cell
carcinoma [70,71] and its possible combination with immune checkpoint blockade drugs
could pave the way for new trials design.

The main limits of our study are the retrospective design and the mono-institutional
setting. Prospective and multi-institutional validation represents mandatory requirements
to confirm our observations.

5. Conclusions

The results obtained from this study using data reduction methods confirm the key role
of nodal involvement and intratumor CD8* T-cell density on relevant survival endpoints.
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Further investigations for the identification of TCE mechanisms will help to identify
appropriate treatment strategies for the subgroup of CD8* T-cell in poor OSCC.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cells10092203 /51, Supplementary Figure S1: Heatmap showing the missing data in the whole
cohort (A); intersection plot of missing data (B). Supplementary Figure S2: Scatter plots showing the
relationship between TI-CD8MV and the variables from which it is defined. P values are estimated by
Spearman correlation test. Supplementary Figure S3: Box plots and scatter plots showing the relation-
ship between the NODALMV and the variables from which it is defined. P values are estimated by
Kruskal-Wallis test, Wilcoxon sign-rank test or Spearman correlation test. Supplementary Figure S4:
Scatter plots and box plots showing the relationship between the MYELOIDMY and the variables from
which it is defined. P values are estimated by the Spearman correlation test or Wilcoxon sign-rank test.
Supplementary Figure S5: Scatter plots showing the relationship between the LYMPHOIDMY and
the variables from which it is defined. P values are estimated by the Spearman correlation test. Sup-
plementary Figure S6: Box plots showing the relationship between the TUMORMY and the variables
from which it is defined. P values are estimated by Kruskal-Wallis test. Supplementary Table S1: R
values of Spearman’s correlation analysis between continuous variables analyzed. Legend: ****, p <
0.0001; ***, p < 0.001; **, p < 0.01; *, p < 0.05. Supplementary Table S2: Association analysis between
peripheral or intratumoral biomarkers measures and sex. P values estimated by Wilcoxon test. Sup-
plementary Table S3: Association analysis between peripheral or intratumoral biomarkers measures
and pT category. P values estimated by Kruskal-Wallis test. Supplementary Table S4: Association
analysis between peripheral or intratumoral biomarkers measures and pN category. P values esti-
mated by Kruskal-Wallis test. Supplementary Table S5: Association analysis between peripheral or
intratumoral biomarkers measures and extranodal extension (ENE). P values estimated by Wilcoxon
test. Supplementary Table S6: Association analysis between peripheral or intratumoral biomarkers
measures and grading. P values estimated by Kruskal-Wallis test. Supplementary Table S7: Associa-
tion analysis between peripheral or intratumoral biomarkers measures and bone invasion. P values
estimated by Kruskal-Wallis test. Supplementary Table S8: Association analysis between peripheral
or intratumoral biomarkers measures and perineural invasion (PNI). P values estimated by Wilcoxon
test. Supplementary Table S9: Association analysis between peripheral or intratumoral biomarkers
measures and lymphovascular invasion (LVI). P values estimated by Wilcoxon test. Supplementary
Table S10: Details of the loadings for each variable and level composing the 5 metavariables (MV).
Supplementary Table S11: Extensive details of multivariable survival Cox proportional hazards
models. Legend: d.f., degrees of freedom; Coefficient, regression coefficient; S.E., standard error.
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Ovarian carcinomas (OCs) are poorly immunogenic and immune checkpoint inhibitors
(ICls) have offered a modest benefit. In this study, high CD3" T-cells and CD163* tumor-
associated macrophages (TAMs) densities identify a subgroup of immune infiltrated high-
grade serous carcinomas (HGSCs) with better outcomes and superior response to
platinum-based therapies. On the contrary, in most clear cell carcinomas (CCCs)
showing poor prognosis and refractory to platinum, a high TAM density is associated
with low T cell frequency. Immune infiltrated HGSC are characterized by the 30-genes
signature (OC-1S®%) covering immune activation and IFNy polarization and predicting good
prognosis (n = 312, TCGA). Immune infiltrated HGSC contain CXCL10 producing M1-
type TAM (IRF1*pSTAT1Y701%) in close proximity to T-cells. A fraction of these M1-type
TAM also co-expresses TREM2. M1-polarized TAM were barely detectable in T-cell poor
CCC, but identifiable across various immunogenic human cancers. Single cell RNA
sequencing data confirm the existence of a tumor-infiltrating CXCL10IRF1*STAT1*
M1-type TAM overexpressing antigen processing and presentation gene programs.
Overall, this study highlights the clinical relevance of the CXCL10*IRF1*STAT1*
macrophage subset as biomarker for intratumoral T-cell activation and therefore offers
a new tool to select patients more likely to respond to T-cell or macrophage-
targeted immunotherapies.

Keywords: ovarian cancer, macrophage, signature, CXCL10, polarization
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INTRODUCTION

Ovarian carcinomas (OCs) (1) represent a heterogeneous group
with three main subtypes (high-grade serous carcinoma [HGSC],
clear cell carcinoma [CCC] and endometrioid carcinoma [EC])
distinct by microscopic findings and molecular features. High-
grade serous carcinoma (HGSC) represents the most common
and lethal subtype. Patients with HGSC usually present with
advanced disease involving the pelvic and peritoneal cavity
associated with malignant ascites; in addition, transcoelomic
metastases or distant spread can be observed at the diagnosis.
Standard treatment consists of primary upfront debulking
surgery followed by adjuvant cytotoxic platinum-taxane based
therapy (1, 2). Most of the patients initially respond to this front-
line approach; however, 70% relapses within three years. Therapy
resistance mechanisms include genomic instability, epigenetic
deregulation, and change in tumor microenvironment, leading
to the cancer outgrowth (3, 4). A fraction of patients is refractory
to platinum-based regimens and relapses early during treatment,
displaying a rapid fatal course (1).

Few improvements in clinical outcomes have been obtained
in OCs. Encouraging results have been achieved with the
introduction of inhibitors targeting poly (ADP-ribose)
polymerase (PARP), particularly effective in Homologous
Recombination Deficiency (HRD) positive cases (5). HRD is
detected in up to half of tumors due to inactivation of HRD genes
by mutations or promoter hypermethylation (6). PARP
inhibitors maintenance therapy improves progression-free
survival (PFS) in platinum-sensitive newly diagnosed and
recurrent OCs (7, 8). Immunotherapy based on immune
checkpoint inhibitors (ICIs), has shown clinical efficacy in solid
cancer (9). On the contrary, until now, the global response rate of
HGSC to ICIs resulted modest, ranging from 10 to 25%, thus
suggesting an urgent need for predictive biomarkers. It should be
noted that OCs are characterized by low mutational burden and
this could represent one of the possible explanations of lower
response rate to ICIs in comparison to other cancer types (10).
However, the recent combination of ICIs and PARP inhibitors in
HRD" OCs has shown promising results (11), suggesting higher
intrinsic immunogenicity associated with the HRD group.

The composition, density, and functional orientation of the
immune contexture predict patient survival and response to
various treatments in different cancers (12) including OCs, the
latter being traditionally considered scarcely immunogenic. A set
of studies challenged this view and demonstrated that a subgroup
of OCs displays a higher CD3" TILs density associated with
longer progression-free intervals and better survival in advanced-
stage OCs (13). These observations were subsequently confirmed
by others (14) and by a recent meta-analysis (15). In contrast to
TILs, the clinical significance of tumor-associated macrophages
(TAMs) is largely ignored with conflicting observations.

In the present study, we explored the tumor ecosystem of OCs
on archival whole tumor sections. Data indicate that high density
of CD3" T-cells and CD163" TAMs marks a consistent group of
immune infiltrated HGSC, stratifies patients with different
outcomes and correlates with a thirty-gene signature (OC-IS*)
containing among others IFNYy-regulated genes. On the contrary,

in most CCCs a high TAM density is not combined with a
significant T-cell infiltration. By extending the analysis to The
Cancer Genome Atlas, OC-IS* strongly predicts a favorable
outcome in a large cohort of HGSC. By immunohistochemistry
for pSTAT1 and IRF1 together with RNAscope-mediated
detection of CXCL10, we could identify an M1-type
macrophage (M¢) population associated with immune
infiltrated HGSC, but not CCC. We extended and confirmed
these findings to other cancer types by immunohistochemistry
and by an unbiased analysis of scRNAseq dataset.

MATERIALS AND METHODS

Collection of Patient Samples

Ninety-seven cases of ovarian carcinoma treated between 1999
and 2009 were identified from the archive files of the Department
of Pathology, ASST Spedali Civili of Brescia (Brescia, Italy) and
included in the study. Hematoxylin & Eosin (H&E) stained slides
were reviewed by an expert (LA) for appropriate classification
according to the WHO 4th Edition (2014). All patients were
treated and followed at the Division of Obstetrics and
Gynecology ASST Spedali Civili di Brescia, Brescia, Italy.
Clinical and pathology data are summarized in Table 1 and
the full dataset in Supplementary Table S1. The study was
approved by the local IRB (WW-IMMUNOCANCERhum, NP-
906, NP-1284).

Immunohistochemistry

Immunohistochemistry was performed on four-micron FFPE
tissue sections with anti-CD3 (clone LN10, 1:100) anti-CD163
(clone 10D6, 1:50, Thermo Scientific) and anti-CD303/BDCA2
(clone 124B3.13, 1:75, Dendritics) antibodies, recognizing
respectively T-cells, TAMs and plasmacytoid dendritic cells
(PDCs). CD3 and CD163 stains were performed on Bond Max
automatic immunostainer (Leica Biosystems). Immunostains for
anti-CSF-1R (clone FER216, 1:1,500, Millipore), anti-IRF-1 (clone
D5E4, 1:100, Cell Signaling), anti-phospho-STAT1 (clone Tyr701
rabbit, 1:500, Cell Signaling), TREM2 (anti-TREM2 antibody (clone
D8I4C, 1:100, Cell Signaling Technology) and Granzyme-B (anti-
GZMB antibody, clone GrB-7, 1:20, Dako) were performed
manually upon microwave or thermostat bath oven epitope
retrieval in ethylenediamine tetra-acetic acid (EDTA) buffer (pH
8.00). Immunoreaction was revealed by using Novolink Polymer
(Leica Microsistem) followed diaminobenzidine as chromogen and
with hematoxylin as nuclear counterstain. For double immunostain,
after completing the first immune reaction, the second was
visualized using Mach 4 MR-AP (Biocare Medical), followed by
Ferangie Blue.

RNAscope

To localize CXCL10 positive cells, tissues were analyzed with
RNAscope assay (Advanced Cell Diagnostics, Newark, CA, USA)
using RNAscope 2.5 HD Assay-RED kit and Hs-CXCL10-C2
probe (Cat No. 311851-C2) recognizing the nt 2 to 1,115 of the
CXCL10 reference sequence NM_001565. The sections from
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TABLE 1 | Clinicopathological features of the entire cohort of patients.

Patient characteristics All HGSC CcccC EC
n. (%) n. (%) n. (%) n. (%)

All 97 (100) 59 (61) 18 (19) 20 (21)
Age

median (IQR) 58 (49-69) 61 (49-70) 56 (49-68.25) 53.5 (46-60)
Menopause

no 31(32) 16 (27) 6 (33) 9 (45)

yes 64 (66) 41 (69) 12 (67) 11 (65)

NA 2(2) 2(3) 0(0) 00
FIGO Stage

Sl 37 (38) 7(12) 13(72) 17 (85)

-1V 60 (62) 52 (88) 5(28) 3 (19
Residual tumor

No 52 (54) 18 (31) 15 (83) 20 (100)

Yes 44 (45) 41 (69) 3(17) 00

NA 1(1) 0(0) 00 00
Peritoneal cytology

negative 38 (39) 12 (20) 11 (61) 15 (75)

positive 55 (57) 47 (80) 6 (33) 3 (15

NA 4(4) 0(0) 1(6) 2(1
Chemotherapy response

not response/partial 16 (16) 12 (20) 4 (22) 0 (0)

complete 77 (79) 46 (78) 14 (78) 17 (85)

NA 4(4) 1) 00 3(15)
Platinum sensitivity

resistant 15 (15) 15 (25) 0 (0) 0 (0)

partial sensitive 16 (16) 9 (15) 6 (33) 1(5)

sensitive 62 (64) 34 (58) 12 (67) 16 (80)

NA 4(4) 12 00 3 (15
Platinum re-eligibility

no 19 (32) 19 (32) - -

yes 39 (66) 39 (66) - -

NA 12 12 - -
CD3 (cells/mm?)

Ug 97 130 42 86
CD163 (cells/mm?)

Ug 365 446 285 253

HGSC, High-Grade Serous Carcinoma; CCC, Clear Cell Carcinoma; EC, Endometrioid Carcinoma; IQR, interquartile range; NA, not available; p,, geometric mean.

fixed human tissue blocks were treated following the
manufacturer’s instructions. Briefly, freshly cut 3 um sections
were deparaffinized in xylene and treated with the peroxidase
block solution for 10 min at room temperature followed by the
retrieval solution for 15 min at 98°C and by protease plus at 40°C
for 30 min. Control probes included Hs-POLR2a-C2 (Cat No.
310451) and DapB-C2 (Cat No. 310043-C2). The hybridization
was performed for 2 h at 40°C. The signal was revealed using
RNAscope 2.5 HD Detection Reagent and FAST RED.
Combined RNAscope and immunohistochemistry (for CD163,
IRF1, Phospho-STAT1, CSFR1 and TREM2) were used to
identify the cellular source of CXCL10. To this end, CXCL10
detection by RNAscope was followed by immunoreaction was
visualized using Novolink Polymer (Leica Microsistem) followed
by DAB or using Mach 4 MR-AP (Biocare Medical) followed by
Ferangi Blue (Biocare Medical).

Digital Image Analysis

Cell density of selected immune populations was analyzed using
digital microscopy. The absolute cell count was quantified
automatically using a custom-programmed script in Cognition

Network Language based on the Definiens Cognition Network
Technology platform (Definiens AG, Munich, Germany). Briefly,
CD3, CD163, and BDCA2 stained slides were digitalized using
an Aperio ScanScope CS Slide Scanner (Aperio Technologies,
(Leica Biosystem, New Castle Ltd, UK) at 40x magnification and
analyzed using Tissue Studio 2.0 (Definiens AG). The
quantitative scoring algorithm was customized using
commercially available templates (Supplementary Figure S1).
The image analysis pipeline comprised segmentation of nucleus
objects and cell classification based on a pre-trained decision
tree, according to staining intensity. Immune cell counts were
expressed as the number of positive cells/mm* of ovarian
cancer area.

RNA Extraction and Gene

Expression Analysis

A custom immune signature of 105 genes, selected on the basis of
a PubMed literature search, was devised for the digital transcript
counting, including targets for innate and adaptive immunity,
co-stimulatory or immune effector molecules, and chemokines
with their corresponding receptors (Supplementary Table S2).
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A representative formalin-fixed and paraffin-embedded (FFPE)
tumor block was retrieved from the biobank. Tissue was cut into
10/20 pum sections and treated with Deparaffinization Solution
(QIAGEN). RNA was extracted using Qiagen RNeasy FFPE kit
(QIAGEN). Total RNA concentration and proteins contamination
were determined by a Nanodrop spectrophotometer (Nanodrop
Technologies, Ambion, Waltham, MA, USA). Quality of RNA was
monitored using Agilent 2100 Bioanalyser System (AGILENT).
Total RNA (100 ng) was assayed on a nCounter platform using
NanoString technology (NanoString, Seattle, WA), testing the
whole set of 105 endogenous genes, five housekeeping genes, six
ERCC (External RNA Control Consortium) positive controls and
eight ERCC negative controls (Supplementary Table S2). Raw
mRNA counts were normalized applying a sample-specific
correction factor to all the target probes per manufacturer’s
recommendations (technical normalization with Positive
Controls Normalization spiked in every assay and biological
normalization using housekeeping genes). The resulting
normalized counts were used in downstream analyses. Pearson
correlation analysis between log2 THC densities and log2 mRNA
Nanostring normalized counts were performed by Hommel
correction for multiple comparisons deriving the OC-IS*
Immune signature. A penalized linear ridge regression was
applied to the Z-scores OC-IS* gene expression to weight the
signature for its application in external datasets. For the
Nanostring data heatmaps, the above values were turned into
Z-scores. For Nanostring gene expression analysis, normalization
and differential expression (DE) were performed with Nanostring
nCounter nSolverTM 4.0 (Nanostring MAN-C0019-08), with
Nanostring Advanced Analysis Module 2.0 plugin (Nanostring
MAN-10,030-03) following the Nanostring Gene Expression Data
Analysis Guidelines (Nanostring MAN-C0011-04).

External Cohort Validation (TCGA)

For external cohort in-silico analysis, publicly available HGSC
data from The Cancer Genome Atlas [TCGA-OV, N = 312 (6)]
have been considered. Records of cases with full annotation on
tumor stage, survival data, mutational status of BRCA1 and
BRCA2 genes (both germline and somatic) and tumor
mutational burden (TMB) were retrieved through the
Computational Biology Center Portal (cBio): http://www.
cbioportal.org/ and downloaded on 15th Feb 2020. Data of
mRNA expression profile (TCGA_eset) were downloaded
through the curated OvarianData v.1.24.0 R package (16)). The
TCGA dataset was investigated computing the OC-I$*® Immune
signature and the whole immune fraction applying CIBERSORTx
(17) using a signature matrix (18) able to compute the global
immune transcriptome. Raw counts for primary solid tumor
samples of further eight TCGA projects (TCGA-BLCA, TCGA-
BRCA, TCGA-COAD, TCGA-HNSC, TCGA-LUAD, TCGA-
LUSC, TCGA-SKCM, and TCGA-UCEC) were downloaded
from GDC Legacy Archive (hgl9) using TCGAbiolinks
R/Bioconductor package. The FFPE samples were removed.
Normalized expression levels, by upper quartile normalization
measured in RSEM were obtained. Overall stage was included as

clinical variables and 4,496 cases, including the OV dataset, were
available for the analysis.

Generation of Human Monocyte-Derived M¢
PBMCs were obtained from buffy coats of healthy volunteer
blood donors (courtesy of the Centro Trasfusionale, ASST
Spedali Civili, Brescia) by Ficoll-Paque (GE Healthcare,
Milano, Italy) density gradient centrifugation at 360xg for
30 min. Peripheral blood CD14" monocytes were magnetically
sorted with human Pan Monocyte Isolation Kit (Cat. No. 130-
096-537, Miltenyi Biotec, Bergisch Gladbach, Germany)
following manufacturer’s instructions. Isolated monocytes (7 x
10° cells/ml) were seeded in RPMI 1640 medium (Cat. No. 1-41-
FO1-I Bioconcept, Allschwil, Swiss) supplemented with 10% FBS
(Biochrom GmbH, Berlin, Germany), GlutaMAX ™1 (Cat. No.
35050-038, Life Technologies, Carlsbad, CA), 20 U/ml penicillin,
20 pg/ml streptomycin (Cat. No. 15070-063, Life Technologies,
Carlsbad, CA). After overnight culture, non-adherent cells were
removed by washing with DPBS (Cat. No. 14190-094, Life
Technologies, Carlsbad, CA) and adherent monocytes were
cultured over 7 days in the presence of 100 ng/ml human M-
CSF premium grade (Cat. No. 130-096-489, Miltenyi Biotec) to
generate macrophages (M0). The medium was not replaced
throughout the culture period. Macrophages polarization was
obtained by replacing culture medium with fresh RPMI 1640
medium supplemented with 10% FBS and containing 50 ng/ml
recombinant human IFN-y (Cat. No. 300-02, Peprotech, London,
UK) or 20 ng/ml recombinant human IFN-y (Peprotech) + 100
ng/ml LPS from Escherichia coli O55:B5 (Cat. No. L6529 Sigma-
Aldrich, St. Louis, MO) (for M1 polarization) or 20 ng/ml
Recombinant human IL-4 premium-grade (Cat. No. 130-093-
920, Miltenyi Biotec) or 20 ng/ml Recombinant human IL-10
research-grade (Cat. No. 130-093-948, Miltenyi Biotec) (for M2
polarization) for 4 or 18 h. MO cultured with fresh medium
without polarization cytokines was used as control.

Cell-Block Preparation

Cell suspensions of macrophages were centrifuged for 10 min at
3,000 rpm. A solution of plasma (100 pl, kindly provided by
Centro Trasfusionale, ASST Spedali Civili, Brescia) and
HemosIL8 RecombiPlasTin 2G (200 ul, Instrumentation
Laboratory, Bedford Ma, USA, Cat. No. 0020003050) (1:2)
were added to cell pellets, mixed until the formation of a clot,
then placed into a labeled cassette. The specimen was fixed in
10% formalin for 1 h followed by paraffin inclusion.

gRT-PCR

IL-6, CXCL10 and COX2 mRNA targets were quantified by
reverse transcription-polymerase chain reaction (qRT-PCR)
assay using the Vii-A 7 Real-Time PCR System (Applied
Biosystems, Thermo Fisher Scientific, Waltham, MA, USA).
Total RNA was purified from MO, M1 and M2 macrophages
using the RNeasy® Mini Kit (Cat. No. 74104, Qiagen). The
c¢DNA was synthesized by iScript gDNA cDNA Synthesis kit
(Cat. No. 1725035, Bio-Rad Laboratories Inc., Hercules, CA,
U.S.A.) from 150 ng of total RNA, in a total volume of 20 pl.
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About 1 pl of the cDNA synthesis reaction was used for the
specific amplification of the target transcripts. The Ribosomal
Protein S18 (RPS18) transcript was used as normalization
control. The qPCR was performed in a total volume of 10 pul
with TaqMan® Universal Master Mix II (Cat. No. 4369016,
Applied Biosystems, Thermo Fisher Scientific) and the Gene
Expression Assay (Supplementary Table S3). The threshold
cycle (Ct) was determined for each sample and quantification
was performed using the comparative Ct method. ACt was
derived as Ctrarget — Ctiousekeeping and considered for
statistical analysis.

Western Blotting

The intracellular levels of targets and actin proteins were
determined by western blotting. Cells were washed, re-
suspended in RIPA lysis buffer (Cat. No. 89900, Pierce,
Thermo Fischer Scientific) with a Protease Inhibitor Cocktail
(Cat. No. 78440, Sigma-Aldrich) and sodium orthovanadate
(Na;VO,) (Cat. No. 450243, Sigma-Aldrich), and kept in ice
for 10 min. After 20 min centrifugation at 12,000xg at 4°C, the
supernatant was collected and protein concentration determined
by Bradford assay. A total of 20 ug of proteins was loaded on 4-
12% NuPAGE® Bis-Tris Mini Gels (Cat. No. NP0335, Invitrogen' ",
Thermo Fisher Scientific) under reducing condition and transferred
onto a PVDF membrane (Cat. No. LC2007, Invitrogen" ", Thermo
Fisher Scientific). Membranes were incubated in the blocking
solution 5% BSA (Cat. No. A3059, Sigma-Aldrich) in T-TBS
(TBS, 0.05% Tween 20) (Cat. No. 28360, InvitrogenTM, Thermo
Fisher Scientific) for 1 h at room temperature; subsequently
membranes were exposed to primary antibodies diluted in
blocking solution, for 16 h at 4°C. Primary antibodies are listed in
Supplementary Table S4. After washing in TBS-T, the blots were
incubated with the appropriate secondary antibody (anti-Rabbit
Cat. No. sc-2077 Santa Cruz Biotechnology, Inc., Dallas, TX,
USA), conjugated with horseradish peroxidase for 1 h at
room temperature. Immunoreactive proteins were detected by
SuperSignalTM West Pico Chemiluminescent Substrate (Cat. No.
34577, Thermo Fisher Scientific) and visualized by autoradiography.

Statistical Analysis

For histological, clinical, and pathological analysis the qualitative
variables were described as absolute and relative frequencies. We
considered overall survival (OS) and progression-free survival
(PES). In the absence of any events, survivals were censored at
last follow-up visit. Qualitative variables were compared between
groups using Chi-square test, quantitative one by t-test, Mann—
Whitney test or ANOVA, and post-hoc pairwise comparisons as
appropriate. By evaluation of Q-Q plots and applying the
Shapiro-Wilk Test immune cells densities’ distribution
followed a log-normal distribution; for statistical analysis log,
values of densities were used. Median values of continuous
variables’ distributions were set as cut-offs for dichotomization.
Univariable and multivariable analyses were performed with Cox
proportional hazard models. For all analyses the proportional
hazards assumption was tested and verified; estimates were
reported as hazard ratio (H.R) with 95% Confidence Intervals
(CI). In all analyses a two-tailed P value <0.05 was considered

significant. GraphPad Prism (San Diego, CA, USA), and R
(version 3.6.2) were used for statistical analysis.

scRNAseq Data Analysis

Processing of the Pan-Cancer Blueprint dataset. We downloaded
the raw datasets and selected the myeloid cells dataset (using the
article annotation with the mention “Myeloid” in the cell type
metadata, 37,334 cells) of Qian et al. (19) from a web server
(http://blueprint.Jambrechtslab.org). Cells were merged using the
Canonical Correlation Analysis (CCA) and the Mutual Nearest
Neighbors (MNN) algorithms and we selected the 5,000 most
variable genes (following the Seurat 3 pipeline). We next
performed Louvain graph-based clustering. At the resolution
0.6 we obtained 27 clusters. Eleven clusters (c1, 2, 3, 4, 5, 9, 10,
12, 18, 19, 26) expressed high levels of CD68 and were labeled
as macrophages.

RESULTS

Heterogeneity of T-Cells and TAMs
Immune Contexture in OC Subtypes

By digital image analysis on stained sections, we measured T-
cells and M¢ immune-contexture in a retrospective cohort of OC
(n = 97) and explored associations (Figures 1A-I). To this end,
serial sections from a representative tumor area of primary OC
obtained from a single tissue block were stained for CD3 and
CD163. The density of T-cells resulted extremely variable
ranging from 2 to 2,967 cells/mm? (mean 283 cells/mm?,
median 106 cells/mm?, IQR 34-311 cells/mm?); similarly,
CD163" TAMs counts varied from 51 to 4,714 cells/mm?>
(mean 529 cells/mm? median 372 cells/mm? IQR 224-704
cells/mm?®). The full dataset is reported in Supplementary
Table S1. Both densities’ distribution followed a log-normal
distribution, log, values of densities were thus used for
statistical analysis (Supplementary Figure S2). Subgroup
analysis among OCs with different histology indicates that
HGSCs are significantly more infiltrated by CD3 T-cells,
compared to CCCs (p = .02, Figure 1B) and by CD163"
TAMs, compared to ECs (p = .027, Figure 1C). Moreover,
the TAMs/T-cells ratio resulted significantly higher in the CCC
subtype compared to HGSC (p = .045) or to EC subtypes (p = .04,
Figure 1D). Both immune populations resulted highly correlated
(R = .77, p=<.0001) also when considering the OC subgroups
HGSC (R=.79, p<.0001), CCC (R=.74, p = .0002) and EC
(R = .70, p = .001) respectively (Figure 1E). As indicated by
double and triple stain for CD3, GZMB and CD163, T-cells/
TAM interactions were commonly observed in HGSCs
(Figures 1F, G, J, K) but not in CCCs (Figures 1H, I). This
analysis highlights differences in immune contexture between
OCs subtypes, with immune infiltrated HGSC and T-cell poor
CCC positioned at the extreme of a functional spectrum.

T-Cells and TAMs Immune-Contexture
Predict Outcome in HGSC

We focused our clinical correlation analysis on HGSCs, the more
represented OC subtype (Table 1). The mean log, CD3" T-cells
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FIGURE 1 | Immune contexture in OCs by digital microscopy and interactions of CD3" T-cells and CD163* TAMs. (A) Sections are from four representative HGSCs
(case #72, #59, #57 and #75) and immunostained for CD3 and CD163, recognizing T-cells (left column) and tumor-associated macrophages (TAMs) (right column).
Case #72 and #59 are HGSCs with rich immune cell density, characterized by high CD3* T-cells and CD163" TAMs, intraepithelial and stromal infiltrates. In
opposition case #57 and #75 correspond to two HGSCs with low immune cell density, showing very low-number of CD3* T-cells and CD163" TAMs. Sections are
counterstained with hematoxylin. Images had been acquired form Digitalized slides using Aperio Image Scope (Leica Biosystems) Magnification 200x; scale bar

100 um. Box plots showing CD3" T-cells (B) and CD163" TAMs (C) densities in different OCs subtypes. Box-plots showing the ratio of CD163"/CD3" densities (D).
Scatter plot (E) illustrating the correlation analysis between CD163" and CD3* immune cells’ densities in the whole cohort and among different OCs subtypes. P
values estimated by One-way ANOVA with Tukey's correction for multiple comparisons in (B-D); R and P values estimated by Pearson correlation test in (E).
Sections from HGSCs (F, G, J, K) and CCCs (H, 1) cases and immunostained as labeled, showing common interactions between T-cells and CD163* TAMs
observed in HGSCs and not in CCCs; magnification: 400x (F-1), 600x (J, K); scale bar: 50 um (F-I); 33 um (J, K). HGSC, High Grade Serous Carcinoma; EC,
Endometrioid Carcinoma; CCC, Clear Cell Carcinoma.
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density was significantly higher in patients with low-risk features,
such as Stages I-II (p = 0.03) and negative peritoneal cytology
(p = 0.016). Moreover, a higher immune cells infiltrate was
associated with a better response to first-line treatment.
Specifically, a complete response to chemotherapy was
associated with higher CD3" T-cells density (p = 0.04).
Moreover, platinum sensitivity and platinum re-eligibility were
associated either with higher CD3" T-cell density (p = 0.008, p =
0.009) and CD163" TAM density (p = 0.028, p = 0.031). We
further expanded this analysis by evaluating the relevance of the
immune contexture in terms of clinical outcome. To this end,
subgroups were defined using the median values of each immune
cell densities” distributions as cut-offs (CD3™ vs CD3"" and
CcD163M vs CD163L°). The univariate survival analysis, reported
in Supplementary Table S5, confirmed, both for OS and PFS
respectively, the association with worse prognosis of well-known
clinical variables as higher Stages III-IV (H.R. 10.56, p = .02;
H.R. 6.63, p = .009), macroscopic residual tumor (H.R. 7.15,
p <.001; H.R. 2.89, p = .002), and positive peritoneal cytology
(H.R. 4.25, p <.007; H.R. 4.41, p = .002). The CD163™ group
experienced a better OS (H.R. 0.48, p = .019, Figure 2A) and
better PES (H.R. 0.56, p = .042, Supplementary Figure S3A);
besides, the CD3™ had a better OS (H.R. 0.35, p = .001,
Figure 2B and Supplementary Figure S3B).

As both T-cells and TAMs were associated with favorable
prognosis and were positively correlated, we further expanded
our analysis by identifying three additional groups, namely
the Immunoscore™®™ (CD3' and CD163%°), the Immunoscore
HiLo/Loli (cp3Hi and CD163, or CD3™ and CD163™M) and the
Immunoscore '™ (CD3™ and CD163™) groups, as shown in the
Treemap (Figure 2C). A higher Immunoscore was associated with
both chemotherapy response (p = 0.04) and platinum sensitivity
(p = 0.03, Figures 2C, D). In addition, univariate survival analysis
showed a better OS (Immunoscore - HR. 0.17, p <0.001;
Immunoscore™ ™ H.R. 0.28, p <0.001; Figure 2E) and PFS
(Immunoscore XLt R 0.23, p <0.001; Immunoscore
H.R. 0.41, p = 0.005; Supplementary Figure S3C and
Supplementary Table S5) for higher immunoscore compared to
Immunoscore™®® as reference group. In term of OS, the
multivariable survival analysis (Figure 2F) confirmed a favorable
prognosis for Immunoscore™™ (H.R. 0.35, p = 0.008) compared to
Immunoscore-°™° OCs; moreover, a better PES was observed for
Immunoscore -/LH (H R, 0.40, p=0.031) and Immunoscore™
(H.R. 0.49, p = .037) groups compared to Immunoscore™*"> OCs
(Supplementary Figure $3D). The immunoscore variable was even
more relevant than others clinical covariates as Stage or positive
peritoneal cytology that lost the statistical significance in the
multivariable model.

OC-IS*® Immune Signature Marks Immune
Infiltrated OCs

We further expanded our findings by measuring the expression
of a custom immune signature in the OC cohort using
Nanostring technology. The custom immune signature
included one-hundred and five targets covering genes relevant
for innate and adaptive immunity, effector molecules, and

chemokine with their corresponding receptors (Supplementary
Table S2). Eighty-one cases were deemed suitable for
Nanostring-based gene expression analysis (GEA). A set of
healthy ovarian tissue (n = 12) was included as control group.
Differential expression analysis revealed a significant up-
regulation (adj. p-values <0.05) of a large set of targets in OCs
compared to controls (Supplementary Figure S4A). A
supervised analysis based on histology subgroups revealed lack
of significant differences for most of the targets (Supplementary
Figure S4B), with the exception of four targets including CSFI,
the latter significantly higher in HGSC and correlating with a
high density of CD163" TAMs (Supplementary Table S6). To
extend the finding obtained by digital microscopy analysis, we
correlated the GEA of OCs cases with the corresponding T-cell
and TAMs density. Of technical relevance, among all 105 genes
of the tested signature, none was inversely correlated with
immune cells densities (Figure 3A). In addition, a set of thirty
genes (from here referred as 0C-18*) (Supplementary Table
$6) showed a significant direct positive correlation with CD3™ T-
cells or CD163" TAMs tissue densities (adj. p-value <0.05)
(Figures 3B-D). This finding was confirmed and extended by
applying CIBERSORTx (17) to the external OV-TCGA dataset
using a signature matrix (18) able to compute T-cells and
macrophages (Figure 3E). Of note, the OC-IS*® gene set
contained targets relevant to T-cell attracting chemokines
(CXCL10, CXCL9, CXCL11, and CXCL16), immune effector
function (GZMA, GNLY, PRF1, GZMB, GZMH), M¢ biology
(CSF1, CSFI1R, CCL2, CCL4, and CD163), immune checkpoints
(IDO1, CTLA4, CD274, PDCDILG2, and PDCD1) and
interferon signature (CXCL10, CXCL9, CXCL11, CXCLIS6,
CD274, IDO1, STAT1, MX1, OAS1). The latter finding suggest
an ongoing interferon response in immune infiltrated OCs; based
on very low density of PDCs infiltration in primary OC
(Supplementary Figure S5), our data are more consistent with
an IFNY signature.

OC-IS30 Predicts Favorable Outcome in

HGSC and Across Human Cancer Types

The clinical significance of OC-IS*® was tested in the external
OV-TCGA dataset (6) containing 312 HGSCs annotated in term
of clinical and molecular finding (Stage, Overall Survival,
mutational status of BRCAI and BRCA2 genes, and tumor
mutational burden (TMB). OC-1S*° expression was not
significantly associated with tumor stage (p = 0.09), BRCA1-2
mutations (p = 0.098) or TMB (p = 0.08), as reported in
Supplementary Figures S6A-C. For the distribution of OC-
I1S*° score the median value was set as cut-off point for
identification of rich () or poor (*°) immune represented
group. The OC-1S* group was associated with a better OS at
univariable analysis (H.R. 0.68, Close, 0.50-0.91, p = 0.01,
Figure 4A), as well as using a multivariable model including
well known prognosticators (Figure 4B). Specifically, the
multivariable analysis confirmed the favorable prognostic
significance of OC-IS**™ (H.R 0.72, p = 0.036) independent
from BRCA1-2 mutations (H.R. 0.55, p = 0.004) and TMB (H.R.
0.72, p = 0.01); the positive combined effect of HioC-18*° and
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FIGURE 2 | Clinical significance of CD3" T-cells and CD163"* TAMs density in HGSC. Univariable overall survival estimates (Kaplan-Meier method) according to
CD3* T-cells (A) and CD163* TAMs (B) densities; p-values estimated with log-rank test. Treemap showing subgroup composition based on immunoscore and
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patient (D). Univariable overall survival estimate (Kaplan-Meier method) of immunoscore classes (E), pairwise comparisons p-values adjusted with FDR. Forest-plot of
multivariable overall survival analysis (F). Cut-offs for CD3" and CD163"" densities were set at median values for each distribution. *P < 0.05; **P < 0.01.
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BRCA1-2 mutations is reported by Kaplan-Meier curves in
Figure 4C. By exploring the TCGA datasets, we expanded our
analysis across different cancers and found that the OC-
1S* predict favorable outcome independent from Overall Stage
and cancer site (H.R. 0.85, Clgsq, 0.79-0.91, p <0.0001,
Figures 4D, E).

M1-Polarized TAMs Hallmark Immune-
Infiltrated HGSC But Not T-Cell Poor CCC
Data from the literature (20) and from this study using OC-IS*°
indicate a clinical benefit of the IFNY response in OCs. The
observed effect might derive from an IFNYy response by tumor
cells or host immune cells, particularly TAM. To answer this
question at the single-cell level we tested the expression and
cellular localization of a set of M1- and M2-type macrophages
(M¢) markers including IRF1, IRF4, CD163, and pSTAT1Y701
by immunohistochemistry. To validate these markers for
formalin-fixed cells, we initially monitored their expression
and cellular localization on cell-block sections of monocyte-
derived macrophages. To this end, we generated monocyte-
derived (M0) M¢ and polarized them to M1-type (MIIFNY and
M1y P and M2-type (M2™* and M2™'°) M¢ , as also
confirmed by the expression of IL6 and COX2 (Supplementary
Figure S7A, B). We found that IRF1 and pSTAT1Y701
induction and nuclear localization were strictly coupled with
M1 polarization, being limited (IRF1) or totally absent
(pSTAT1Y701) in M2™* and M2"'° M¢ (Supplementary
Figures S7C, D). On the contrary, IRF4 results strongly
modulated in M1y and M2"* M¢ with a basal level of
nuclear expression also in M1"™y M¢ (Supplementary Figure
S7E). CD163 is induced in M¢ generated by IL-10- and CSF1, as
measured by flow cytometry (21), and for this reason it has been
considered an M2-type M¢ marker. We found that its
cytoplasmic expression is, however, easily detectable by IHC in
all polarization conditions (M0, M1, and M2) (Supplementary
Figure S7C), suggesting that CD163 expression is promiscuous
in M¢ populations and cannot be used as M2-specific marker
by IHC.

We subsequently analyze "'OC-1S**CD163™ (n = 15) and
'°0C-1S*°CD163" (n = 4) from the HGSC group. In OCs
tissues, nuclear pPSTAT1Y701 and IRF1 were detected in tumor
cells and cells of the microenvironment (Figure 5A). Based on a
three-tiered THC score, we found a significant positive
correlation between protein biomarkers and the corresponding
mRNA level, as detected by Nanostring (Figure 5B). Moreover,
by double stain for CD163, we could confirm nuclear reactivity
for pSTAT1Y701 and IRF1 in a fraction of CD163" TAMs
(Figures 5C, D). As a relevant tissue pattern, we could detect
tumor areas of “inducible” pSTAT1Y701 and IRF1 expression
containing clusters of positive tumor cells and TAMs
(Figures 5A, C). By quantitative analysis, ""OC-1S>°CD163™
cases were significantly enriched of IRF1™ tumor cells (p = .0086)
and pSTAT1Y701" TAMs (p = .007) compared to “°OC-
IS*°CD163" (Figures 5E, F). This observation suggests an MI-
type polarization of CD163* TAMs in immune-infiltrated OCs. We
extended these findings to CCC (n = 10), a subtype displaying poor

T-cells infiltration in our cohort. By double immunohistochemistry
for pSTAT1Y701 and CD163, CCC resulted largely devoid on
pSTAT1Y701" TAMs (mean + SD = 1.6 + 2.0%, Figure 5D).
These observations highlight heterogeneity in M1-type polarization
in OC subtypes with diverse T-cell contexture.

M1-Type TAMs Produce CXCL10

and Co-Localize With T-Cells

Among IENY targets, the chemokine CXCL10 has been shown to
control T-cell recruitment into the tumor environment (22). We
tested mRNA expression by using gPCR and RN Ascope-based in
situ hybridization. Both approaches demonstrate that only
M1"™y and M1"™Ny"PS were associated with high induction of
CXCL10 transcript, whereas M0, M2™* and M2™'° M¢ resulted
largely negative (Supplementary Figures S7F-G). This data was
confirmed by RNAscope-based in situ hybridization of formalin-
fixed cell-block preparation (Supplementary Figure S7F). On
biopsies, we could subsequently detect more abundant CXCL10
transcript in "OC-1S*°CD163™ (n = 3) cases compared to
LeOC-18*°CD163™ (n = 3) (Figure 5G). Moreover, also most
CCCs (n = 10) were largely devoid of CXCL10 stain (Figure 5H).
By combining RNAscope with IHC we could confirm a M1 M¢
identity of a fraction of CXCL10" cells, in addition to CXCL10"
cancer cells (Figure 5I). The analysis of double stained sections
from immune infiltrated MOC-IS*°CD163™ (n = 3) revealed that
areas containing CXCL10" macrophages are enriched of T-cells
(Figure 5I). These findings confirmed that immune infiltrated
HOC-18°CD163™ are enriched of M1-type M¢, producing the
T-cell attracting chemokine CXCL10 and surrounded by CD3"
T-cells.

A Fraction of M1-Type M¢ in OCs

Co-Expresses CSF1R and TREM2

As illustrated in Supplementary Figure S4B, CSF1 mRNA
resulted significantly higher in HGSC compared to other OCs,
and its level correlated with a high density of CD163" TAMs
(Supplementary Table S6), as also supported by in vitro
findings documenting CD163 regulation by CSF1 (21).
Moreover, CSFIR expression by Nanostring strongly
correlates with CSFIR protein expression in OCs (Figure 5B).
Previous studies have suggested expression of CSF1R on cancer
cells in OCs (23), however, our findings clearly indicate that the
expression is largely restricted to TAMs (Figure 6A). CSFIR
blockade on TAMs has obtained some meaningful level of
clinical efficacy in human cancer with high level of CSF1
(21). TAMs modulation by CSFIR blockade encompasses
a range of biological activities from depletion to their
reprogramming, the latter further amplified by CD40 agonist
(24). MOC-1S*°CD163™" cases were significantly enriched in
pSTAT1Y701" TAMs (p = .007) as indicated in Figures 5E, F.
By using double immunohistochemistry, we could detect a
fraction CSFIR" TAMs expressing pSTAT1Y701, IRF1 and
CXCL10 (Figure 6B). Accordingly, also M1 type M¢
generated from peripheral blood monocytes resulted CSFIR"
by THC (Figure 6C). We have recently reported that TREM2 is
selectively expressed on TAMs in various human cancer (25).
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FIGURE 4 | Prognostic significance of OC-IS®° in the TCGA datasets. Prognostic significance of "OC-1S*° group by univariable (A) and multivariable (B) overall
survival analysis; Kaplan-Meier curves of the OC-IS®° status combined with BRCA1 and BRCA2 mutational status (C). Contour plots from a multivariable Cox model
analyzing samples from 9 TCGA datasets (N = 4,496) including the Overall Stage, the OC-IS®° Score [weighted log(normalized gene expression-+1) applying the
coefficients defining the OC-1S*° signature (Figure 3B)] and the tumor site showing the significant, independent and additive favorable prognostic significance (color
gradient) of lower Stage (D) and higher OC-IS®° score (E) across the different tumor sites. P values estimated by log-rank test in (C) and by Cox models in (A, B, D, E).
BLCA, Bladder Urothelial Carcinoma; BRCA, Breast invasive carcinoma; COAD, Colon adenocarcinoma; HNSC, Head and Neck squamous cell carcinoma; LUAD, Lung
adenocarcinoma; LUSC, Lung squamous cell carcinoma; OV, Ovarian serous high grade carcinoma; SKCM, Skin Cutaneous Melanoma; UCEC, Uterine Corpus
Endometrial Carcinoma. *P < 0.05; **P < 0.01.

Frontiers in Immunology | www.frontiersin.org 1" June 2021 | Volume 12 | Article 690201

132



Chapter 6. Immune-Contexture in Ovarian Cancer Subtypes

Ardighieri et al. Immune-Contexture in Ovarian Cancer Subtypes

A PSTAT1Y701 pPSTATIYT01 IRF1 IRF1

o

¥ -
T
» -;:FZQ!.:EJI‘.

IRF1 Nanostring

CSF1R Nanostring = 0.26

pSTAT1 IHC

E

IHC IRF1 Tumor
s = & 8 =
2 ¥ ¥ & B
-
é N
S.P §
IHC IRF1 Macrophages
@ E ey g
8 & 3 4 2
a ©

£ =0.007

e
5
ot

IHC pSTAT1 Tumor
s & s e =
g @ 8 4 B

-
g.b’
IHC pSTAT1 Macrophages
e e =
g B B

; g e X '*jr &
1 e o )
. w Ay ) P; L .-:'«\' <)
P S et s N
CXCL10+CD3

i 3

FIGURE 5 | IFNy polarization on cancer cells and stromal M1 type macrophages (M) in OCs. Sections from OCs cases and immunostained as labeled (A, C, D).
Magnification 200x (A, C; scale bar 100 um); magnification 400x (D, scale bar 50 um). Different levels of pSTAT1Y701 and IRF1 expression in -°OC-IS*°CD163" and
H0C-1S*°CD163™ HGSCs cases (A). Spearman correlogram of IRF1, pSTAT1Y701 and CSF1R in OCs by IHC and Nanostring (B). A fraction of HGSCs infiltrating
CD163" TAMs expresses pSTAT1Y701 and IRF1 (C). Sections of CCCs showing that this tumor histotype is largely devoid of pSTAT1Y701* TAMs (D). Heatmap
showing the IHC IRF1 and pSTAT1Y701 expression on different tissue compartments compared to the matched OC-1S*° score and log,CD163* density (E); Violin
plots reporting the IHC IRF1 and pSTAT1Y701 expression in the "OC-1S*°CD163" and “°OC-IS*°CD163° groups, p values estimated by Mann-Whitney test (F).
(G-1) Sections from OCs immunostained or subjected to in situ hybridization as labeled; while CXCL10 is detected in "'OC-1S*°CD163" HGSCs (G) cases it is
absent in a “°0C-1S*°CD163° CCCs cases (H). A fraction of CXCL10™" cells is confirmed to have a M1 M¢ identity and areas containing CXCL10* macrophages
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(C, D): arrowheads pointing double positive cells.
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TREM2 is expressed on CSFIR" TAMs and is modulated by
CSF1 and its blockade on TAMs results in delayed tumor
growth, remodeling of the tumor immune contexture and
increased ICI efficacy. We found that similarly to CD163 and
CSF1R, TREM2 was also stably expressed by M1 type Mo
generated from peripheral blood monocytes by ITHC
(Figure 6D). TREM2* TAMs infiltrate OC-1S*°CD163™
(Figure 6E), however, only a minor fraction of them co-
expressed pSTAT1Y701, IRF1 and CXCL10 (Figure 6F). All
these findings indicate that appropriate characterization of M¢
on OCs requires modified approaches and might help in patient
selection to CSF1R- and TREM2-blockade alone in combination
with existing ICL

M1-Type M¢ Polarization Occurs Across
M¢Subsets and Cancer Types

We found that the prognostic power of ™OC-IS* extend to
various cancer types (Figures 4D, E). By using double
immunohistochemistry for CD163 and pSTAT1Y701, we
screened a set of human cancers including melanomas (n = 4),
head and neck squamous cell carcinomas (n = 8), MSI" colorectal
carcinomas (n = 4), MSI" endometrial carcinomas (n = 4), breast
carcinomas (n = 8) and lung carcinomas (n = 4). A significant
fraction of these cancers contained CD163"pSTAT1Y701" M1-
type M¢ producing CXCL10 and surrounded by CD3 T-cell
infiltration (Supplementary Figures S8A, B). These data extend
our OCs findings across human cancer types.

Recent high dimensional studies of human tumor-associated
myeloid cells have led to the identification of discrete TAM
subsets based on their transcriptional profile. Specifically,
emerging mononuclear phagocytes subsets in cancer are
distinct on the basis of their ontogeny, differentiation state,
functional orientation, proliferation potential and predictive
power in response to ICI treatments (26, 27). To gain further
insight on the transcriptional profile of M1-polarized TAMs in
various cancer types we explored a pan-cancer scRNAseq dataset
[n = 36; (19)] comprising ovarian HGSC, breast, lung and
colorectal cancers. To this end, we merged 37,334 myeloid cells
from all cancer types. Louvain Graph-based clustering at the
resolution 0.6 identified 27 clusters of mononuclear phagocytes
(Figure 7A). Among CD68"CD163" TAMs also expressing the
recently identified TREM2 marker, we could identify a
CXCL10*IRF1*STAT1* Ml-type M¢ population (Cluster 9)
(Figures 7A, B) shared between all cancer types (Figure 7C).
We next performed differential gene expression analysis between
the CXCL10"IRF1* TAM cluster (cluster 9) and the rest of the
myeloid cells. Gene pathway analysis showed that transcripts
enriched in cluster 9 were involved in interferon signaling as well
as in MHC-dependent antigen processing and in cross
presentation (Figure 7D and Supplementary Table S7,
Supplementary Figure S9). Altogether, these results show that
M1-polarized TAM:s form a functionally distinct subset of TAMs
infiltrating various types of cancers. These M1-polarized TAMs
are part of a T-cell infiltrated immune contexture positively
correlating with better clinical outcome.

DISCUSSION

This study reports the characterization of the immune
contexture in OCs, by digital microscopy analysis of a
retrospective institutional cohort. Heterogeneity in terms of
CD3" T-cell and CD163" M¢ infiltration emerged among OC
subtypes, including immune-infiltrated HGSC and T-cell poor
CCC. Immune-infiltrated HGSC display high density of CD3"T-
cells and of CD163" TAMs associated with favorable clinical
features and response to chemotherapy or platinum sensitivity.
Gene expression analysis by using OC-IS*® immune signature
generated from our institutional cohort and extended to the OV-
TCGA dataset (6), uncovers the existence of a clinically
meaningful functional immune response, particularly in the
BRCA mutated subgroup. Immune-infiltrated HGSC contain
CXCL10-producing IFNYy-polarized M1-type M¢ surrounded
by T-cells also expressing GZMB, indicating ongoing
spontaneous T-cell response. All these findings were extended
to and confirmed in other immunogenic human cancers types.

The clinical relevance of the endogenous immune response to
ovarian carcinoma (OC), and specifically the favorable
prognostic effect of CD3" T-cells and CD8" T-cells have been
suggested by a set of observation from pre-clinical and clinical
studies (13) and confirmed by a recent meta-analysis (15).
Endogenous specific T-cell response has been documented in
OCs. Neo-epitope specific CD8" T-cells and CD4" T-cells were
identified both in peripheral blood and among TILs in
immunotherapy-naive OCs (28). Data on the role of M¢ are
less consistent. Early studies indicate that M¢ purified from OCs
ascites display functional heterogeneity (29), a finding consistent
with distinct M¢ polarizations associated to a bivalent behavior
(30). In immune infiltrated OCs, the density of CD3" T-cells
correlates with the density of CD163" TAMs and the two cell
types resulted intermingled, suggesting their functional
interaction. Of note, we found that a fraction of M1-type TAM
in OCs produce abundant CXCLI10, likely representing one of the
relevant T-cell attracting chemokines in this neoplasm. To the
other side of the spectrum, we identified a consistent subgroup of
CCC containing macrophage deficient in M1-type polarization
and lacking T-cell infiltration. CCC are distinct from HGSC in
terms of molecular profile and response to systemic treatments;
this study highlights distinct features also in terms of immune
ecosystem likely accounting for their clinical behavior. Novel
treatment options for CCC should consider these findings for a
proficient bypass of the T-cell exclusion mechanisms.

The role of M¢ in cancer immune surveillance is rapidly
evolving (31, 32). In progressively growing cancer, TAMs
modulate tumor progression by regulating various tumor-
promoting functions including immunosuppression,
angiogenesis, tumor cell proliferation, and stromal infiltration.
However, recent findings indicate that similarly to other innate
immune cells (33), human TAMs display a significant plasticity
(34) as also confirmed by recent high dimensional analysis (26,
27). IFNy-dependent M1 polarization can be mediated by
neighboring T-cells, as observed in this study, or by NK cells
(35). M1 M¢ initiates pro-inflammatory responses and promotes
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FIGURE 6 | CSF1R and TREM-2 expression in OCs. Sections from HGSCs cases (A, B, E, F) and from cell-block preparations of polarized monocyte-derived Mo
(C, D) immunostained as labeled. Magnification 200x (A, E; scale bar 100 um) and 400x (B, F, scale bar 50 um). CSF1R expression in OCs s largely restricted to
TAMs (A). Double immunohistochemistry showing co-expression of pSTAT1Y701, IRF1 and CXCL10 in CSF1R* TAMs (B). M1 type and M2 type M¢ generated
from peripheral blood monocytes express CSF1R (C). M1 type Mo generated from peripheral blood monocytes express TREM2 (D). TREM2 is expressed on TAMs
in HGSCS. TREM2* TAMs detected in "'OC-1S*°CD163" (E); a fraction of TREM2" TAMs co-expressed pSTAT1Y701, IRF1 and CXCL10 (F).

direct or T-cell mediated antitumor effector functions (34, 36)  are exploring novel paradigms such as TAMs reprogramming in
particularly in highly immunogenic cancer (35). This plasticity =~ addition to their depletion and recruitment blockade, as for
accounts for a different prognostic relevance associated of TAMs. CSF1R blockade (21, 24). Various biomarkers have been
Based on this dichotomy, major approaches targeting these cells ~ proposed for the identification of TAMs polarization on
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archival tissue (37). By single-cell analysis of FFPE sections, this
study identifies M1-type TAMs based on in vitro modeling of
monocyte-derived M1"™ and M1"™*PS_ OCs-associated M1-
type TAMs resulted CXCL10"IRF1* STAT1p". Data analysis of
scRNAseq pan-cancer dataset confirmed the existence of a
CXCLI0"IRF1* STAT1" MIl-type M¢ across human cancers
displaying activation of antigen presenting and cross presentation

gene programs. IRF1 represents a crucial transcriptional regulator
of the IFNY-response (38) and recent findings on human cancers
identified IRF1 as a central hub in cancer immunity (39).
In macrophages, IRF1 drives M1 polarization (39) by increasing
the expression of pro-inflammatory cytokines and chemokines
(40). In addition, IRF1* M¢ displays a tumoricidal activity (41)
mediated by nitric oxide. The microRNA (miRNA)-processing
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enzyme DICER is significantly down-modulated by IFNy. Of note,
STAT1'IRF1* TAM have been observed in tumor-bearing mice
with DICER conditional deletion (42) and resulted in tumor
inhibition by recruitment of activated CTL.

Immune infiltrated HGSC are defined by CD3™'CD163™
immunoscore and display a better outcome, independently from
other major prognosticators. Immune infiltrated HGSC are also
enriched of OC-IS*°. The immune cell component plays a relevant
role in the clinical response to various HGSC treatments (43). The
primary systemic treatments include chemotherapy with
platinum-based regimens combined with taxanes. Of note,
outcomes of platinum-based regimen are significantly
dependent on the existing tumor immune microenvironment
(44). In the last few years, Poly (ADP-ribose) polymerase
(PARP) inhibitors have been included for HGSC showing HRD.
Several trials demonstrated the efficacy of these compounds both
as maintenance therapy after first-line chemotherapy (8, 45) or
after the treatment of recurrent disease. The best performance for
PARP inhibitors is observed in tumors with BRCAI or BRCA2
mutation or with at least an HRD phenotype. A recent meta-
analysis confirmed their efficacy with improvement of PES in
platinum-sensitive recurrent OC (7). The findings presented here
indicate that a proficient immune microenvironment predicts a
better outcome. BRCAI and BRCA2 mutated tumors are also
densely infiltrated by T-cells, however, we found that the
prognostic effect of the OC-IS* signature, as tested in the
TCGA cohort, is independent and additive from BRCA status
and others prognosticator (Figure 4B).

The role of immunotherapy in OCs has been recently
investigated by testing the efficacy of ICI (anti-PDI or anti-
PDLI) as single therapy. The results of the first trials with ICIs
(46) showed a fair effectiveness. However, the recent combination
of ICIs and PARPi provided better results (11,47). The best results
obtained applying ICIs in the subgroup of BRCAI or BRCA2
mutated patients can be explained by recent studies showing that
PD1 and PDLI are highly expressed in BRCA1 or BRCA2 mutated
patients. Moreover, PARPi administration to breast cancer cell
lines further enhance PD-L1 by inactivating GSK3B (48), thus
explaining the benefit obtained by the combination of PARPi and
anti-PD-L1 therapy (11). It should be reminded that, particularly
in HGSC, PD-L1 is primarily expressed by macrophages and thata
high density of PD-L1* M¢ correlates with CD8" T-cells and
predicts favorable survival (49). The cellular source and the
magnitude of expression of PD-L1 might variably dictate its
immune escape potency (50). Based on our findings, it is highly
likely that the major source of PD-L1 in OC is from innate
immune resistance mechanisms with its dominant hub on M1-
type TAMs, whose fine-tuned modulation might further enhance
the clinical benefit. These findings identify the combined analysis
of immune-contexture and immune signatures as a novel
biomarker in OCs management, to be further investigated in the
predictive setting.

In conclusion, the results of this study document a proficient
immune contexture in a subgroup of primary OCs. Findings
proposed here are in keeping with a relevant role of the innate
TAMs compartment in OCs immune surveillance, likely

unleashing the endogenous adaptive T-cell response. However,
T-cell exclusion occurs also in OCs, particularly in the CCC
subtype, likely as a result of the lack of CXCL10"-producing M1-
type M¢. Since CCC is already infiltrated by macrophages, their
repolarization to a CXCL10"TAM might provide a clinical
benefit. As an extension of this analysis, M1-type M¢ sharing a
common transcriptional activation state were also detected
across various human immunogenic cancers. However,
intratumor heterogeneity in TAM polarization emerged in this
study, with also a fraction of CSFIR and TREM2 MI-type M¢.
This indicates that using approaches targeting molecules of
immunosuppressive myeloid cells such as CSFIR and TREM2
would partially affect the endogenous anti-tumor TAM
component. Instead, implementation of reprogramming
approaches that further bolster the already present macrophage
component is needed.
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A Population of TIM4 FOLR2" Macrophages Localized in
Tertiary Lymphoid Structures Correlates to an Active
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Immune Infiltrate Across Several Cancer Types

Mattia Bugatti*?, Marco Bergamini", Francesco Missale®*, Matilde Monti?, Laura Ardighieri',
Irene Pezzali?, Sara Picinoli?, Nicoletta Caronni®, Yoann Missolo-Koussou®, Julie Helft’,

Federica Benvenuti®, and William Vermi'?°

TIM4 has previously been associated with antitumor immu-
nity, yet the pattern of expression and the function of this
receptor across human cancer tissues remain poorly explored.
Here we combined extensive immunolabeling of human tissues
with in silico analysis of pan-cancer transcriptomic data sets
to explore the clinical significance of TIM4 expression. Our
results unveil that TIM4 is expressed on a fraction of cavity
macrophages (““TIM4"™M®) of carcinoma patients. Moreover,
we uncover a high expression of TIM4 on macrophages of
the T-cell zone of the carcinoma-associated tertiary lymphoid
structures (""STIM4"™M®). In silico analysis of a pan-cancer data
set revealed a positive correlation between TIM4 expression and
markers of B cells, effector CD8" T cells, and a 12-chemokine signa-
ture defining tertiary lymphoid structure. In addition, "*STIM4™M®
were enriched in cancers displaying microsatellite instability

Introduction

Among T-cell immunoglobulin and mucin domain proteins, TIM4
was initially identified as a ligand for TIM1, the latter representing a
potent costimulatory molecule for T cells (1). Subsequently, TIM4 was
characterized as a phosphatidylserine (PtdSer) receptor expressed on
mouse antigen-presenting cells (2). Its critical role in the engulfment of
PtdSer-expressing apoptotic bodies by macrophages (M®) and den-
dritic cells was also confirmed in humans (3). Removal of PtdSer-
exposing apoptotic bodies by M® is critical for the maintenance of
tissue homeostasis and for the prevention of autoimmune responses
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and high CD8" T-cell infiltration, confirming their associa-
tion with immune-reactive tumors. Both ““TIM4"M® and
TISTIM4TM® express FOLR2, a marker of tissue-resident M®.
However, “*TIM4"M® had a higher expression of the immu-
nosuppressive molecules TREM2, IL10, and TGF as compared
with "™TIM4"™M®. By analyzing a scRNA sequence data set of
tumor-associated myeloid cells, we identified two TIM4 "FOLR2™
clusters coherent with ““TIM4"M® and "™STIM4™M®. We de-
fined specific gene signatures for each subset and found that the
CATIM4 ™ M® signature was associated with worse patient survival.
In contrast, "“TIM4 " M® gene signature positively correlates
with a better prognosis. Together, these data illustrate that TIM4
marks two distinct macrophage populations with distinct pheno-
types and tissue localization and that may have opposing roles in
tumor immunity.

against intracellular antigens released from dying cells (4). Moreover,
removal of PtdSer-expressing antigen-specific T cells in secondary
lymphoid organs helps the contraction phase of the immune response,
thus leading to peripheral tolerance (5).

TIM4 expression is restricted to antigen-presenting cells in primary
and secondary lymphoid tissues (3, 5-7), and experimental mouse
models have documented its essential role for the maintenance of the
homeostatic state of peritoneal M® (8), dermal dendritic cells,
and Langerhans cells (9). Other studies found that TIM4 marks
long-lived tissue-resident M® with self-renewal properties in various
tissues (10, 11). In human tissues, TIM4 is restricted to liver Kupffer
cells, tangible-body M® (TBM®), and the splenic white pulp MP
(3, 7), but data on its expression on human immune cells remain
very scant.

The functions of TIM4 in cancer immunity in mouse and in
human samples have been explored. TIM4 induces autophagy-
mediated degradation of ingested tumor antigens by M® and den-
dritic cells, leading to reduced antigen presentation and antitumor
immunity (12). We reported that TIM4 is highly expressed by
pulmonary type 1 murine classic dendritic cells (cDC1) and was
required for antigen uptake and priming of CD8™ tumor-specific
T cells. Accordingly, human TIM4 transcripts increase the prognostic
value of a cDCI signature and predict responses to PD-1 treatment
in lung adenocarcinomas (13). The mouse models of peritoneal
carcinomatosis have proposed a protumoral role of TIM4" M®.
Omental TIM4™ tissue-resident M® support the acquisition of a
cancer stem cell-like phenotype and the epithelial-mesenchymal
transition of disseminated ovarian cancer cells promoting progres-
sion and metastatic spread (10). Moreover, TIM4™ cavity M® in
ovarian cancer display a high oxidative phosphorylation and mito-
phagy function mediated by arginase-1 (14). Other work expanded
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our understanding of the protumor role of TIM4 " cavity-resident
M® by showing their ability to sequester cytotoxic antitumor
PtdSer"CD8™" T cells (15). Together, these findings suggest con-
text-specific, divergent roles of myeloid cells expressing TIM4.
The characterization of TIM4 expression on immune cells associ-
ated with diverse human tumor types is ill-characterized and
represents an important gap in understanding the role of this
receptor in cancer.

Here we mapped TIM4 expression on human immune cells in-
filtrating various human tumors. We detected TIM4 expression in
various M® populations capturing apoptotic cells and in a population
of lymph node M® of the interfollicular area. In primary and
metastatic cancer tissues, TIM4 expression is absent on conven-
tional tumor-infiltrating M®. However, we identified two distinct
TIM4"M® populations in the tumor microenvironment: those
associated with tertiary lymphoid structures (TLS; ™STIM4 ™M ®)
and those found in the pleural and peritoneal cavities of car-
cinoma patients (“ATIM4 " M®). ™STIM4"™M® are mainly “non-
phagocytic” and found in the T-cell zone of TLS, whose spatial
organization resembles secondary lymphoid organs (16, 17) and
are recurrent in immunogenic cancers. TLS represent ectopic second-
ary lymphoid structures found in cancer and inflamed peripheral
tissues (16) and their density predicts good prognosis and response to
immunotherapy (18, 19). Single-cell RNA analysis of tumor-infiltrating
M® in breast tumors by members of our group previously identified a
novel M® population expressing FOLR2 that localizes in the tumor
stroma and within lymphoid aggregates (20). These cells efficiently
prime and interact with effector CD8" T cells. We confirmed that
TSTIM4A™M® and “*TIM4"M® coexpress FOLR2. Accordingly, by
exploring a pan-cancer scRNA-seq data set of myeloid cells, we identifi-
ed two TIM4"FOLR2" clusters. One cluster is enriched in LYVEI,
SLC40A1, and SEPPI transcripts found in antitumor M®, whereas
the other is reminiscent of immune-suppressive TREM2T M®.
Immunostaining tumor sections revealed the immunosuppressive
molecules TREM2 (21, 22), IL10 and TGFp were highly expressed on
CATIM4TM® but not on ™STIM4"M®. All these findings indicate
that in addition to protumorigenic body cavity TIM4*TREM2"M®,
a novel TIM4™" population is observed in the T-cell area of cancer-
associated TLS. Although the exact role of these cells is still unde-
fined, their function within the TLS is likely to be associated with
protective immunity.

Materials and Methods

Human tissues

THC was performed on a set of tissue samples obtained from the
archive of the Department of Pathology (ASST Spedali Civili di
Brescia, Brescia, Italy). Analyzed tissues included nonlymphoid nor-
mal tissues (n = 42) and reactive lymphoid normal tissues (n = 33).
Cancer tissues included samples from tissue microarray (n = 126
primary carcinomas; Supplementary Table S1; ref. 23) and whole tissue
blocks of primary (n = 135) and metastatic (n = 30) carcinomas, cell
block from pleural effusion (n = 10), peritoneal cytological specimen
(n = 10), pleural biopsies (n = 5), and peritoneal biopsies (n = 10)
from lung and ovarian cancer specimens. The study was approved by
the local IRB (WW-IMMUNOCANCERhum, NP-906, NP-1284) and
conducted in accordance with the Declaration of Helsinki.

Cell-block preparation
Cytologic specimens from pleural and peritoneal effusion were
centrifuged for 10 minutes at 3,000 rpm. A solution of plasma

OF2 Cancer Immunol Res; 2022

(100 pL, kindly provided by Centro Trasfusionale, ASST Spedali
Civili di Brescia, Brescia, Italy) and HemosIL8 RecombiPlasTin 2G
(200 pL, Instrumentation Laboratory; cat. no. 0020003050; 1:2) were
added to cell pellets, mixed until the formation of a clot, and then placed
into a labeled cassette. The specimen was fixed in 10% formalin (Bio-
Optica; cat. no. 05-K01004) for 1 hour followed by paraffin inclusion.

IHC and digital image analysis

Four micron-thick tissue sections were obtained from formalin-
fixed, paraffin-embedded blocks. For IHC staining, endogenous
peroxidase was blocked by incubation with methanol (Honeywell,
cat. 603-001-00-X) and hydrogen peroxide (AppliChem; cat. no.
141076,1211) 0.03% for 20 minutes during rehydration. Immuno-
staining was performed using a set of primary antibodies (Supple-
mentary Table S2) after pretreatment with microwave or waterbath
in citrate buffer at pH 6.00 or EDTA buffer at pH 8.00, as indicated
in Supplementary Table S2. The reaction was revealed using the
Goat-on-rodent-HRP-System (Biocare Medical; cat. no. GHP516H)
or Novolink Polymer (Leica Microsystems; cat. no. RE7280-CE)
followed by diaminobenzidine (DAB, Dako; cat. no. K3467). Final-
ly, the slides were counterstained with Meyer’s Haematoxylin
(Bio-Optica; cat. no. 05-M06002).

For double staining, after completing the first immune reaction, the
second was visualized using Mach 4 MR-AP (Biocare Medical; cat. no.
M4U536L) or Goat-on-rodent AP-System (Biocare Medical; cat. no.
GAP514G), followed by Ferangi Blue (Biocare Medical, cat. no.
FB813S). Localization of TIM4™ cells within tertiary lymphoid struc-
tures was confirmed by double and triple staining combining TIM4
with CD20 and CD3. For triple IHC the third immune reaction was
revealed using Mach 4 MR-AP (Biocare Medical), followed by
ImmPACT Vector Red Substrate Kit, Alkaline Phosphatase (Vector
Laboratories, cat. no. SK-4205).

For double sequential immunostains, the first reaction is deleted
after first chromogen destain and stripping. Anti-TIM4 was used
for the first immune reaction, revealed using Goat on rodent-HRP-
Polymer (Biocare Medical) and developed in 3-amino-9-ethylcar-
bazole chromogen (AEC), counterstained with hematoxylin and
cover-slipped using gelatin. Subsequently, the slides were digitally
scanned, using Aperio Scanscope CS (Leica Microsystems). After
coverslip removal, AEC was washed out and the slides were eluted
using a 2-Mercaptoethanol (Fluka, cat. no. 63689)/SDS (Sigma-
Aldrich, cat. no. L3771) solution (20 mL 10% w/v SDS with 12.5 mL
0.5 M Tris-HCI, pH6.8, 67.5 mL distilled water and 0.8 mL 2-ME).
Slides were subsequently incubated in this solution in a waterbath
preheated at 56°C for 30 minutes. Sections were washed for 1 hour
in distilled water. After unmasking in microwave, anti-CD163,was
revealed using Novolink Polymer (Leica) and AEC. The subsequent
immunostains for anti-FOLR2 and anti-TREM2 was developed
analogously, anti-FOLR2 was revealed using AEC and diamino-
benzidine, respectively. CD3 was revealed using Mach 4 MR-AP
and Ferangi blue as chromogen, and slides were counterstained
with hematoxylin, cover-slipped, and digitally scanned. The digital
slides were processed using ImageScope. Slides were synchronized
and corresponding tissue regions were analyzed.

TLS count was performed in a cohort of 76 human lung adeno-
carcinomas (LUAD). Tumor-associated TLS were identified as ectopic
dense mixed lymphoid aggregates composed of CD20" B cells and
CD3™ T cells located at the periphery of the neoplastic area (invasive
margin) or in the surrounding noninvolved lung tissue. TLS count was
performed on representative tumor sections containing enough non-
involved tumor area, as evaluated on hematoxylin and eosin (H&E)
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stained sections and was based on a three-tiered score (0 = absence of
TLS; 1 = <5 TLS; 2 = =5 TLS). CD8" T-cell density was performed
using Aperio Scanscope on digitalized sections. Stained slides were
acquired using the Aperio CS2 digital scanner and ScanScope software
(Leica biosystems). The whole tumor area was considered for the
analysis, with the exclusion of necrotic areas. Data are expressed as
absolute number of CD8 " cells per mm?. Pearson correlation analysis
and one-way ANOV A test with post hoc pairwise comparisons (Tukey
correction for multiple comparisons) were performed between
log,CD8™ T-cell density and TLS score.

Data processing of the TCGA data sets and statistical analysis

Raw counts for primary solid tumor samples of nine TCGA projects
(TCGA-BLCA, TCGA-BRCA, TCGA-COAD, TCGA-HNSC, TCGA-
LUAD, TCGA-LUSC, TCGA-OV, TCGA-SKCM, and TCGA-UCEC)
were downloaded from GDC Legacy Archive (hgl9) using the TCGA
biolinks R/Bioconductor package (n = 3,850 cases). Normalized
expression was obtained by upper quartile normalization measured
in RSEM. For downstream analysis, the log-RSEM gene expression was
considered. Gene expression of TIM4, TREM2, FOLR2, CD163, PAXS5,
CD247 (CD3) and of 12 chemokines (CCL2, CCL3, CCL4, CCL5,
CCL8, CCL18, CCL19, CCL21, CXCL9, CXCL10, CXCL11, and
CXCL13) was retrieved. The geometric mean of the 12 chemokines
genes was defined as TLS signature (24, 25).

Qualitative variables were described as absolute and relative fre-
quencies; standard descriptive statistics were used for continuous
variables, expressing means, standard deviations, medians, and ranges.
Correlations between quantitative variables were computed using the
Pearson correlation coefficient, a Bonferroni’s correction of signifi-
cance was applied for multiple testing in each analysis.

The main outcome was considered the TIM4 gene expression,
considered as dependent variable in the multivariable linear regression
models. For achieving a qualitative description of coexpression of
PAX5, CD3, and a 12-gene panel of chemokines defining the TLS
signature, an exact Barnes-Hut t-distributed stochastic neighbor
embedding (tSNE) was computed considering Z-scored immune cells
infiltration, with Euclidean distance as similarity measure (26). Sur-
vival analysis was performed considering the overall survival (OS) and
disease-free survival (DFS) as endpoints, and applying Cox propor-
tional hazards models, stratified for tumor site and stage. Partial effects
plots and graphs were rendered through “rms,” “ggplot2,” and “Rtsne”
packages. In all analyses, a two-tailed P value < 0.05 was considered
significant, and R (version 4.0.2) was used for statistical analysis and
rendering graphs.

RNAscope

To localize IL10- and TGFf-positive cells, tissues were analyzed
with RNAscope assay (Advanced Cell Diagnostics, Newark) using
RNAscope 2.5 HD Assay-RED kit and Hs-IL10 probe (cat no. 602051)
recognizing the nt 122-1,163 of the ILL0 mRNA (reference sequence
NM_000572.2) and Hs-TGFBI1 probe (cat. no. 400881) recognizing
the nt 170-1,649 of the TGFB mRNA (reference sequence
NM_000660.4). The sections from fixed human tissue blocks were
treated following the manufacturer’s instructions. Briefly, freshly cut
3-um sections were deparaffinized in xylene (Bio-Optica, cat. no. 06-
1304F) and treated with the peroxidase block solution (ACD, cat. no.
322335) for 10 minutes at room temperature followed by the retrieval
solution for 15 minutes at 98°C and by protease plus (ACD, cat. no.
322331) at 40°C for 30 minutes. Control probes included Hs-POLR2a-
C2 (cat. no. 310451) and dapB-C2 (cat. no. 310043-C2). The hybrid-
ization was performed for 2 hours at 40°C. The signal was revealed
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using RNAscope 2.5 HD Detection Reagent and FAST RED.
Combined RNAscope and IHC for TIM4 were used to identify the
cellular source of IL10 and TGFR. To this end, IL10 and TGFf
detection by RNAscope was combined with immunoreaction visual-
ized using Goat-on-Rodent AP-Polymer followed by Ferangi Blue
(Biocare Medical).

Processing of published data set

We downloaded the raw data sets and selected myeloid cells data set
(using the article annotation with the mention “Myeloid” in the cell
type metadata, 37,334 cells) of Qian and colleagues (36) from a web
server (http://blueprintlambrechtslab.org). Cells were merged using
canonical correlation analysis and mutual nearest neighbors, and we
selected the 5,000 most variable genes (following the Seurat 3 pipeline).
We next performed Louvain graph-based clustering. At resolution 1.2,
we obtained 37 clusters. Cluster 25 was expressing TIMD4. We did a
subset of this cluster 25 to understand its heterogeneity. We discovered
4 subclusters using the pipeline previously describe. The differential
analysis was performed using the Seurat function “FindMarkers” with
logistic regression test, adding the tumor tissue type as a variable to
correct. The parameter “min.pct” was set at 0.10, which means a gene
has to be expressed in at least 10% of cells of a cluster to be considered
in the differential analysis. For the visualization (violin and feature
plots), we used adaptively thresholded low-rank approximation
(ALRA) to improve the plot. ALRA is a pipeline to reduce dropout
in a single-cell matrix. With ALRA our matrix went from 4.73% to
11.62% nonzero values. The k parameter calculated by the function
“RunALRA” was 19.

To select macrophage-specific transcripts from C0 and C2 clusters,
we downloaded the data set of Azizi and colleagues (GSE114725;
ref. 27). We used the classic pipeline for single-cell analysis of Seurat
V3 (without integration correction) from the raw count matrix
(supplementary file GSE114725_rna_raw.csv.gz). We next perform
Louvain graph-based clustering. Atresolution 0.9, we obtained 39
clusters: 14 clusters of T cells, 6 clusters of B cells, 5 clusters of NK
cells, 1 cluster of pDCs, DC1, DC2, CD16" monocytes, CD14™
monocytes, neutrophils or mast cells, 3 clusters of macrophages, and
4 clusters of contaminating cells. We merged clusters of the same
immune cell types.

Data availability statement

The data generated in this study are available within the article and
its supplementary data files. Expression profile data analyzed in this
study were obtained from Gene-Expression Omnibus at GSE114725
and for data of TCGA, from GDC Legacy Archive (hg19) using TCGA
biolinks R/Bioconductor package, considering the following projects:
TCGA-BLCA, TCGA-BRCA, TCGA-COAD, TCGA-HNSC, TCGA-
LUAD, TCGA-LUSC, TCGA-OV, TCGA-SKCM, and TCGA-UCEC.
Single-cell expression profiles of myeloid cells of Qian and collea-
gues (36) were downloaded from a web server (http://blueprint.
lambrechtslab.org).

Results

TIM4 expression identifies distinct populations of human M®
TIM4 expression has been reported in TBM® and in cells of the
interfollicular area in human tonsils and spleen (3, 7). We extended the
analysis of TIM4 expression on an institutional retrospective cohort
including reactive lymphoid tissues and nonlymphoid normal tissues.
In lymphoid tissues (n = 34), TIM4 expression was confirmed on
TBM® of reactive tonsils (n = 7) and lymph nodes (n = 16), in sinus
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M® and cells of the interfollicular area (Fig. 1A-C). In tonsils, we
could also detect TIM4 reactivity in a minor fraction of 6-sulfo
LacNAc" (slan*) cells, an M® population endowed with a high
phagocytic capacity (Fig. 1D; ref. 23). As previously shown (3, 7),
TIM4 reactivity was also detected in spleen M® (n = 6) that can be
divided, based on their location and phenotype, into TIM4 " marginal
zone M® and TIM4"M® in the periarteriolar lymphoid sheaths
(Fig. 1E and F). TIM4"M® were also detected in the thymus cortex
(n =2) and in the bone marrow (n = 3; Fig. 1G and H). Finally, TIM4
stains TBM® and a subset of cells localized in the T-cell area of
intestinal Peyer’s patches (Fig. 1I). Given that TIM4 cells in the nodal
interfollicular areas (IF-TIM4") had not been previously character-
ized, we set to define this population by double staining with M®
markers. Indeed, TIM4 " interfollicular cells coexpress a large set of M®

markers (Supplementary Fig. S1). We extended our analysis to der-
matopathic lymphadenitis (ref. 28; n = 4) and found a population of
TIM4"M® in T-cell nodules of the paracortex, intermingled with
CD3™ T cells (Supplementary Fig. S2). TIM4*TBM®, slan™ cells, and
thymic and bone marrow M® contained visible apoptotic bodies in
their cytoplasm, as confirmed by costain for active caspase-3
(Supplementary Fig. S2), whereas TIM4 "M@ in the interfollicular
area and in T-cell nodules of dermatopathic lymphadenitis were
devoid of intracellular apoptotic bodies (Supplementary Fig. S2). In
nonlymphoid tissues (n = 36), TIM4 expression was restricted to
liver Kupffer cells (n = 4) and to a minor fraction of placental
Hofbauer M® (n = 4; Supplementary Fig. S3). Unlike the mouse
system (9), skin Langerhans cells (n = 4) were TIM4 negative
(Supplementary Fig. S3).
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TIM4 expression in human lymphoid tissues. Sections are from human reactive lymph nodes (A=C), tonsil (D), spleen (E and F), thymus (G) and bone marrow (H), and
small intestine (1) and stained as labeled. In lymph nodes, TIM4 reactivity is detected in TBMs (A), sinus macrophages (B), and cells of the interfollicular area (C). In
tonsils, TIM4 is expressed in a minor fraction of slan+ cells (D). TIM4 reactivity is also detected in splenic marginal zone macrophages (E) and macrophages of the
periarteriolar lymphoid sheaths (F). TIM4™ macrophages are detected in the thymus cortex (G) and the bone marrow erythroid niches (H). In Peyer patches, TIM4
stains TBM and a subset of TIM4™ macrophages localized in the T-cell area (1). Magnification: 100 x (A, E, F, I), scale bar 200 um; 400 x (B, C, D, G, H), scale bar 50 um.
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Together, this analysis suggests that besides the already described
class of highly phagocytic M®, TIM4 is expressed by a second
group of nonphagocytic M® localized in the T-cell zone of various
compartments.

TIM4 marks M® in the T-cell zone of carcinoma-associated
tertiary lymphoid structures

Emerging findings indicate a complex phenotypic and genetic
heterogeneity of tumor-associated M® (29-31); however, TIM4
expression on M® is poorly characterized in human cancers. Based
on our findings on the role of mouse TIM4 in modulating the
antitumor T-cell response in carcinomas (13), we further explored
TIM4 expression in a set of primary carcinomas using tissue micro-
array (n = 126; ref. 23). No reactivity could be detected in the tumor
areas, thus excluding TIM4 expression on conventional tumor-
infiltrating M® (Supplementary Fig. S4). However, TIM4 expression
has been unequivocally detected in cancer tissues based on scRNA
sequencing experiments (20). We thus extended our analysis on
whole tumor sections, including the peritumoral area, of a cohort
of human cancers (n = 135) including non-small cell lung cancers
(n = 37), melanomas (n = 13), cutaneous squamous cell carcinomas
(n = 6), cutaneous sebaceous carcinoma (n = 1), colorectal carcinomas
(n = 30), endometrial carcinomas (n = 30), luminal breast carcinomas
(n = 5), squamous cell carcinomas of the larynx (n = 8), and gastric
cancers (n = 5). The analysis confirms the lack of TIM4 expression on
conventional CD163"TREM2"M® infiltrating the tumor bed, as
observed by immunostaining of sections from a pan-cancer tissue
microarray (Fig. 2A-F). However, we could detect TIM4 expression in
TLS surrounding the tumor area in primary and metastatic carcinomas
(Fig. 2G and H; Supplementary Fig. S5). Immature TLS are composed
of small aggregates of T cells, whereas fully mature TLS contain a B-cell
area with germinal centers surrounded by a distinct T-cell zone. In
addition to TBM®, TIM4 marks M® in immature TLS (Supplemen-
tary Fig. S5) and in the T-cell zone of mature TLS (from here referred to
as TTIM4"; Fig. 21 and J). A large fraction (98.64%) of T-STIM4 "
interacted with at least one surrounding T cell. Moreover, TLS-
containing TIM4™ cells frequently surrounded CD34™" vessels (Sup-
plementary Fig. S5). Based on double and sequential stains, we could
confirm that "TIM4™ cells in primary carcinomas express a large set
of M® markers including MAFB, CDl11c, Clg, APOE, CD163Ll1,
CD14, CD163, CD16, CSFIR, PG-M1, and HLA-DR; heterogeneous
expression was also found for MS4a4a (Fig. 3A-L), an M® marker
essential for dectin-1-dependent activation of NK cell-mediated
resistance to metastasis (32). Finally, based on double stains for active
caspase-3, we observed that "TIM4" cells in primary carcinomas
more rarely contain apoptotic cells/bodies compared with other
TIM4"M® (Fig. 3M and N).

All these findings are in keeping with the existence of a specific
TIM4 ™M® population (from here referred to as "“TIM4 "M®) found
in the T-zone of TLS, mostly interacting with T cells.

High TIM4 expression identifies immune-infiltrated
immunogenic cancers enriched in TLS

Our microscopy findings suggest that "“TIM4 "M® are restricted
to the group of TLS-containing carcinomas. This subgroup is partic-
ularly enriched in effector T cells and characterized by a better
outcome (16). By analyzing transcriptional profiles of a large set
(n = 3,850) of human carcinomas from different primary sites (9
TCGA projects), we found that TIM4 expression strongly and pos-
itively correlates with the expression of a set of genes associated with
infiltration of B cells (PAX5; R = 0.38, P < 0.001; Fig. 4A) and T cells
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(CD3; R = 0.46, P < 0.001; Fig. 4B). Moreover, TIM4 expression
correlates with a TLS signature composed of 12 TLS-related genes
previously defined and validated (ref. 25; R = 0.46, P < 0.001; Fig. 4C).
As visualized by tSNE, a group of cases across various cancer types
(LUAD, LUSC, HNSC, and BRCA) resulted particularly enriched
by TIM4, PAX5, CD3 transcripts, and the 12 TLS-related genes
(Fig. 4D-)).

Immunogenic cancers are also defined by a high density of CD8™
T cells (33, 34). We analyzed an institutional retrospective cohort
of human LUAD and LUSC (n = 74) and found that a significant
fraction contained TLS (n = 53; 71.6%). TLS regularly comprises
TISTIM4™M® and their density directly correlates with the density of
CD8" T cells, as measured by digital microscopy (Supplementary
Fig. S6A and S6B). This finding was also confirmed on the TCGA
data sets both in LUSC (R = 0.55, P < 0.001) and LUAD (R = 0.34,
P <0.001), showing direct and positive correlation between TIM4 and
CD8 transcripts.

To reinforce the notion that TIM4™ cells may be enriched in
immunoreactive tumors carrying abundant TLS we turned to analyze
microsatellite unstable (MSI™") colorectal carcinomas (COAD), well-
established examples of immune-infiltrated tumors (35). We directly
correlated the occurrence of "TIM4 ™M® in COAD with associated
DNA mismatch-repair defects (MLH-1 and PMS2) by IHC (n = 30;
Supplementary Fig. $6C). ""*TIM4"M® were detected in most of the
COAD cases (n = 26/30; 86%); however, its expression was restricted
to TLS, resulting in largely negative conventional tumor-infiltrating
M®. Molecular classifications have identified four consensus molec-
ular subgroups of COAD according to their clinical, molecular, and
immune features. Of note, CMS1 (containing MSI cases) and CMS4
are immune-infiltrated and highly enriched in TLS signature (Sup-
plementary Fig. S6D), the latter being highly correlated with TIM4
expression (Supplementary Fig. S6E).

These findings indicate that "“STIM4"M® are enriched in
immune-infiltrated highly immunogenic cancers where they remain
confined to the T-cell zone of TLS.

TLISTIM4"M® are transcriptionally distinct from tumor-
infiltrating M®

Tumor-infiltrating M® populations in human cancers show dis-
tinct phenotypes and localization, as revealed by the expression of
TREM2 and FOLR2. FOLR2"M® are spatially segregated from
TREM2 ¥ M® across human cancers (21), with a mutually exclusive
expression (20). Specifically, TREM2"M® infiltrated the tumor nest,
and its expression inversely correlated with patient survival in triple-
negative breast cancer and colorectal cancer (21). By contrast,
FOLR2*M® remain in the peritumoral stroma (20). Of note,
FOLR2"M® could also be detected within TLS, and TIM4 transcript
is part of the signature defining FOLR2"M® (20). To further extend
this finding, we analyzed a set of primary carcinomas (TCGA; n =
3,850; BLCA = bladder cancer; BRCA = breast cancer; COAD =
colorectal cancer; HNSC = Head&Neck squamous cell carcinomas;
LUAD = lung adenocarcinomas; LUSC = lung squamous cell carci-
nomas; OV = ovarian carcinomas; SKCM = skin cutaneous mela-
nomas; UCEC = uterine corpus endometrial carcinoma). A multi-
variable linear regression model was fitted including covariates TIM4,
TREM2, FOLR2, the tumor site, the stage, the TLS signature, PAXS5,
and CD3. The significantly direct correlation between PAX5, CD3,
TLS, FOLR2 signature, and TIM4 expression was confirmed (Fig. 5A-
D, P < 0.001), whereas a lack of association was found with
TREM2 expression (Fig. 5E). Accordingly, by dimensionality reduc-
tion, the cluster PAX5"8"CD3™ " TLS™ " was enriched of TIM4 and
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FOLR2 but not of TREM2 (Fig. 5F-I). These observations confirm
a direct positive correlation in cancer tissues between FOLR2
and TIM4 expression with the local adaptive immune response and
TLS formation.

To gain further insight into the transcriptional profile of
TLSTIM4TMF, we explored a pan-cancer scRNA-seq data set (36)
comprising ovarian, breast, lung, and colorectal cancers. We merged
37,334 myeloid cells from all cancer types. Louvain graph-based
clustering at the resolution 1.2 identified 37 clusters of mononuclear
phagocytes (Fig. 6A). We identified a discrete cluster (C25) enriched in
TIMD4 expression and macrophage transcripts (CDI63, CIQA,
APOE, MAF,; ref. 37; Fig. 6B and C; Supplementary Table S3). We
next investigated the heterogeneity of TIMD4" C25. To this end, we
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Figure 2.

TIM4"  macrophages in human
cancers. Sections are from human
high-grade serous ovarian carcino-
ma (A-F), lung adenocarcinoma (G,
H), and squamous cell carcinoma of
the larynx (I, J) and stained as
labeled. TIM4 expression is absent
on conventional CD163" TREM2"
macrophages (A=F), as illustrated by
sequential immunostain (performed
on the same tissue section), but is
detected in mature tertiary lymphoid
structures surrounding the tumor
area (G, low power view; H, high
power view). Triple stain for CD20,
CD3, and TIM4 highlights the locali-
zation of TIM4™ cells in the B- and T-
cell zone of the TLS (I) and their
interaction with T cells (J, high power
view). Magnification: 400 x (A-F, H,
J) scale bar 50 um; 100 x (G), scale
bar 200 um; 200x (I), scale bar
100 um.
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performed a new Louvain graph clustering of C25 and found 4
transcriptionally distinct subclusters (CO to C4) at resolution 0.3
(Fig. 6D). The distinct subclusters expressed variable amounts of
FOLR2, TIMD4, and TREM2 (Fig. 6E). C0 and C2 expressed FOLR2
and TIMD4 more highly, as compared with C1 and C3 (Fig. 6E). This
result suggests that CO and C2 could represent "TIM4™M® and
CATIM4™M®. We found 50 differentially expressed genes between CO
and C2 (Supplementary Table S4). Among those genes, C2, with the
highest expression of FOLR2, was enriched in LYVEI, SLC40A1, and
SEPPI (Fig. 6E; Supplementary Table S5). We have previously shown
that these transcripts are enriched in mammary gland-resident
FOLR2" macrophages and predict good prognosis in a subgroup of
breast cancer patients (20). CO was enriched in genes reminiscent of
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Figure 3.

Phenotype of ™STIM4" macrophages
in human cancer. Sections are from
HNSCC (A=M) and stained as labeled.
Double stain showing reactivity of
TLSTIM4* macrophages to a large set
of macrophage markers including
MAFB (A), CD1Ic (B), Clg (C), APOE
(D), CD163L1 (E), CD14 (F), PG-M1 (G),
and HLA-DR (H); heterogeneous
expression was found for MS4ada
(). Sequential stains for TIM4 coupled
with CD163 (J), CSFIR (K), and
CD16 (L) showing coexpression of
these markers in "“STIM4" macro-
phages. By double stain for TIM4 and
cleaved caspase-3 (CC3) "-STIM4*
macrophages are rarely engulfed
by apoptotic cells/bodies (M, N).
Magnification 400x (A=M), scale bar
50 micron; GC = germinal center; IF =
interfollicular area; DL = dermato-
pathic lymphadenitis; TLS = tertiary
lymphoid structures.

TIM4* MAFb

TREM2™" macrophages including TREM2, FCNI, and PLAUR
(Fig. 6E; Supplementary Table S4; refs. 20, 21). We, therefore, con-
cluded that TIMD4"M® encompass two types of M® that might have
a distinct function in the tumor microenvironment. TIMD4" M®
expressing FOLR2 highly and TREM2 lowly (C2) could be
TLSTIM4 "M@ and could support antitumor responses as previously
described for mammary gland-resident FOLR2" macrophages (20).
TIMD4" M® expressing TREM2 highly (C0) could be “*TIM4" M®
with protumorigenic functions, as previously seen for TREM2"
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macrophages (21, 38) or TIM4 " cavity and omentum resident macro-
phages (10, 15). We integrated the information derived from a
previously defined expression matrix (ref. 20; Supplementary
Fig. S7), by selecting among macrophage-restricted transcripts of the
€0 and C2 clusters to be included in the definition of "TIM4 " M®
(average scaled expression of TIMD4, FOLR2, SEPP1, SLC40Al,
PMP22, MAMDC2, and NEURL2) and “*TIM4" M® (average scaled
expression of TIMD4, TREM2, PLAUR, EN1, FCN1, and OLR1)

signatures. By exploring the TCGA data set with a pan-cancer analysis,
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TCGA-LUAD

TCGA-HNSC CEA-COAD
TCGA-LUSC TCGA-BRCA

TCGA-BLCA TCGA-SKCM
TCGA-CV TCGA-UCEC

TIM4 correlation with high lymphoid infiltration and TLS signature. Scatter plots showing the correlations between PAX5 (A), CD3 (B), TLS signature (C), and the TIM4
expression by Pearson test linear regression lines; colored marginal density plots highlight the TLS-°" and TLS"9" groups applying as cutoff points the third quartile of
TLS signature score distribution. tSNE plots devised by dimensionality reduction according to the expression of the 12 genes defining the TLS signature (D), PAX5 (E),
and CD3 (F); the overall TLS signature score (G), the TIM4 expression (H), and tumor sites () are shown. Violin plots and box plots showing the sum of PAX5, CD3, TLS
signature, and TIM4 among different tumor sites, in descending order according to the median values (J). Forest plots of two multivariable Cox models (both stratified
for stage and TCGA project) of DFS and OS exploring in the selected data sets of the TCGA the clinical significance of the ““TIM4" M® signature (average scaled
expression of TIMD4, TREM2, PLAUR, FN1, FCN1, and OLR1) and of the ™STIM4"M® one (average scaled expression of TIMD4, FOLR2, SEPP1, SLC40A1, PMP22,
MAMDC2, and NEURL2); HR with 95% Cl is shown. BLCA, bladder cancer; BRCA, breast cancer; COAD, colorectal cancer; HNSC, Head&Neck squamous cell
carcinomas; LUAD, lung adenocarcinomas; LUSC, lung squamous cell carcinomas; OV, ovarian carcinomas; SKCM, skin cutaneous melanomas; UCEC, uterine corpus

endometrial carcinoma.

we found that a higher expression of the ““TIM4" M® signature is
associated with a significant worse DFS (P = 0.0093) and OS (P =
0.005), whereas a higher expression of the "“TIM4*"M® signature
predicts a significantly better DFS (P = 0.0096; Fig. 6F and G).

Cavitary TIM4"M® in pleural and peritoneal carcinoma
localizations express immunosuppressive molecules

Studies on lung and ovarian cancer indicate that TIM4-expres-
sing M® are found in pleural and peritoneal cavities as well as in the
infiltrated omentum (10, 14, 15). Their occurrence has been asso-
ciated with metastatic spread and worse outcome (10, 15), due to
their capability to sequester neighboring T cells. By staining cell-
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block sections, cavitary TIM4"M® were observed in fluid from
noncancer patients (n 5) as a minor fraction of CD163"M®
(Fig. 7A). In pleural (n = 10) and peritoneal effusion (n = 10) of
patients with primary lung and ovarian carcinomas, we could
confirm the existence of a cavity TIM4"M® subpopulation (from
here referred as “*TIM4 "M ®) in all samples (n = 10/10; Fig. 7A),
showing a significantly increased percentage compared with non-
neoplastic fluid (P = 0.0125; Fig. 7A). We subsequently analyzed
pleural and peritoneal biopsies from the same patient group
and found that similar to other carcinoma sites, they also contained
TLSTIM4TM® (Fig. 7A). These microscopy findings identify
two distinct TIM4" M® populations in patients with pleural and
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peritoneal effusions, including CATIM4T™M® and "™STIM4 M.
We subsequently compared these two populations by phenotypes
(Fig. 7B). By using multiple sequential stains, we found that
CATIM4"M® express regularly TREM2 (86.39%) and coexpress
FOLR2, whereas "“STIM4"M® expressed FOLR2 but lack TREM2
(Fig. 7B; Supplementary Fig. S8).

Moreover, a major fraction of "STIM4"FOLR2"TREM2 M®
(98.64%) interacted with CD3™ T cells (Fig. 7C). A similar phenotype
(TIM4TFOLR2TTREM2 ™) was confirmed in M® of the interfollicular
area in reactive lymphoid organs (Supplementary Fig. S8).

These findings indicate the existence of two TIM4 "M® populations
showing phenotypic diversity and distinct localization. TREM2
expression by ““TIM4"M® might likely account for their detrimental
prognostic significance (10, 15). To further extend our analysis at the
functional level, we tested the expression of IL10 and TGFf by
TIM4"M® in carcinoma-associated TLS (7 = 7) and in pleural/
peritoneal effusions (n = 5). Of relevance, only CATIM4"M® showed
a detectable and abundant IL10 and TGF} mRNA signal, whereas
TLSTIM4 "M@ resulted largely negative (Fig. 7D), as proved by com-
bining TIM4 immunostaining and RNAscope in situ hybridization.
Based on these findings, we quantified CD3*Foxp3™ regulatory T cells
(Treg) in cell blocks sections of pleural and peritoneal fluids and found
an increased percentage of Treg in neoplastic cases compared with
reactive conditions (Supplementary Fig. S9).

These findings confirm the existence of distinct TIM4* populations
with diverse subtissular localization that may be associated with
different functions.

Discussion

TIM4 expression on human immune cells has been poorly
investigated. By microscopic mapping, this study analyzed the
cellular localization of TIM4 on human tissues. As previously
reported (3, 7), we confirm that TIM4 is predominantly expressed

AACRJournals.org

on M® in secondary lymphoid organs. TIM4 "M® are also detected
in the thymus and bone marrow. Among nonlymphoid organs, only
liver Kupffer cells and a fraction of placenta Hofbauer cells were
positive for TIM4. The most relevant and novel finding of this study
was found in the analysis of cancer tissues. Specifically, TIM4 is
lacking in conventional carcinoma-infiltrating M® but is express-
ed in specific M® of the T-cell zone in the tertiary lymphoid struc-
tures (referred to as "-STIM4 "M®) and in a fraction of cavity M®
(referred to as “*“TIM4"M®). The existence of "“STIM4T™M® was
never reported, whereas “*TIM4 "M ® has been previously describ-
ed (10). Based on in silico and IHC data, we envisage a protective
role of "™STIM4"M® by promoting adaptive T-cell immunity,
whereas ““TIM4*M® might represent a protumor immune cell
population based on their expression of TREM2.

As a novel finding on lymphoid tissues, this study uncovers TIM4
expression on cells of the interfollicular area. TIM4™ interfollicular
cells coexpress M® markers, thus corresponding to a fraction of nodal
M®. TIM4 reactivity was also observed in dermatopathic lymphad-
enitis, particularly in M® intermingled with CD3" T cells in T-cell
nodules of the paracortex. As has been shown (39), TIM4 plays a
relevant role in the clearance of apoptotic B cells in germinal centers by
TBM® (2). We could document colocalization of TIM4 and active
caspase-3" apoptotic cells/bodies in TBM®. A similar finding was
observed on thymic and bone marrow TIM4 "M@ as well as on ton-
sils slan™ cells, an M® population with a high phagocytic capacity
(23). Thymic TIM4"M® regulate T cell-positive selection (40, 41),
whereas bone marrow TIM4TM® engulf PtdSer-exposing nuclei
expelled from erythroid precursor cells during red blood cells matu-
ration (42) and are thought to supply the erythroblasts with iron and
growth factors (43). As documented in our previous study, slan™ M®
containing neoplastic B cells are detected in diffuse large B-cell
lymphoma (44). At variance with TIM4"M® clearing of apoptotic
cells, we found TIM4™M® from the interfollicular area, as well as
TISTIM4™M®, rarely contain apoptotic bodies. This finding suggests
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Figure 6.

scRNA-seq analysis of myeloid cells across cancer types. Dimensionality reduction of scRNA-seq data merged from lung, colorectal, ovarian, and breast tumors was
performed using a Louvain graph-based clustering identifying 37 clusters (middle). Each dot represents an individual cell (n = 37,334; A). Dimensionality reduction of
scRNA-seq for CIQA and APOE (B). Violin plots illustrating expression distributions among the 37 clusters of TIMD4 (right; C). UMAP visualization of TIMD4*

macrophages (cluster 25) at a 0.3 resolution (D). Expression distributions of FOLR2, TIMD4, LYVET, SEPPI, SLC40A1, FCNI, TREMZ2, and PLAUR across macrophage of
C25 (E).
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Comparative phenotype of ““TIM4* macrophages and ™STIM4* macrophages. Sections are from cell block obtained from human pleural (PIE) and peritoneal (PeE)
effusion of noncancer (NC) and cancer (C) cases (A, B, D); pleural (PI-TLS) and peritoneal (Pe-TLS) biopsies containing TLS (A and B); a set of cancer containing
TLS (C and D). TIM4"macrophages represent a fraction of CD163" macrophages in pleural and peritoneal effusion (A), with an increased percentage in cancer
effusion compared with nonneoplastic fluid (graph in A); ™STIM4* macrophages are also identifiable in biopsies from pleural and peritoneal localization of
carcinomas (A). Multiple sequential stains show ““TIM4™ macrophages strongly expressed FOLR2 and TREM2, whereas ">TIM4* macrophages lack TREM2 (B);
TLSTIM4*FOLR2 " TREM2 ™ macrophages interact with surrounding CD3* T cells (C), as highlighted by a black rectangle. ““TIM4* macrophages show abundant IL10
and TGFB mRNA signals, whereas TLSTIM4+ macrophages are absent (D). Original A-C images are obtained from digital slides using 400 x magnification; scale bar,
66 um [sections from human pleural (PIE) and peritoneal (PeE) effusionin A, B, C], scale bar, 200 um [sections from pleural (PI-TLS) and peritoneal (Pe-TLS) biopsies
containing TLS in A]. Magnification 400 x (D); scale bar, 50 um. HGEC, high-grade endometrial carcinomas; LUAD, lung adenocarcinoma; HNSC, head and neck
squamous cell carcinoma.
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an alternative function of TIM4 in these cells. Based on their location
and recurrent interaction with T cells (interfollicular and TLS T-cell
zone), we propose their involvement in modulating T-cell responses.

The role of TIM4 in cancer immunity remains poorly explored.
Based on this study, TIM4 is lacking in conventional tumor-infiltrating
M®, whereas it marks cells in TLS, organized lymphoid structures
found at the periphery of the tumor areas. TIM4 ™" cells found in TLS
express a set of M®-associated proteins, thus confirming their M®
identity. Therefore, based on their localization, morphology, and
phenotype, we propose that "TIM4"M® belong to a specific M®
population distinct from classic tumor-infiltrating M®. ™TIM4 ™M ®
in the T-cell compartment are poorly characterized. They might be
involved in the regulation of antitumor effector responses developing
in TLS. We observed that immunogenic cancers (including MSI™
COAD, LUAD, and LUSC) are enriched in TIM4"M®-containing
TLS, whose density directly correlates with the density of infiltrating
CD8" T cells (this study and refs. 33 and 34). As previously
reported (16), TLS represent privileged sites for local presentation of
neighboring tumor antigens and subsequent activation of T- and B-cell
responses. | “TIM4 "M® in the T-cell zone might thus instruct the
antitumor adaptive immunity. TIM4"M® coexpress FOLR2, charac-
terized by members of our group as a marker of tissue-resident M®,
located in the peritumoral stroma and associated with antitumor T-cell
response (20). By exploring a pan-cancer scRNA-seq data set, we
identified a cluster of cells coexpressing TIM4 "FOLR2™" across human
cancers. This cluster is enriched of M®-associated transcripts encod-
ing for scavenger receptors, complement components, and M® che-
mokines. By subclustering of the same data set, we could identify two
TIM4"FOLR2" clusters. One cluster is enriched in markers of peri-
vascular M® like LYVEI, SLC40A1, and SEPPI transcripts, whereas
the other is reminiscent of immune-suppressive TREM2" M
(21,22). The function of LYVEI, SLC40A1, and SEPPI in macrophage
biology is diverse and highlights the role of perivascular macrophages
in regulating homeostatic and inflammatory processes (45-47).
Among other DEG enriched in ™" TIM4*M®, we also found genes
associated with proinflammatory macrophages such as MT-CYB (48),
MT-ATP6 (48), CTSB (49), and PLTP (50) or to some antitumor
functions such as MAMDC2 (51). Finally, by survival analysis, a
TISTIM4™M® signature predicts a better OS and DFS.

By microscopic mapping of cell-block sections from pleural and
peritoneal effusions of patients with carcinomas, we confirm the
expression of TIM4 on cavitary M®. This “*TIM4"™M® population
is expanded in cancer patients (ovarian and lung carcinomas). Of note,
CATIMAT™M® also express FOLR2; however, at variance with
TESTIM4TM®, “ATIM4"M® express the immunosuppressive mole-
cule TREM2 (21, 22), supporting their protumor phenotype, as
revealed by studies in ovarian cancer (10, 14, 15). Notably, by exploring
a pan-cancer data set, we could confirm that “*TIM4*M® signature
predicts worse OS and DFS. TREM2 is induced in human monocytes
and mouse bone marrow cells upon exposure to GM-CSF and CSF-
1 (52, 53). We envisage that coexpression of TREM2 in “*TIM4 " M®
may reflect the abundance of these cytokines in the cavity fluid of
cancer patients, as previously observed (54-56); alternatively, pheno-
typic and molecular differences between "STIM4 ™M® and
CATIM4TM® might result from a different origin of the two popula-
tions (resident vs. monocyte-derived). At variance with " TIM4 "M,
CATIM4TM® expresses IL10 and TGFS mRNA, further supporting
their immunosuppressive function. Accordingly, an increased fre-
quency of Treg was observed in neoplastic cavitary fluids. These
observations might suggest tailored intracavitary immunotherapy
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approaches for the effusion component of advanced cancers (57), as
those targeting the immunosuppressive molecule TREM2 (38).

TIM4 is selectively expressed in resident macrophages across several
tissues (58) including cavities and omental macrophages in cancer
patients (10, 15). TIM4 expression is highly regulated by tissue-derived
signals; however, the signals inducing its expression are not unequiv-
ocally characterized. Retinoic acid regulates gut-resident macrophages
via GATAG6 (59), whereas in mouse peritoneal macrophages, TIM4 is
under the control of the transcription factors KLF2 and KLF4 (60).
Further, the TIM4 promoter contains binding sites for STAT6 that
regulate its expression via p300 (61). Data from our study suggest that
two classes of TIM4-expressing macrophages with divergent functions
exist in cancer tissues. It remains to be established whether TIM4™
macrophages commonly acquire the marker and then further diversify
in subtissue localization or coacquire TIM4 and divergent programs
directly in the final tissue location.

In conclusion, the identification and localization of TIM4 expres-
sion on tumor-associated cells in human cancer have been severely
limited by the lack of appropriate reagents (14). This study identifies
for the first time a specific population of human M®, topographically
distinct from conventional tumor-infiltrating M®, that localize in the
T-cell zone of tumor-associated TLS. The exact role and clinical
relevance of these cells in the antitumoral immune response require
further research. ""“TIM4 "M are also found in immature nascent
TLS; whether these cells can also play a role in lymphoid tissue
induction is an unresolved question. A more extended characterization
of these cells in comparison with other tumor-associated macrophages
(including TIM4™" germinal center macrophages in TLS) based on
spatial “omics” approaches will further extend our knowledge on the
heterogeneity of tumor-associated M®.
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1 | INTRODUCTION

Oral cavity squamous cell carcinoma is a significant
contributor to the global cancer burden, with a high
cancer-specific mortality." Oral tongue is one of the most
common subsites involved, accounting for up to half of
all cases.” Typically, oral tongue squamous cell carcino-
mas (OTSCCs) have a propensity for early and extensive
local invasion and regional lymphatic spread, leading to
significant disease- and treatment-related morbidity. In
spite of better expertise and multidisciplinary care,
improvement in OTSCC oncologic outcomes over time
has been modest.’

Although the Union for International Cancer Control
(UICC)/American Joint Committee on Cancer (AJCC)
8th edition TNM staging systems for oral cancer® has
shown improved performance when compared with pre-
vious systems, this classification, however, still remains
largely insufficient. In early (stage I/II) cancers, up to a
third of adequately treated patients can develop
locoregional recurrences, which have been noted to have
a strong correlation with adverse pathological features
like perineural invasion (PNI), lymphovascular invasion
(LVI) and degree of differentiation, which have so far not
been incorporated into the staging system.” In advanced
(stage III/IV) cancers prognostication based on tumor
dimension with/without nodal spread alone also seems
inadequate. This forms a highly heterogeneous group of
patients in whom prediction of survival solely based on
stage is unreliable. This lack of reliable substratification
within the staging system has led highly variable out-
comes among patients having the same TNM stage.

Nomograms have been considered to be user-friendly
tools for prediction, and they have been proved to be
more effective than the traditional staging system in sev-
eral human cancers.®’® In literature, nomograms prog-
nosticating OTSCC have been described.!** Of these,
some do not incorporate depth of invasion (DOI) and
other valuable pathological information, while others do
not measure all endpoints, and none of them are based
on the 8th edition of the UICC/AJCC staging system. As
a result, none of them can be reliably applied in a clinical
context. The aim of this multicentric study was to derive
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models (c-index 0.73 and 0.77, and 0.73, respectively) and a fair performance of
the LRRFS model (c-index 0.58).

Conclusions: The nomograms herein presented can be implemented as useful
tools for prediction of OS, DSS, DRFS and LRRFS in OTSCC.

nomogram, oral cancer, prognostication, squamous cell carcinoma, tongue cancer

an updated set of nomograms for OTSCC based on the
8th edition of the UICC/AJCC staging system, which
could be reliably applied to patients from different geo-
graphical regions.

2 | SUBJECTS AND METHODS

2.1 | Patients cohort

After institutional ethics committee clearance, medical
records of previously untreated patients affected by
OTSCC and undergoing surgery + adjuvant treatment
with curative intent at Amrita Institute of Medical Sci-
ences, Department of Head and Neck Surgery, Kerala,
India, between January 1, 2006, and May 30, 2016 were
retrospectively analyzed in the training cohort. Exclusion
criteria were presence of distant metastases and/or syn-
chronous head and neck squamous cell carcinoma,
unavailable follow-up information, previous chemother-
apy for any cancer and/or radiotherapy in the head and
neck area, other synchronous or metachronous primary
cancers, treatment with neoadjuvant therapy, or medical
contraindications for surgery. In the training cohort,
450 patients were eligible; 438 patients were included in
the analysis since in 12 patients the relevant data was
missing (in 11 follow-up details were absent and in
1 nodal stage was incomplete).

Patients underwent standard preoperative workup,
including a detailed medical history, complete physical
examination, blood examination, CT or MRI scans of the
head and neck to stage the primary tumor and PET-CT
or chest CT to rule out metastatic spread. Patient and
tumor characteristics were collected from the medical
records: age, sex and stage of disease. Patients were
defined as smokers if they had a history of smoking daily
for at least 1 year. Although this is an unusual definition,
this allowed us to group these patients with those having
a history of smokeless chewed tobacco use, which is com-
mon in the Indian subcontinent. Quantification in pack
years was not possible, as smokeless tobacco use cannot
be accurately quantified because of wide variations in
composition. Hence, for the purpose of analysis, both
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smokers and tobacco chewers were considered “tobacco
users”. Surgery was always performed upfront with cura-
tive intent. Resection was planned according to the site,
extension and tumor depth. All patients underwent wide
excision of tumor with a macroscopic margin of 1 to
1.5 cm, neck dissection and appropriate reconstruction.
Bone involvement was managed by marginal or segmen-
tal mandibulectomy in case of cortical or medullary inva-
sion, respectively.

Clinical data recorded included sex, age, tobacco use
and treatment details. Pathological details recorded were
surgical margin status, diameter, adverse pathological
features, pN category and nodal metastases. All tumors
were re-staged according to the 8th edition of UICC/
AJCC staging system.*

Adjuvant treatment(s) was discussed case by case in
the multidisciplinary tumor board. Adjuvant radiother-
apy (RT) was administered for node positive tumors or
advanced categories (T3 and T4). Adjuvant
chemoradiotherapy (CRT) was administered for positive
margins or extranodal extent (ENE).

Follow-up included clinical examination every
month during the first year, every 2 months in the sec-
ond year, every 3 months in the third year, every
4 months in the fourth year, and every 6 months during
the fifth year. No routine radiological follow-up was
performed unless patients had symptoms or suspicious
clinical finding(s) of recurrence for which CT/PET was
performed.

An external validation cohort of 287 patients,
matching the same selection criteria, was enrolled from
the Department of Otorhinolaryngology — Head and
Neck Surgery, University of Brescia, Italy (2000-2016)
and the Department of Otorhinolaryngology, Maxillofa-
cial and Thyroid Surgery of the National Cancer Institute
of Milan, University of Milan, Italy (2009-2016). Patients
with missing data were excluded.

2.2 | Data analysis and statistical
methods

As survival endpoints, we analyzed the locoregional
recurrence-free survival (LRRFS), the distant recurrence-
free survival (DRFS), overall survival (OS) and disease-
specific survival (DSS) defined as the time between
surgery and the date of the corresponding event
(locoregional recurrence, distant recurrence, death for
any cause and cancer-related death) or last follow-up
visit. Clinical and pathological variables available for the
analysis were as following: sex, age, tobacco use, treat-
ment, status of the surgical margins, distance of the
tumor from the surgical margin (mm), DOI (mm),

WILEY_| %

diameter of the tumor (mm), grading, PNI, LVI, bone
invasion, pT category, pN category, maximum dimension
of metastatic nodes and evidence of ENE.

Multivariable model building was carried out by a
penalized variables selection (adaptive-elastic net
method) estimating the best « and A parameters by
lambda.min rule and cross-validation  with
200 resamples.'*!® Semiparametric proportional-hazard
Cox models were then fitted managing categorical vari-
ables as factors. Each model was internally validated
using bootstrap with 200 resamples. The accuracy of pre-
dictions was evaluated by estimating the model's calibra-
tion at 2 and 5 years and discrimination was measured by
the concordance index (c-index). The c-index is the prob-
ability that for two randomly selected patients, the
patient who experienced the event first has a higher
predicted probability of having the event. Therefore, a
c-index of 0.5 represents an agreement by chance alone,
while a c-index of 1 means perfect discrimination.'®
c-index are reported as naive model estimates, their boot-
strap estimates (average of individual bootstrap esti-
mates) as well as optimism-corrected estimates.

Calibration curves at 2 and 5 years were drawn with
the “hare” smooth approach; calibration results were
shown also grouping patients into quartiles with consid-
ering their nomogram-predicted probabilities and plot-
ting the mean of predicted probabilities for each group
with the mean observed Kaplan-Meier estimate. External
validation of the models was performed assessing the cal-
ibration accuracy at 2 and 5 years and estimating the
c-index as discrimination measure.

For graphical estimation of 1-, 2- and 5-year survival
probabilities, nomograms for OS, DSS, LRRFS and DRFS
were plotted. Interactive shinyapps for each model were
built by DynNom package. For all tests, a 2-tailed P-value
<.05 was considered significant. R (version 3.5.2) and R
Studio (version 1.1.463) with the packages “hdnom,”"’
“survival,” “survminer,” “rms” and “DynNom” and Gra-
phPad Prism 6.0 (San Diego, California) were used for
statistical analysis.

3 | RESULTS

3.1 | Patient clinical-pathological data

Among the 438 patients, 312 (71.2%) were men, and
126 (28.8%) women. In the entire cohort, 207 (47.3%)
were tobacco users. The mean age was 54 years, ranging
from 23 to 85 years. The most common TNM stage was
IV in 154 patients (35.2%), followed by III in 108 (26.7%).
Positive margins were detected in 3.2% of surgical speci-
mens. In case of negative margins, the mean distance
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TABLE 1 Clinical-pathological characteristics of the training and validation patients’ cohorts
Training cohort (N = 438) Validation cohort (N = 287) Overall (N = 725)

Sex

Men 312 (71.2%) 177 (61.7%) 489 (67.4%)

Women 126 (28.8%) 110 (38.3%) 236 (32.6%)
Tobacco use

No 231 (52.7%) 80 (27.9%) 311 (42.9%)

Yes 207 (47.3%) 165 (57.5%) 372 (51.3%)

Missing 0 (0%) 42 (14.6%) 42 (5.8%)
Treatment

Surgery 218 (49.8%) 146 (50.9%) 364 (50.2%)

Surgery + RT 63 (14.4%) 71 (24.7%) 134 (18.5%)

Surgery + CRT 157 (35.8%) 70 (24.4%) 227 (31.3%)
Margins

Negative 424 (96.8%) 201 (70.0%) 625 (86.2%)

Positive or close 14 (3.2%) 86 (30.0%) 100 (13.8%)
Differentiation

Gl 220 (50.2%) 45 (15.7%) 265 (36.6%)

G2 197 (45.0%) 152 (53.0%) 349 (48.1%)

G3 21 (4.8%) 90 (31.4%) 111 (15.3%)
PNI

No 286 (65.3%) 153 (53.3%) 439 (60.6%)

Yes 152 (34.7%) 134 (46.7%) 286 (39.4%)
LVI

No 314 (71.7%) 198 (69.0%) 512 (70.6%)

Yes 124 (28.3%) 89 (31.0%) 213 (29.4%)
Bone invasion

No 420 (95.9%) 271 (94.4%) 691 (95.3%)

Yes 18 (4.1%) 16 (5.6%) 34 (4.7%)
pT category (8th)

T1 97 (22.1%) 68 (23.7%) 165 (22.8%)

T2 142 (32.4%) 75 (26.1%) 217 (29.9%)

T3 181 (41.3%) 128 (44.6%) 309 (42.6%)

T4 18 (4.1%) 16 (5.6%) 34 (4.7%)
PN category (8th)

NO 247 (56.4%) 165 (57.5%) 412 (56.8%)

N1 41 (9.4%) 33 (11.5%) 74 (10.2%)

N2 55 (12.6%) 30 (10.5%) 85 (11.7%)

N3 95 (21.7%) 59 (20.6%) 154 (21.2%)
DOC or DOD

No 336 (76.7%) 186 (64.8%) 522 (72.0%)

Yes 102 (23.3%) 101 (35.2%) 203 (28.0%)
DOD

No 349 (79.7%) 219 (76.3%) 568 (78.3%)

Yes 89 (20.3%) 68 (23.7%) 157 (21.7%)
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TABLE 1 (Continued)
Training cohort (N = 438)

Locoregional recurrence

No 309 (70.5%)

Yes 129 (29.5%)
Distant recurrence

No 391 (89.3%)

Yes 47 (10.7%)

WILEY_|

Validation cohort (N = 287) Overall (N = 725)

203 (70.7%)
84 (29.3%)

512 (70.6%)
213 (29.4%)

250 (87.1%)
37 (12.9%)

641 (88.4%)
84 (11.6%)

Abbreviations: CRT, chemoradiotherapy; DOC, died of causes other than cancer; DOD, died of cancer; LVI, lymphovascular invasion; PNI, perineural

invasion; RT, radiotherapy.

TABLE 2 Summary statistics for continuous variables in the training cohort
Min 25th percentile Median Mean 75th percentile Max
Age 23 43 55 54 64 85
Margins (mm) 1 5 7 7.8 10 20
DOI (mm) 1 5 10 12.1 18 50
Diameter (mm) 5 15 22 25.1 33 100
Maximum node size 0 0 0 5.9 10 70

Abbreviation: DOI, depth of invasion.

from tumor was 10.2 mm (range, 5-20 mm). Adjuvant
treatment(s) was administered in 50.2% of patients. Mean
DOI was 12.1 mm. PNI was detected in 152 patients
(34.7%), and LVI in 124 (28.3%). In 18 patients (4.1%) the
resected bone was involved by the tumor. All clinical
characteristics are reported in Tables 1 and 2.

3.2 | Oncological outcomes

Among survivors the mean follow-up was 42 months
(range, 1-186). For all outcomes approximately 60% of
censored patients were observed for at least 2 years after
surgical treatment, with more than 70% of events
recorded within 24 months. The calibration analysis in
the training cohort showing predicted probabilities of
survival against observed rates is shown in Table 3.
Cumulative and relative frequency distribution of censor-
ing times and of times to events is shown in Figures 1
and 2. One hundred and fifty (34.2%) patients experi-
enced recurrence; 103 (23.5%) had locoregional recur-
rence alone, 21 (4.8%) had distant recurrence alone and
26 (5.9%) had both of them. One hundred and two
(23.3%) patients died during follow-up: 89 of such deaths
(87.3%) were cancer-related, while 13 (12.7%) were not
cancer-related. Two- and five-year estimates for OS were
78.7% (CI95% [74.5%-83.1%]) and 68.5% (CI95% [63.2%-

74.3%)); for DSS 80.5% (CI95% [76.4%-84.8%]) and 71.9%
(C195% [66.7%-77.4%)); for LRRFS 75.7% (CI95% [71.5%-
80.2%]) and 63.2% (CI95% [57.9%-69.1%]) and for DRFS
88.9% (CI95% [85.6%-92.3%]) and 86.3% (CI95% [82.4%-
90.3%)), respectively.

3.21 | Overall survival

In the final Cox model for OS nomogram building, five
variables were included: grading, PNI, LVI, pT category
and pN category (Figure 1A). The c-index of the OS
model is 0.76 (C195% [0.72-0.81]), by the internal valida-
tion analysis its bootstrap estimation is 0.76 (CI95%
[0.73-0.82]) and the optimism corrected c-index 0.73
(C195% [0.70-0.79]). The 2- and 5-year calibration curves
were satisfactory with a mean absolute calibration error
of 0.016 and 0.020, respectively, with a 0.9 quantile of cal-
ibration error of 0.023 and 0.009, respectively (Figure 1B,
C). The external validation analysis confirmed the accu-
racy of the OS model with a c-index of 0.73 with a good
calibration at 2 and 5 years with a mean absolute calibra-
tion error of 0.045 and 0.028, respectively, with a 0.9 qua-
ntile of calibration error of 0.123 and 0.067 (Figure 1D,E).
An interactive shinyapp of the OS model, built by
DynNom package, is available at: https://missalefrancesco.
shinyapps.io/Tongue_SCC_OS_Nomogram/.
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TABLE 3 Calibration analysis in
the training cohort showing predicted

Observed (CI95%)
0.34 (0.16-0.51)
0.64 (0.54-0.73)
0.86 (0.81-0.92)
0.87 (0.83-0.91)

probabilities against observed Kaplan-
Meier ones (C195%)

Observed (CI95%)
0.4 (0.24-0.56)

0.63 (0.53-0.72)
0.87 (0.81-0.92)
0.89 (0.85-0.92)

Observed (CI95%)
0.63 (0.52-0.73)
0.77 (0.7-0.85)

0.97 (0.96-0.99)
0.96 (0.94-0.98)

2-year OS 5-year OS
Predicted Observed (CI95%) Predicted
0.49 0.45 (0.32-0.57) 0.31

0.77 0.8 (0.75-0.86) 0.64

0.86 0.91 (0.87-0.95) 0.78

0.94 0.94 (0.92-0.96) 0.90

2-year DSS 5-year DSS
Predicted Observed (CI95%) Predicted
0.50 0.47 (0.35-0.6) 0.33

0.78 0.78 (0.73-0.84) 0.68

0.86 0.92 (0.88-0.96) 0.79

0.94 0.94 (0.92-0.96) 0.91

2-year DRFS 5-year DRFS
Predicted Observed (CI95%) Predicted
0.66 0.69 (0.61-0.77) 0.58

0.88 0.86 (0.81-0.91) 0.85

0.94 0.97 (0.96-0.99) 0.91

0.97 0.96 (0.94-0.98) 0.96

2-year LRRFS 5-year LRRFS
Predicted Observed (CI95%) Predicted
0.52 0.51 (0.4-0.62) 0.33

0.73 0.75 (0.69-0.81) 0.58

0.80 0.78 (0.73-0.83) 0.68

0.92 0.96 (0.94-0.98) 0.86

Observed (CI95%)
0.4 (0.22-0.58)

0.57 (0.46-0.67)
0.68 (0.61-0.76)
0.83 (0.77-0.89)

Abbreviations: CI95%, 95% confidence interval; DRFS, distant recurrence-free survival; DSS, disease-specific

survival; LRRFS, locoregional recurrence-free survival; OS, overall survival.

3.2.2 | Disease-specific survival

Analyzing the DSS, the most relevant variables affecting
the outcome and used to draw the nomogram were grad-
ing, pT category and pN category (Figure 2A). The
c-index of the DSS model is 0.76 (CI195% [0.72-0.81]), by
the internal validation analysis its bootstrap estimation is
0.77 (CI95% [0.74-0.82]) and the optimism corrected
c-index 0.75 (CI95% [0.70-0.80]). The 2- and 5-year cali-
bration curves were satisfactory with a mean absolute
calibration error of 0.023 and 0.025, respectively, with a
0.9 quantile of calibration error of 0.007 and 0.011,
respectively (Figure 2B,C). The external validation anal-
ysis confirmed the accuracy of the DSS model with a
c-index of 0.77 with a good calibration at 2 and 5 years
with a mean absolute calibration error of 0.071 and
0.081, respectively with a 0.9 quantile of calibration
error of 0.075 and 0.093 (Figure 2D,E). An interactive
shinyapp of the DSS model, built by DynNom package,
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is available at: https://missalefrancesco.shinyapps.io/
Tongue_SCC_DSS_Nomogram/.

3.2.3 | Distant recurrence-free survival
The variables selected for the DRFS model were pT cate-
gory, grading and LVI (Figure 3A). The c-index of the
DSS model is 0.79 (CI95% [0.73-0.86]), by the internal val-
idation analysis its bootstrap estimation is 0.80 (CI95%
[0.74-0.87]) and the optimism-corrected c-index 0.77
(C195% [0.70-0.84]). The 2- and 5-year calibration curves
were satisfactory with a mean absolute calibration error
of 0.009 and 0.013, respectively, with a 0.9 quantile of cal-
ibration error of 0.010 and 0.018, respectively
(Figure 3B,C).

The external validation analysis showed a c-index of
0.73 with a fair calibration at 2 and 5 years with a mean
absolute calibration error of 0.076 and 0.061, but poorer



Chapter 8. Predictive nomograms for oral tongue SCC

BALASUBRAMANIAN ET AL.

WILEY_|

(A)

Nomogramvv

Cl

Internal calibration

2-y Observed Survival Probability

Cl

External calibration
2-y Observed Survival Probability

FIGURE 1

Overall Survival Model

0 10 20 30 40 50 60 70 80 90 100
Points L . A A A A . A A X
T2 T4
pT category (8th) " T
T1 N1 N3 T3
pN category (8th) " . T !
NO G2 N2
Differentiation T . 1
G1 Yes G3
PNI —
No Yes
LVI —
No
Total Points T T T T T T T T T T T T T T |
0O 20 40 60 80 100 120 140 160 180 200 220 240 260 280
1-y Sur. Prob. " T T T T T 1
0.99 0.95 0.9 0.8 07 06 05
2-y Sur. Prob. " T T T T T T T 1
0.95 0.9 0.8 07 06 05 04 03 02
5-y Sur. Prob. : T T T T T T T T T 1
0.95 0.9 0.8 07 06 05 04 03 02 01 005
(e o | T T II
- = -
=
@© © Q|
(=] 8 o
o
© T ©
S 2 o 7
5
< @ <
S 7 ® o
2
[0]
o 2 o |
o O o
T
o © o |
o o
T T T T T 1 T T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
2-y Predicted Survival Probability 5-y Predicted Survival Probability
( ) RS LA TR
o 2 2
© S o |
© | s °
° o
~ g o
S 3 8
>
© _| »n
o °
[
S <
© 2 .
o e o
o
<r. O
o T«
0 o 7
@
o

T \ \ \ \ \ \
03 04 05 06 07 08 09

2-y Predicted Survival Probability

\ \ \ \
0.4

5-y Predicted Survival Probability

0.2 0.6 0.8
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0.9 quantile of calibration error of 0.191 and 0.161
(Figure 2D,E). An interactive shinyapp of the DRFS
model, built by DynNom package, is available at: https://
missalefrancesco.shinyapps.io/Tongue_SCC_DRFS_
Nomogram/.

3.24 |
survival

Locoregional recurrence-free

By the penalized adaptive elastic net algorithm selection,
seven candidate predictors were selected: pT category, pN
category, grading, PNI, LVI, tobacco use and distance of
the tumor from the surgical margins. A tentative external
validation of such defined model failed with a c-index of
0.51 and, at 2 and 5 years, a mean absolute calibration
error of 0.224 and 0.321, and 0.9 quantile of calibration
error of 0.461 and 0.582, respectively. Furthermore, miss-
ing data regarding tobacco use (n = 42, 14.6%) and of the
distance of the tumor from the surgical margins (n = 192,
66.9%) in the validation cohort limited the testing of such
model. A further simplification of the LRRFS model was
performed, to reduce overfitting biases and improve its
external application, including as covariate pT category,
pN category, grading, PNI and LVI (P = .076 by likeli-
hood ratio test comparing these models on the training
cohort, ensuring their comparable performance).

The nomogram derived from the simplified LRRFS
model is presented in Figure 4A; and the c-index of
such model is 0.70 (C195% [0.67-0.76]). The internal val-
idation showed a bootstrap estimated c-index of 0.71
(CI95% [0.69-0.77]) and the optimism corrected one was
0.67 (CI95% [0.63-0.73]). The 2- and 5-year calibration
curves were good at 2 years and just fair at 5 years, with
a mean absolute calibration error of 0.029 and 0.22,
respectively, with a 0.9 quantile of calibration error
of 0.034 and 0.029, respectively (Figure 4B,C). The
external validation analysis improved obtaining a
c-index of 0.58 with a fair calibration at 2 and at 5 years
with a mean absolute calibration error of 0.099 and
0.153, and 0.9 quantile of calibration error of 0.233 and
0.337 (Figure 4D,E). An interactive shinyapp of the
LRRFS model, built by DynNom package, is available
at: https://missalefrancesco.shinyapps.io/Tongue_SCC_
LRRFS_Nomogram/.

4 | DISCUSSION

The UICC/AJCC 8th edition for oral cavity cancer has
been already externally validated in several studies.'®2°
However, it does not account for several well-established
prognostic determinants. These are unlikely to be
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incorporated in any future editions as well, to avoid fur-
ther complexity and heterogeneity in the staging system
that can adversely impact ease of use and application. In
order to accurately predict survival with standard treat-
ment, nomograms are the best solution.

Although several nomograms have been described for
oral SCC,*?® attempts at devising a nomogram for
OTSCC alone have been limited. Li and colleagues used
data from the SEER database on 12 674 patients to design
such a nomogram including the variables age, race, mari-
tal status, TNM stage and tumor grading.'* Pathological
features like DOI, ENE, LVI and PNI were not included,
probably because these details were unavailable in the
SEER data set. Nonetheless, this nomogram accurately
predicted survival in OTSCC. For T4 OTSCC, Sun and
colleagues reviewed again the SEER database and identi-
fied 1550 patients.'? Age, race, marital status, tumor site,
UICC/AJCC TNM status and RT were recognized as
independent prognostic factors associated with OS as
well as cancer-specific survival. Chang and colleagues
incorporated DOI in their nomogram for OTSCC."* DOI
and neck dissection were independent predictors for sur-
vival in their model. Compared to our cohort, they had
fewer patients included in their study and their nomo-
gram only predicted for OS and not for the other survival
endpoints.

In our study the model buildings and nomograms val-
idation have been performed following the UICC/AJCC
criteria for risk models for individualized prognosis,27
complying with all criteria and based on the most
updated staging system for cancer. Additionally we con-
sidered four distinct endpoints: OS, DSS, LRRFS and
DREFS. The reasons for this were to determine accurate
survival estimates for each of these endpoints, and also to
understand which were patterns and predictors of failure
which could potentially identify candidates for future
clinical trials.

For OS, grading, pN category, pT category, PNI and
LVI were included in the predictive model; analyzing the
DSS, the most relevant variables affecting the outcome
and used to draw the nomogram were grading, pT cate-
gory and pN category. Analyzing patterns of recurrence,
the model for the DRFS prediction included grading, pN
category and LVI as relevant predictors, whereas the one
for LRRFS prediction included grading, PNI, LVI, pT cat-
egory and pN category. The nomograms showed good
performance and had the ability to stratify well groups
with different prognosis, especially regarding OS and
DSS. From a preliminary analysis on the training cohort
alone, smoking status and distance of the tumor from the
surgical margins were selected for being further relevant
predictors of LRRFS, and these should be further tested
in external cohorts.
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FIGURE 4 A, Nomogram for locoregional recurrence-free survival (LRRFS). Bootstrap internal validation of calibration curve at

2 years, B, and 5 years, C; dots showing apparent calibration accuracy; X are bootstrap estimates corrected for overfitting, based on binning
predicted survival probabilities and computing Kaplan-Meier estimates. Black and blue curve are the estimated observed relationship using
“hare” and the overfitting-corrected one, respectively. The gray line represents the ideal relationship. External calibration curves at

2 years, D, and 5 years, E; dotted line represents the ideal relationship [Color figure can be viewed at wileyonlinelibrary.com]

Adverse pathological features were seen to affect sur-
vival differently. pT category impacted OS, DSS and
LRRFS, while pN category and differentiation impacted

OS, DSS, LRRFS and DRFS. LVI impacted OS, LRRFS
and DRFS. As these patients were treated as per National
Comprehensive Cancer Network (NCCN) guidelines,
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most patients with high nomogram scores were already
given adjuvant therapy; hence, these nomograms cannot
be used to determine treatment escalation and should be
used only to provide survival estimates.

The OS, DSS and DRFS nomograms performance was
satisfactory, with optimism corrected c-indexes of 0.73,
0.75 and 0.77 in the training cohort and c-indexes of 0.73,
0.77 and 0.73 in the external validation cohort, respec-
tively. This confirmed that they were robust and could be
reliably applied in western countries as well. The satisfac-
tory performance of LRRFS models in the training cohort
with optimism corrected c-index of 0.70, but poorer per-
formance in the external validation cohort with a c-index
of 0.58 limits its application in western countries cohorts
and suggests further research regarding geographical or
ethnic differences in patterns of recurrence and their
determinants (demographic or risk factors) and tumor-
related factors (genomic or tumor immune microenviron-
ment) is warranted.

Although based on retrospective data, the strength
of our nomograms is that the training data was from a
single institution with uniform treatment guidelines as
mentioned by the NCCN. The validation with an exter-
nal independent testing cohort coming from two large
referral Italian head and neck cancer centers also
showed good concordance in particular for OS, DSS and
DRFS. Moreover, the different origins of the populations
in the training and validation cohorts (India and Italy,
respectively) further support the generalizability of our
nomograms. Moreover, the availability of four
shinyapps, derived from each model, can further
improve the use of such prediction tools after a radical
oncologic treatment. These could be useful to design
new prospective studies to improve the follow-up in
these patients.

5 | CONCLUSION

The OTSCC nomograms being proposed in this paper
embrace several fundamental variables, have good accu-
racy, consider the latest edition of the UICC/AJCC stag-
ing system and can be used to individually predict the
most relevant oncologic outcomes. The variables used are
routinely available making it easy to adopt and include in

everyday clinical practice.
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ARTICLE INFO ABSTRACT

Keywords: Objectives: Oral tongue carcinomas represent more than half of the tumors arising in the oral cavity, a site with a
Oral cancer high cancer specific mortality and impact on quality of life. Current guidelines are lacking for a standardized
Tongue cancer . surgical approach of these tumors. The aim of this study is to compare two currently adopted surgical strategies,
Propensity score m?tchlng compartmental surgery (CTS) and wide local excision (WLE), with loco-regional control as the main oncological
Squamous cell carcinoma endpoint.

Compartmental surgery . ) . . ) R )
Materials and methods: An observational retrospective multicentric study was carried out enrolling a cohort of

patients affected by oral tongue or floor of the mouth squamous cell carcinoma and surgically treated in 4 in-
ternational tertiary referral centers. Survival analysis was performed by propensity-score matching approach and
multivariable Cox regression analysis.

Results: A cohort of 933 patients was enrolled. CTS was applied in 113 patients (12.1%) and WLE in 820 (87.9%).
Analyzing a propensity-score matched cohort (98 CTS vs. 172 WLE) and applying a survival multivariable
modeling strategy on the whole cohort, both confirmed that CTS and WLE are comparable and oncologically safe.
Parameters such as number of positive lymph nodes, depth of invasion, and lymphovascular invasion still
represent the key prognosticators.
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Conclusion: The main goals for surgical resection of oral cancer remain its three-dimensional circumferential
clearance with adequate margins and en-bloc removal of the tumor-lymph node tract, independently of the
technique adopted (CTS or WLE). Further prospective studies including quality of life evaluation are needed to
better understand if one of these approaches can provide superior functional outcomes.

Introduction

Oral cavity squamous cell carcinoma (SCC) is a significant contrib-
utor to global cancer burden, with high cancer-specific mortality [1].
The oral tongue is one of the most common subsites involved, ac-
counting for up to half of all cases [2]. Typically, oral tongue SCC
(OTSCC) has a propensity for extensive local invasion and regional
lymphatic spread, leading to significant disease- and treatment-related
morbidities. Despite better expertise and multidisciplinary care,
improvement in oncologic outcomes of OTSCC has been modest over
time. From 2013 through 2017, death rates among males decreased for
most cancers, while increasing for the oral cavity [3]. Moreover, the
incidence of OTSCC in developed nations is also rising in young females
[4,5], the causes of which remain to be fully understood.

The inclusion of depth of invasion (DOI) in the 8th Edition of the
TNM staging systems for oral cancer [6] improved its prognostic per-
formance [7,8]. However, one-third of OTSCC with a DOI < 10 mm can
develop loco-regional recurrences [9], which has been noted to have a
strong correlation with adverse pathological features such as perineural
(PND), lympho-vascular invasion (LVI), degree of differentiation, and
pattern of invasion [10,11]. A recently validated nomogram for OTSCC
confirmed the prognostic impact of these parameters on overall (OS) and
disease-specific survivals (DSS) [12]. However, nodal and margins sta-
tus still represent the most relevant prognosticators [13]. Since the latter
is the only one under the surgeon’s control, tumor size and DOI are
critical parameters in choosing the surgical approach to ensure adequate
tumor-free resection margins. In this regard, it should be kept in mind
that 10 mm represents the average distance between the tongue mucosal
surface and the extrinsic muscles [14] (this layer named “cover” ac-
cording to Takemoto) [15]. Thus, a tumor transgressing that distance
increases the risk of loco-regional recurrence by 4 times [16]. However,
it is difficult to preoperatively determine whether or not the major bulk
of extrinsic muscles (referred to as “core”) [15] are involved because
their depth changes according to which part of the organ is taken into
account [14,17].

Based on these considerations and following the principles for
treatment of soft tissue sarcomas [18], Calabrese [19] described a novel
surgical strategy for OTSCC, called compartmental surgery (CTS), which
de-emphasizes the role of wide local excision (WLE), generally defined
as a tumor resection within 1 cm of healthy tissue in every direction. CTS
is based on the following considerations: 1) the tongue is a symmetri-
cally paired organ consisting of two halves, or compartments, the
boundaries of which are represented by the mandibular/hyoid perios-
teum and the midline lingual raphe; 2) an adjunctive territory at risk of
metastasis (the so-called tumor-lymph node [T-N] tract), is composed by
the parenchymal structures between the primary and the cervical
lymphatic chain, including the muscular (mylohyoid), neuro-vascular
(lingual and hypoglossal nerves, lingual vessels), lymphatic (vessels
and sublingual nodes), and glandular (sublingual) tissues. This hy-
pothesis was first demonstrated by analyzing OTSCC specimens where
tumor cells migration occurred longitudinally along and between the
intrinsic and extrinsic muscle fibers; in contrast, the median lingual
raphe was supposed to represent a barrier against tumor invasion.
Therefore, CTS aims to extirpate the entire compartment affected by
OTSCC in case of extrinsic muscle invasion, i.e. the entire hemitongue,
the parenchymal structures within the floor of mouth (T-N tract) in
continuity with the neck dissection specimen. A few years later, Cal-
abrese reported significant oncological improvements using CTS
compared to the traditional WLE following adequate tumor margins:

16.8% in 5-year local control, 24.4% in loco-regional control, and 27.3%
in OS [20].

There is no universally accepted consensus on the amount of tissue
that can be considered as a “safe margin” for OTSCC resection [21].
Considering that disease removal must be the main goal, clarifying
which surgical approach can guarantee adequate tumor control without
unnecessary functional impairment is of paramount interest. For these
reasons, the current study compared the oncological outcomes of the
largest multi-institutional cohort of OTSCC treated by CTS vs. WLE to
date.

Materials and methods
Study design

An observational retrospective multicentric study was carried out
enrolling a cohort of patients affected by OTSCC and surgically treated
in 4 tertiary referral centers: University of Genoa (Italy), National
Cancer Institute of Milan (Italy), University of Brescia (Italy), and
Amrita Hospital of Cochin (India). The study was conducted in accor-
dance with the Declaration of Helsinki and approved by the respective
local Ethics Committees (CER Liguria 133/2021). All patients had been
submitted to surgery after multidisciplinary team (MDT) discussion and
comprehensive preoperative work-up, including computed tomography
(CT) or magnetic resonance (MR) of the head and neck, and PET-CT or
chest CT. Exclusion criteria were: diagnosis of distant metastases and/or
synchronous head and neck SCC, unavailable follow-up information,
previous treatment(s) for head and neck cancer, other synchronous or
metachronous primary tumors, or treatment with neoadjuvant therapy.

Upfront surgery was performed with curative intent. Resection was
planned according to the tumor site, extension, and DOI. All patients
underwent tumor excision, neck dissection, and appropriate recon-
struction. Selective or modified radical neck dissections were performed
in adherence with the National Comprehensive Cancer Network (NCCN)
guidelines [22]. WLE was defined as the resection of OTSCC aiming for
at least 1 cm gross circumferential margins, both mucosal and deep,
without necessarily following the compartmental boundaries. For su-
perficial early cancers the defects corresponded to a partial glossectomy,
while for more advanced cancers it corresponded to hemiglossectomy
with possible marginal mandibulectomy, excluding both subtotal and
total glossectomies.

Adjuvant treatment was discussed by the MDT in adherence with
NCCN guidelines [22]. Adjuvant radiotherapy (RT) was administered
for node-positive tumors or advanced tumor stages. In addition, adju-
vant chemoradiotherapy (CRT) was administered for close/positive
margins, more than 2 positive nodes, or extranodal extension (ENE).

Follow-up included clinical examination every month in the first
year, every two months in the second year, every three months in the
third year, every four months in the fourth year, and every six months in
the fifth year. PET-CT or MR were performed in patients reporting
symptoms or in case of suspicious clinical findings.

Clinical and pathological variables were retrieved from patients’
clinical records, including demographic features, current or former
smoking habits, type of surgical approach (WLE or CTS) to the primary,
details of pathologic results including margins status, grading, PNI, LVI,
DOI, and pathological staging according to the current 8th edition of the
AJCC-TNM staging system (second revision of June 2018) [6].
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Table 1
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Patient characteristics in the original and matched cohorts. P-value estimated by Chi-square test” or Mann-Whitney test'.

Original cohort

Matched cohort

Total WLE Compartmental P-value WLE Compartmental P value
(N =933)
(N = 820) (N =113) (N =172) (N =98)

Age
Mean (SD) 57.3 (14.2) 56.0 (13.3) 66.9 (16.6) <0.001§ 63.7 (11.6) 65.2 (16.3) 0.428%
Median [Min, Max] 58.0 [18.0, 98.0] 57.0 [18.0, 93.0] 69.0 [26.0, 98.0] 64.0 [32.0, 93.0] 63.0 [26.0, 94.0]
Sex
Female 256 (27.4%) 221 (27.0%) 35 (31.0%) 0.37# 51 (29.7%) 28 (28.6%) 0.89#
Male 677 (72.6%) 599 (73.0%) 78 (69.0%) 121 (70.3%) 70 (71.4%)
Subsite
FOM 105 (11.3%) 95 (11.6%) 10 (8.8%) 0.524# 31 (18.0%) 9 (9.2%) 0.0519#
Tongue 828 (88.7%) 725 (88.4%) 103 (91.2%) 141 (82.0%) 89 (90.8%)
pT category (8th Ed.)
pT1 182 (19.5%) 179 (21.8%) 3 (2.7%) <0.001#
pT2 303 (32.5%) 273 (33.3%) 30 (26.5%) 61 (35.5%) 28 (28.6%) 0.505#
pT3 307 (32.9%) 247 (30.1%) 60 (53.1%) 79 (45.9%) 50 (51.0%)
pT4 141 (15.1%) 121 (14.8%) 20 (17.7%) 32 (18.6%) 20 (20.4%)
PN category (8th Ed.)
pNO 496 (53.2%) 446 (54.4%) 50 (44.2%) 0.0165# 79 (45.9%) 41 (41.8%) 0.898
pPN1 111 (11.9%) 94 (11.5%) 17 (15.0%) 25 (14.5%) 17 (17.3%)
pN2a 13 (1.4%) 13 (1.6%) 0 (0%) 0 (0%) 0 (0%)
pN2b 70 (7.5%) 52 (6.3%) 18 (15.9%) 24 (14.0%) 12 (12.2%)
PN2c 43 (4.6%) 39 (4.8%) 4 (3.5%) 8 (4.7%) 4 (4.1%)
pN3a 5 (0.5%) 5 (0.6%) 0 (0%) 0 (0%) 0 (0%)
pPN3b 195 (20.9%) 171 (20.9%) 24 (21.2%) 36 (20.9%) 24 (24.5%)
DOI (mm)
Mean (SD) 11.9 (8.60) 11.7 (8.80) 13.3 (6.88) 0.0302§ 13.0 (6.55) 13.4 (6.96) 0.627§
Median 10.0 [0.500, 60.0] 10.0 [0.500, 60.0] 12.0 [1.00, 50.0] 12.0 [1.00, 40.0] 12.0 [1.00, 50.0]
[Min, Max]
Max Diameter (mm)
Mean (SD) 26.3 (14.0) 25.6 (14.2) 31.9 (11.5) <0.001§ 31.7 (13.0) 32.3(11.8) 0.681%
Median [Min, Max] 24.0 [3.00, 100] 22.0 [3.00, 100] 30.0 [7.00, 60.0] 30.0 [10.0, 80.0] 30.0 [7.00, 60.0]
Grading
G1 312 (33.4%) 303 (37.0%) 9 (8.0%) <0.001# 22 (12.8%) 9 (9.2%) 0.658#
G2 476 (51.0%) 405 (49.4%) 71 (62.8%) 101 (58.7%) 61 (62.2%)
G3 145 (15.5%) 112 (13.7%) 33 (29.2%) 49 (28.5%) 28 (28.6%)
PNI
No 537 (57.6%) 510 (62.2%) 27 (23.9%) <0.001# 49 (28.5%) 25 (25.5%) 0.671#
Yes 396 (42.4%) 310 (37.8%) 86 (76.1%) 123 (71.5%) 73 (74.5%)
LVI
No 655 (70.2%) 597 (72.8%) 58 (51.3%) <0.001# 96 (55.8%) 49 (50.0%) 0.376#
Yes 278 (29.8%) 223 (27.2%) 55 (48.7%) 76 (44.2%) 49 (50.0%)
Treatment
Surgery 420 (45.0%) 390 (47.6%) 30 (26.5%) <0.001# 50 (29.1%) 27 (27.6%) 0.971#
Surgery and RT 234 (25.1%) 187 (22.8%) 47 (41.6%) 65 (37.8%) 38 (38.8%)
Surgery and CRT 279 (29.9%) 243 (29.6%) 36 (31.9%) 57 (33.1%) 33 (33.7%)
Margins
Negative 761 (81.6%) 697 (85.0%) 64 (56.6%) <0.001# 125 (72.7%) 55 (56.1%) <0.001#
Close 133 (14.3%) 89 (10.9%) 44 (38.9%) 29 (16.9%) 39 (39.8%)
Positive 39 (4.2%) 34 (4.1%) 5 (4.4%) 18 (10.5%) 4 (4.1%)

Statistical analysis

Standard descriptive statistics were used to summarize data. Fisher’s
exact test was applied for comparisons with qualitative variables, and
Wilcoxon test for quantitative ones.

The primary survival endpoint was locoregional recurrence free
survival (LRRFS); additional survival outcomes considered were OS,
DSS, and distant recurrence free survival (DRFS). LRRFS was defined as
the time between the date of surgery and that of local or nodal recur-
rence/last visit, OS as the time between the date of surgery and the date
of death/last consultation, DSS as the time between the date of surgery
and that of cancer-related death/last visit, and DRFS as the time between
the date of surgery and distant recurrence/last visit.

Survival analysis was performed by estimating the survival curves
with the Kaplan-Meier method or fitting Cox proportional-hazards
models, estimating p values by log-rank test or Wald statistic, respec-
tively. Survival estimates were reported as hazard ratio (HR) with 95%
confidence interval (95 %CI), and estimating the 2- and 5-year survival

probability with 95 %CI for variables of clinical interest. The combined
effect of different continuous variables, describing tumor features, on
the 5-year survival estimates is also shown with contour plots [23]. In all
analyses, two-tail tests with a significance level of 5% were applied. R
(version 3.5.1) was used for statistical analysis.

Propensity-score matching

A propensity-score matching algorithm was applied to obtain an
unbiased estimate of treatment effect to compare patients whose pri-
mary tumor was treated with WLE or CTS. Based on literature-derived
knowledge and clinical expertise, pre-treatment features including de-
mographics (age), subsite (tongue or floor of the mouth), pT, pN cate-
gories, DOI, tumor maximum diameter, grading, and presence of PNI or
LVI were taken into account for estimation of the propensity-score. The
propensity-score, representing the estimated probability of receiving
WLE or CTS for each patient, was calculated using a logistic regression
model based on the observed baseline covariates. A greedy nearest
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neighbor matching was applied to match patients treated with WLE 2:1
to similar ones treated with CTS using the “MatchlIt” package [24,25].
The calipers were set with a width equal to 0.2 of the standard deviation
of the logit of the propensity-score [25,26]. Evaluation of matching was
done by estimating the standardized mean differences of baseline
characteristics and inspecting plots of histogram of distance values and
plots of the mean of each covariate against the estimated propensity-
score in each arm of treatment. Quantile-quantile plots were used to
evaluate the success of the matching procedure.

Sample size estimation

Planning a propensity-score matched groups comparison with a 2:1
ratio between control and experimental subjects as arms of treatment,
the previous results obtained by Calabrese et al. [20] showed a HR for
the LRRFS risk of control subjects relative to experimental subjects of
2.77. With an accrual interval of 120 months and an additional follow-
up of 36 months, we needed to study at least 53 experimental subjects
and 106 controls to be able to reject the null hypothesis that their sur-
vival curves are equal with a power of 0.95 and a type I error probability
associated with this test of this null hypothesis of 0.05 (alpha).

Results
Cohort of patients

A cohort of 933 patients treated between 2000 and 2021 was
enrolled. The mean age + standard deviation was 57.3 + 14.2 years;
677 patients were males (72.6%) and the epicenter of the lesion was the
oral tongue in 828 cases (88.7%). Kochi contributed with 20,680 person-
months (57.92%), University of Brescia with 8963 person-months
(25.10%), National Cancer Institute of Milan with 4928 person-
months (13.80%), and University of Genoa with 1133 person-months
(3.17%). The median follow-up time was 29 months (IQR, 12-55;
range, 0-191). In the available dataset, 0.4% of values were missing and
were imputed with a MICE algorithm; comprehensive information on
missingness is summarized in Supplementary Figure 1, and summary
statistics of the entire cohort are described in Table 1, and Supple-
mentary Tables S1. In the entire cohort, 820 patients (87.9%) under-
went WLE, whereas in 113 cases (12.1%) the CTS approach was chosen
(applied at the Universities of Brescia, Genoa and, after June 2017, at
the National Cancer Institute of Milan).

The choice of performing a CTS approach was associated both with
tumor features such as pT category (p < 0.001), higher DOI (p =
0.0302), and higher maximum diameter (p < 0.001) (Table 1), as well as
with center-related preferences (p < 0.001, Supplementary Table S1).

Propensity-score matching

Since T1 lesions (n = 182) were rarely treated by CTS (n = 3, 1.7%),
these were excluded from the analysis; therefore, only 641 patients
treated by WLE and 110 with CTS were available for matching extrac-
tion. Using the variables age, subsite of tumor, pT, pN categories, DOI,
maximum diameter, grading, PNI, and LVI, we were able to match with a
2:1 ratio 172 patients treated with WLE to 98 treated with CTS and
having similar propensity-scores (Table 1). The unbalanced composition
of these groups among the variables chosen for the paired matching (p <
0.05) was well adjusted when examining the matched cohort (p > 0.05),
as shown in Table 1, Supplementary Figure S2, and Supplementary
Figure S3. Supplementary Figure S2 shows the distributions of pro-
pensity scores in the unmatched groups and in the matched ones. As
result of an effective matching such distributions in the matched groups
were similar. Interestingly, although treatment was not chosen as a
matching variable, the pre-matching association (p < 0.001) between
treatment group and the entire treatment plan (Surgery, Surgery + RT,
or Surgery + CRT) was lost in the matched cohort (p = 0.97). This

Oral Oncology 135 (2022) 106210

Table 2

Univariable LRRFS analysis on the matched cohort. Legend: HR, Hazard Ratio;
M, male; F, female; FOM, floor of the mouth; WLE, wide local excision; DOI,
depth of invasion; PNI, perineural invasion; LVI, lymphovascular invasion.

Variable N° (%) LRRFS - univariable
HR (CI95%, P value)
Center Kochi 96 reference
(35.6%)
Brescia 111 0.73 (0.42-1.28,p =
(41.1%) 0.274)
Genoa 21 (7.8%) 0.83 (0.32-2.18,p =
0.710)
Milan INT 42 0.95 (0.49-1.84,p =
(15.6%) 0.881)
Age Mean (SD) 64.2 1.02 (1.00-1.04, p =
(13.5) 0.072)
Sex F 79 reference
(29.3%)
M 191 0.66 (0.41-1.07, p =
(70.7%) 0.094)
Subsite FOM 40 reference
(14.8%)
Tongue 230 0.90 (0.48-1.67, p =
(85.2%) 0.731)
Compartmental WLE 172 reference
surgery (63.7%)
Compartmental 98 0.90 (0.54-1.49, p =
(36.3%) 0.679)
Treatment Surgery 77 reference
(28.5%)
Surgery and RT 103 0.93 (0.53-1.63, p =
(38.1%) 0.809)
Surgery and 90 0.71 (0.39-1.29, p =
CRT (33.3%) 0.256)
Margin Negative 180 reference
(66.7%)
Close 68 0.77 (0.42-1.39,p =
(25.2%) 0.381)
Positive 22 (8.1%) 1.08 (0.49-2.39, p =
0.855)
pT category (8th Ed.) pT2 89 reference
(33.0%)
pT3 129 1.07 (0.63-1.82, p =
(47.8%) 0.811)
pT4a 52 1.26 (0.65-2.46, p =
(19.3%) 0.490)
PN category (8th Ed.) pNO 120 reference
(44.4%)
pN1 42 2.11 (1.10-4.05,p =
(15.6%) 0.025)
pN2a 0 (0%) —
pN2b 36 1.88 (0.97-3.67, p =
(13.3%) 0.062)
pN2c 12 (4.4%) 3.18 (1.10-9.22,p =
0.033)
PpN3a 0 (0%) -
pN3b 60 1.24 (0.64-2.41, p =
(22.2%) 0.528)
N° positive nodes Mean (SD) 1.58 1.11 (1.00-1.23,p =
(2.50) 0.051)
ENE No 195 reference
(72.2%)
Yes 75 1.02 (0.60-1.75, p =
(27.8%) 0.940)
DOI (mm) Mean (SD) 13.1 1.00 (0.97-1.04, p =
(6.70) 0.923)
Maximum diameter Mean (SD) 31.9 0.99 (0.97-1.01, p =
(mm) (12.6) 0.287)
Grading Gl 31 reference
(11.5%)
G2 162 2.73 (0.98-7.60, p =
(60.0%) 0.055)
G3 77 2.51 (0.87-7.30, p =
(28.5%) 0.090)
PNI No 74 reference
(27.4%)
Yes

(continued on next page)
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Table 2 (continued)

Variable N° (%) LRRFS - univariable
HR (CI95%, P value)
196 1.55(0.87-2.74,p =
(72.6%) 0.135)
LVI No 145 reference
(53.7%)
Yes 125 1.72 (1.07-2.75,p =
(46.3%) 0.024)

confirms the similarity between centers in terms of overall treatment
plan. In contrast, in both the pre-matching and matched cohort, a
significantly higher rate of at least one close margin was observed in the
group treated by CTS (p < 0.001 and p < 0.001, respectively). Thus,

A =+ WLE -+ Compartmental surgery

1.00-

0.75-
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propensity-score matching allowed an unbiased comparison of survival
rates between patients treated with WLE vs. CTS.

Survival analysis: propensity-score matching

The main survival outcome considered was loco-regional control
and, in the matched cohort, the HR for LRRFS in the CTS group
compared to WLE was 0.90 (CI95% 0.54-1.49, p = 0.679), as shown
in Table 2 and Fig. 1A. The lack of association between treatment arm
and survival was also observed by analyzing OS [HR 1.08 (CI95%
0.71-1.63, p = 0.721), Fig. 1B], DSS [HR 0.73 (CI95% 0.42-1.26, p =
0.263), Figure 1C], and DFS [HR 0.85 (CI95% 0.55-1.433, p = 0.478),
Figure 1D]. The 5-year survival rates of CTS vs. WLE were 75% vs. 64%
for LRRFS, 58% vs. 55% for OS, 76% vs. 63% for DSS, and 66% vs. 55%
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Fig. 1. Kapan Meier curves in the matched cohort analyzing the arm of surgical treatment in relation with the LRRFS (A), OS (B), DSS (C), and DFS (D).
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Table 3
Survival estimated with 95% CI for each survival outcome at 12, 24, 36, 60 and
120 months for the entire matched cohort and in both treatment arms.

Time Entire matched cohort (N WLE (N = 172) CTS
= 270) Estimate (N =98)
Estimate (CI95%) (CI95%) Estimate
(CI95%)
Overall survival (0S)
12 months 85 (81-90) 89 (84-94) 78 (70-87)
24 months 71 (66-78) 73 (66-81) 68 (59-79)
36 months 63 (57-70) 63 (55-71) 63 (54-75)
60 months 56 (49-64) 55 (46-65) 58 (47-71)
120 42 (32-56) 44 (33-59) 37 (19-70)
months
Disease specific survival (DSS)
12 months 91 (87-95) 93 (89-97) 86 (79-94)
24 months 80 (75-86) 80 (73-87) 82 (74-91)
36 months 73 (66-79) 70 (62-78) 78 (69-89)
60 months 67 (60-75) 63 (54-73) 76 (66-87)
120 57 (45-72) 54 (41-71) 57 (32-100)
months
Disease free survival (DFS)
12 months 76 (71-82) 76 (69-83) 78 (69-87)
24 months 67 (61-74) 66 (58-74) 70 (60-81)
36 months 65 (58-71) 63 (55-71) 68 (58-80)
60 months 58 (52-66) 55 (46-65) 66 (56-78)
120 42 (30-59) 46 (36-59) 27 (6.4-100)
months
Loco-regional recurrence-free survival (LRRFS)
12 months 80 (75-85) 79 (73-86) 82 (74-94)
24 months 75 (69-80) 74 (67-81) 77 (68-87)
36 months 72 (67-79) 71 (64-79) 75 (66-86)
60 months 67 (61-75) 64 (55-74) 75 (66-86)
120 54 (40-73) 61 (52-72) 30 (7.3-100)
months

for DFS (Table 3).

Although pT and pN categories were significantly associated with
OS, achieving its good stratification (Fig. 2A-B), no association was
found with LRRFS (Fig. 2C-D). Conversely, other covariates related with
the disease biological behavior, namely LVI (HR 1.72, CI95% 1.07-2.75;
p = 0.024) and number of metastatic nodes (HR 1.11, CI95% 1.00-1.23;
p = 0.051), were the most significant covariates associated with
different LRRFS (Table 2). Most tumoral biological features (LVI, num-
ber of positive nodes, ENE) were also significantly associated with other
relevant survival outcomes such as OS, DSS, and DFS; in contrast,
margin status was not associated with any survival outcome (Supple-
mentary Table S2 3).

Survival analysis: multivariable modeling

A further multivariable model analysis, considering LRRFS and OS as
outcomes, was applied to the entire cohort. This was aimed at con-
firming the results obtained applying the propensity-score matching and
investigating possible center-specific differences. This also allowed an
extensive study of continuous variables of interest such as the number of
positive nodes, DOI, and maximum tumor diameter.

Multivariable models were built (Fig. 3 and Supplementary
Figure S4), including the variables: center, surgical approach, DOI,
number of positive nodes, margin status, LVI, and treatment. By
restricted cubic spline functions, a possible non-linear relationship be-
tween continuous variables (DOI, maximum diameter, number of posi-
tive nodes) and LRRFS was ruled out, whereas for OS modeling a non-
linear relationship was observed for maximum diameter and DOI
(Supplementary Figures S5-S6). Thus, these variables were modelled
with restricted cubic spline functions with 4 and 3 knots, respectively
(Supplementary Figures S5-S6). First-term interactions were also
included between DOIL, number of positive nodes, surgical approach, and
adjuvant treatment.

Considering both LRRFS and OS, the surgical approach was
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confirmed to not be a prognostic covariate (p = 0.633, p = 0.835), while
the number of positive lymph nodes (p < 0.001, p < 0.001), LVI (p =
0.003, p = 0.001), and DOI (p = 0.001, p = 0.024) were confirmed. No
significant difference was observed among treating centers regarding
LRRFS and OS (p = 0.576, p = 0.428), as shown in Supplementary
Figure S4.

A significant interaction was observed between treatment and
number of positive nodes considering OS as outcome (p = 0.0006),
meaning a different benefit on the survival prediction applying adjuvant
treatments, depending on the number of positive lymph nodes. In
Fig. 3A can be seen that, increasing the number of nodes involved, the
treatment associated with the best OS is adjuvant CRT, and the benefit
seems to be clinically relevant for > 2 positive nodes. Similar plots can
also be seen for LRRFS (Fig. 3B), although no significant interaction was
observed (p = 0.302). Considering DOI, a significant interaction with
treatment and LRRFS was shown (p = 0.0166); considering the plots in
Fig. 3C-3D, worse prognosis was seen for patients not undergoing
adjuvant treatment with the increment of DOI, as expected. Lastly, no
interactions were observed between type of surgical approach and
number of positive nodes or DOI (Fig. 3E-3H). Contour plots were also
built (Fig. 4A-H) to better understand the combined effect of different
continuous variables describing tumor features (DOI, maximum diam-
eter and number of positive nodes) on the 5-year OS and LRRFS pre-
dictions. It could be observed that in both groups the effect of the
maximum diameter is limited, whereas with an increasing of number of
positive nodes or DOI the survival predictions change dramatically.
Scatter plots including two-dimensional density maps representing
quartiles of the distribution of values clarify the area of contour plots
where most data are present, and thus where the plotted survival esti-
mated probability is more reliable (Fig. 41-4L).

Discussion

The anatomical complexity of the tongue, wherein vessels, muscles,
and nerves are intermingled in a three-dimensional framework, and its
unique function and volume modification as a muscular hydrostat [15]
leads to significant challenges for the surgeon facing OTSCC. The main
goal in such a field is to define an oncologically safe procedure easily
reproducible, teachable, and not overly disabling. When first described
by Calabrese [19], CTS appeared as an extremely attractive concept,
being technically wise, well standardized and easily reproducible by a
well-trained head and neck surgeon with good oncological outcomes,
that were apparently superior to those previously reported with WLE.
The main limit of this latter procedure, in fact, has traditionally been
considered the fact of being more related to personal experience and
intraoperative judgement of the surgeon. While in WLE the resection
must be maintained at least within 1 cm of free surgical margins, and
this can be not so intuitive especially in the depth of the surgical field,
the philosophy behind the CTS approach leads to an anatomy-driven
ablation following well-recognizable structures. This allows surgeons,
even in non-high-volume centers, to perform safe, standardized, and
effective resections. Moreover, since the resulting defect is roughly
constant, it is possible to establish the reconstructive requirements in a
preoperative setting, thereby avoiding time-consuming refinements
during flap inset. In this respect, Grammatica et al. demonstrated that
the CTS technique, along with free flaps reconstruction, provides
consistent functional results in terms of speech and swallowing [27].
After the seminal study by Calabrese [19], a subsequent publication [20]
showed significant oncological benefit from this approach compared to
traditional WLE.

However, a recent paper has drawn attention to the fact that patients
undergoing CTS may have received more adjuvant therapy, which could
have skewed survival data [28]. Another concern is that although the
tongue may be divided into compartments, a standardized approach can
result in either too little or too extended resections. Consequently, the
reported improvement in survival from adopting CTS might be biased.
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Fig. 2. Kapan Meier curves of OS (A, B) and LRRFS (C, D) in the matched cohort by pT and pN categories.

Therefore, while a reproducible technique is of value for training resi-
dents and young surgeons and also helps to standardize reconstruction,
questions still remain as to what should be considered the ideal
approach from an oncological point of view. In this study, our intention
was therefore to revisit this concept and determine if CTS and WLE are
equally valid in a large, geographically diverse cohort of patients.
After propensity-score matching, our data yielded two interesting
findings: 1) tumors with larger superficial diameter and DOI were more
often chosen for CTS, irrespective of their T and N categories; 2) patients
treated with CTS had a higher incidence of close or positive margins,

especially along the midline lingual raphe, which is considered an
anatomically resistant barrier. This latter element, however, might
especially represent, from another point of view, a potential drawback of
a procedure that traditionally aims for wide macroscopic free margins.
Furthermore, even though some authors [29] have emphasized that
OTSCC can invade the surrounding tissues traveling throughout the
muscular fascia, recent studies [30,31] have demonstrated that tumors
with particularly aggressive behavior are characterized by the presence
of tumor budding and scattered satellitosis which might escape more
easily from the muscular compartment itself.
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Fig. 3. Plots representing the estimated 5-year LRRFS and OS probability derived from the fitted multivariable models. Partial effects plots of number of positive
nodes and DOI combined with treatment and surgical approach are presented. In A and G the relationship between the continuous variables of DOI and survival
outcome in the Cox regression model is modelled with a restricted cubic spline function with 4 knots. P value, referred to each continuous variable, estimated by
Wald test.
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Fig. 4. Contour plots derived from multivariable OS (A-D) and LRRFS (E-H) models fitted on the entire cohort of pT2-T4a tumors and showing partial effects plots of
the DOI and number of positive nodes in the WLE or Compartmental surgery groups and the combined effect of DOI and maximum diameter in such groups of
treatments, with the color scale representing 5-year probability of OS or LRRFS, and showing on x and y axes the marginal effect of each variable values. These plots
help to interpret the combined effect of different continuous variables describing tumor features (DOI, maximum diameter and number of positive nodes) on the
survival prediction. Notably, it could be observed that in both groups the effect of the maximum diameter is limited (minimal color change increasing the x value in
C-H), whereas increasing the number of positive nodes or DOI value, the survival predictions change dramatically. In I-L are represented scatter plots of the dis-
tribution of each couple of variables in each treatment arm, showing with 2D density maps in which area of the xy plane is located each quartile of the distribution
(color scale) and each decile (black levels line); these plots help the interpretation of each contour plot on the left side, showing the area where most of tumors are

located, and thus where survival predictions are supported by data.

Our survival analysis showed no statistically significant difference
between WLE and CTS regarding local recurrence, DFS, and OS (even
though a positive trend in favor of CTS should be noticed). The fact that
the difference in margins status did not impact survival can be explained
by two arguments: 1) the median lingual septum acts as a real
anatomical barrier to prevent further tumor spread and, therefore, close
margins at the level of the midline can be considered of secondary
importance; 2) the similar oncological outcomes reflect appropriate use
of adjuvant treatments. In fact, before propensity-score matching, the

WLE cohort was treated by surgery alone in 47.6% of cases, compared to
only 26.5% for CTS. These findings downplay the basic tenet that radical
local clearance only is needed to improve survival. In contrast, other
factors were found to significantly impact local recurrence and survival,
namely ENE, number of metastatic nodes, and DOI. This demonstrates
our more recent understanding that variables reflecting tumor biology
(e.g., PNI, LVI, nodal burden, and worst pattern of invasion) can often
play a more critical role in treatment outcomes than margin status alone
[12]. Interestingly, the number of positive nodes, although not included
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as staging criteria [32], nor a risk factor for adjuvant treatment delivery
[33], was demonstrated to be an emerging prognosticator in our cohort
as well in several other studies [34-36].

Although CTS is a theoretically and functionally sound concept, the
improved survival attributed to this technique is likely to be an unin-
tended bias in the original analysis [20], which failed to account for the
increased adjuvant therapy following CTS and patients selection.
Although tumors treated by CTS were likely to have a higher T category,
modifications to the 8TNM make it challenging to know what percent-
age of patients would be down-staged due to extrinsic muscles
involvement (in the 7TNM equaling pT4) being removed from the
staging considerations. This is why propensity-matching for heteroge-
nous groups like these is crucial to avoid erroneous conclusions when
comparing dissimilar patient cohorts. WLE was shown in our study to
have a higher chance of achieving clear margins, arguably with less
resection of superficial uninvolved tissue, at least towards the tip and
base of the tongue, but less so at the midline level. These are crucial
considerations in OTSCC patients who, after surgical resection/recon-
struction and adjuvant therapy, may experience a reduced quality of life
[37]. Moreover, it has to be noted that WLE strictly refers to the pro-
cedure herein described, where the aim is to obtain a three-dimensional
gross margin of at least 1 cm around the entire tumor, i.e. a radical
procedure for complete oncological clearance, the only difference with
CTS being that uninvolved structures beyond 1 cm from the tumor are
not resected.

Additionally, it is important to note that for larger tumors there may
be an overlap in the extent and type of surgical defects after WLE and
CTS. It is our belief that these findings are more relevant for mid-sized
tumors (pT2-3), which is also arguably the group of patients in whom
even moderate increases in the extent of resection can have significant
impact on tongue functionality and quality of life. These data support
the fact that in patients with larger tumors and aggressive biology,
adjuvant therapy is more likely to improve survival than the extent of
resection itself, as long as margins are adequate. Therefore, although
WLE might require more complex resections and more experience on the
surgeon’s side, it appears to be the technique that best guarantees clear
microscopic margins. Nevertheless, CTS may still be indicated based on
tumor location, especially considering its advantages in reproducibility
and ease of reconstruction. Of note, these approaches have comparable
outcomes only if performed with appropriate surgical technique, as
described in the Materials and Methods section. Nonetheless, the choice
of the most adequate approach needs to be patient-specific and revolves
around three-dimensional circumferential tumor clearance. Further
meaningful head-to-head evaluations of CTS and WLE will require
prospective randomized studies also assessing function and quality of
life, with the success following CTS and WLE reconstruction being
another attractive field to explore.

The retrospective nature of our study represents its main limitation.
On the other hand, enrolling 4 international tertiary referral centers
allowed us to collect a large series with detailed data. Propensity-score
matching ensured that possible biases derived from heterogeneity of
groups comparison were minimized. Lastly, the different origins of the
populations in the matched cohorts further support the generalizability
of our results.
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Abstract: A picture is emerging in which advanced laryngeal cancers (LCs) are potentially not
homogeneous and may be characterized by subpopulations which, if identified, could allow selection
of patients amenable to organ preservation treatments in contrast to those to be treated with total
laryngectomy (TL). This work aims to analyze a multicentric cohort of T3-T4a LCs treated by upfront
TL, investigating the clinical and pathological features that can best predict oncologic outcomes.
A total of 149 previously untreated patients who underwent TL for T3-T4a LC at four institutions
were analyzed. Survival and disease-control were considered as the main outcomes. A secondary
end-point was the identification of covariates associated with nodal status, investigating also the tumor
thickness. T and N categories were significantly associated with both overall and disease-specific
survival. The number of positive nodes and tracheal involvement were associated with loco-regional
failure; post-cricoid area invasion and extra-nodal extension with distant failure. Posterior laryngeal
compartment involvement was not a significant prognostic feature, by either univariable and
multivariable analyses. These results support the conclusion that laryngeal compartmentalization
has no impact on survival in patients treated by upfront TL and the current TNM staging system
remains a robust prognosticator in advanced LC.

Cancers 2020, 12, 2241; doi:10.3390/cancers12082241 www.mdpi.com/journal/cancers
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1. Introduction

Laryngeal cancer (LC), based on the Surveillance, Epidemiology, and End Results (SEER) database
for the period 2009-2015, accounts for 0.7% of all new malignant tumors diagnosed in the United
States each year. The estimated 5-year overall survival (OS) rate, considering all stages, is 60.3% and
has not changed appreciably over the past several decades [1-3]. Moreover, a majority of patients
are still diagnosed with locally advanced (T3-T4) disease and evidence of regional nodal metastases,
with survival rates generally inferior to 50% [4]. During recent decades, two milestone studies have
demonstrated that organ preservation (OP) was achievable even for advanced LC using non-surgical
strategies [5,6]. Consequently, chemoradiation (CRT) has become increasingly popular, causing
a therapeutic paradigm shift from upfront total laryngectomy (TL) to concurrent/induction CRT.
Nevertheless, several epidemiologic studies have reported a decline in survival for patients with
LC, possibly attributable to the indiscriminate use of OP protocols [2]. In response to this, the latest
American Society of Clinical Oncology (ASCO) position paper, recommendation 2.2, points out that “for
selected patients with extensive T3 or large T4a lesions and/or poor pre-treatment laryngeal function,
better survival rates and quality of life may be achieved with TL rather than with OP approaches and
may be the preferred treatment” [4].

Indeed, the standard of care for intermediate-advanced LC is still a matter of international debate.
To furtherly complicate this issue, the 8th Edition of the AJCC UICC TNM staging system includes
a wide gamut of different lesions under the generic label of locally advanced LC, ranging from T3
with minimal vs. massive paraglottic space (PGS) involvement (with normal or impaired/fixed vocal
cord and arytenoid mobility), T3 with pre-epiglottic space (PES) infiltration, T3 with inner cortex
thyroid cartilage erosion, T4 with full-thickness infiltration of the laryngeal framework, and/or T4 with
extra-laryngeal extension [7]. In fact, contemporary endoscopic [8] and radiologic [9,10] work-up have
dramatically reduced the diagnostic uncertainty during pre-treatment evaluation, leading to better
profiling of advanced LC subcategories, and allowing a more tailored treatment choice for each in
terms of oncological and functional outcomes.

For example, regarding open partial horizontal laryngectomies (OPHLs) applied to T3-T4 LCs,
some authors have recently shown that tumor extension (distinguished in anterior vs. posterior
PGS involvement, based on a virtual coronal plane passing through the arytenoid vocal process and
perpendicular to the ipsilateral thyroid lamina) is a major prognosticator [11,12]. They therefore
concluded that anterior ¢T3 tumors, without arytenoid fixation, can be successfully managed by
OPHLs, and this approach could also be proposed for treatment of anterior cT4aNO, whereas it should
be considered less safe in posterior cT3 tumors with crico-arytenoid joint fixation, since these lesions
have clinical and biological behaviors that are quite similar to cT4a tumors. As a consequence, a picture
is gradually emerging in which advanced LCs appear to be not non-homogeneous, but rather consist
of different subpopulations which, if identified, could allow selection of patients who respond better to
OP treatments, in contrast to those who should be immediately selected for upfront TL.

With this work we tried to verify if laryngeal compartmentalization may be the result of a different
biological behavior of LC or, if instead, it is only a treatment-related prognosticator. Accordingly,
we investigated if this feature still impacts on prognosis when applying a more aggressive surgical
treatment as TL. Moreover, we evaluated the survival impact of each clinical, radiological, and pathological
feature that defines LC as “advanced”, including different tumor extensions to the visceral PGS and
PES, pathways of spread, infiltration of the laryngeal framework, involvement of extra-laryngeal soft
tissues, and TNM stage. In addition, we investigated the role of promising prognosticators such as tumor
thickness (TT) and number of positive nodes. We believe that these findings may allow physicians to

187



Chapter 10. Laryngeal Compartmentalization Does Not Affect the Prognosis of LSCC Treated by
Total Laryngectomy

Cancers 2020, 12, 2241 30f18

better target some of the most relevant prognostic determinants in the advanced LC scenario, thus helping
in the difficult aim of maximizing both OP and oncologic cure rates.

2. Materials and Methods

Between January 2010 and September 2018, a total of 169 patients affected by advanced LC
who underwent upfront TL were enrolled at four different centers. These included the Unit of
Otorhinolaryngology—Head and Neck Surgery of the Ospedale Policlinico San Martino, Genoa,
Italy (N = 40), ASST Spedali Civili, Brescia, Italy (N = 78), National Cancer Institute, Milan, Italy
(N =31), and the Nederlands Kanker Instituut, Amsterdam, The Netherlands (N = 20). The study
was conducted in accordance with the Declaration of Helsinki, and the study was approved by
the local Ethics Committee (CER Liguria: 230/2019). All patients had been submitted to surgery
after multidisciplinary team (MDT) discussion and preoperative counseling between head and neck
surgeons, and radiation and medical oncologists. Patients were selected for upfront TL if not amenable
to OP strategies, either surgical (transoral laser microsurgery (TLM), or OPHL) and non-surgical CRT
protocols [13]. Other selection criteria for inclusion this retrospective analysis were: (1) no history of
previous LC; (2) no history of previous laryngeal treatments; (3) availability of imaging and endoscopies
performed no more than 4 weeks before surgery; (4) final histopathologic report confirming squamous
cell carcinoma (SCC); (5) and final pathologic staging of pT3-pT4a LC.

All data concerning comorbidities, preoperative staging, surgical outcomes, histopathology,
adjuvant therapies, and follow-up were collected in a single dedicated database. Preoperative work-up
was standardized for all patients and consisted of endoscopic and imaging evaluation. The endoscopic
work-up included preoperative transnasal videolaryngoscopy to assess vocal fold/arytenoid mobility,
and intraoperative rigid endoscopy by 0°, 30°, and 70° telescopes with white light (WL) and narrow
band imaging (NBI, Olympus Medical System Corporation, Tokyo, Japan) to better define the superficial
extension of the lesion [8]. Either computed tomography (CT) or magnetic resonance (MR) were used
for preoperative imaging. Neck ultrasound (US) with or without fine-needle aspiration cytology was
routinely performed. The radiologic work-up allowed to meticulously assess 3D tumor extension,
the entity of PGS and/or PES involvement, the presence of cartilaginous framework transgression,
and invasion of extra-laryngeal soft tissues [14]. Tumors were classified according to the 8th Edition of
the AJCC UICC TNM staging system [7].

PGS involvement was retrospectively re-assessed according to previously published criteria,
considering a frontal plane passing through the arytenoid vocal process and perpendicular to the
ipsilateral thyroid lamina as the boundary between anterior vs. posterior PGS [10-12]. Laryngeal motility
and involvement of the medial wall of the piriform sinus were also considered as ancillary signs for
the definition of anterior vs. posterior topography of each tumor (T-topography). Therefore, tumors
were considered to involve the posterior laryngeal compartment when posterior PGS was radiologically
invaded and/or the arytenoid was fixed and/or medial wall of the piriform sinus was entirely involved.

The main histopathological features considered in the present analysis were: status of surgical
margins (close margins defined as <1 mm), perineural invasion (PNI), lympho-vascular invasion (LVI),
number of lymph nodes involved, and extra-nodal extension (ENE). Further features regarding the
pathways of diffusion of each tumor were also considered; these encompassed: laryngeal framework
infiltration or extension to the tracheal rings, soft tissues of the neck, thyroid gland, and base of tongue or
retro-cricoid area. Moreover, in 68% of patients in our cohort, TT, derived from microscopic measurements
within the histopathologic specimen, was also available and studied in relation to nodal status.

2.1. Treatments and Follow-Up

All patients underwent TL or TL combined with partial pharyngectomy (PPH). Selective (SND) or
modified radical neck dissections (MRNDs) were performed in adherence with National Comprehensive
Cancer Network (NCCN) guidelines for ¢T3 and ¢T4 LC [15].

Postoperative radiotherapy (PORT) was discussed by the MDT board and proposed based on
pathological findings of pT4a category, close or positive resection margins, nodal category >pN2a, and
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presence of PNI and/or LVI in the final histopathologic report, according to NCCN guidelines [15].
PORT dose ranged from 54 to 66 Gy. Platinum-based chemotherapy (CHT) was offered in combination
with RT to all patients with positive resection margins or ENE, taking into account the patients’ age
and comorbidities.

Follow-up was performed by clinical examination of the remaining upper aero-digestive tract and
neck and, according to European Laryngological Society (ELS) guidelines, included CT/MR and/or
PET-CT if indicated by clinical doubts after endoscopic evaluation [16]. The mean follow-up time in
the present cohort was 36 months (range, 6-180).

2.2. Statistical Analysis

Standard descriptive statistics was used for data summarizing. For group comparisons in
qualitative variables, the Chi-square test was applied. Survival analysis, considering as outcomes
overall (OS), disease-specific (DSS), loco-regional recurrence-free (LRRFS), and distant recurrence-free
survivals (DRFS), was performed with uni- and multivariable Cox proportional-hazards models.
OS was defined as the time between the date of surgery and date of death/last visit, DSS as the time
between the date of surgery and date of cancer-related death/last visit, LRRFS as the time between the
date of surgery and date of local or nodal recurrence/last visit, and DRFS as the time between the date
of surgery and date of distant recurrence/last visit.

Cut-offs in continuous predictors were estimated using maximally selected log-rank statistics [17].
Uni- and multivariable logistic regressions were built considering the presence of positive lymph nodes as
the dependent variable. Multivariable Cox models were built by stepwise covariates selection keeping
T-topography as an investigative variable inside all multivariable models. Survival estimates were
reported as hazard ratio (HR) with 95% confidence interval (95% CI) and estimating the 2- and 5-year
survival probability with 95% CI for variables of main clinical interest. Univariable survival curves were
plotted by the Kaplan-Meier method and compared with the Log-rank test. In all analyses, two-tail tests
with a significance level of 5% were applied. Stata (version 13.0, College Station, TX, USA) and R (version
3.5.1, R Foundation for Statistical Computing, Vienna, Austria) were used for statistical analysis.

3. Results

3.1. Demographics

A total of 169 patients met the inclusion criteria for retrospective analysis. Due to missing data,
only 149 were available for statistical analysis. Mean age was 67 years (range, 41-92), while there were
126 males (84.6%) and 23 females (15.4%). A total of 142 (95.3%) patients were or had been smokers,
and 75 (50.3%) were routine alcohol consumers.

3.2. Treatments and Tumor Features

In total, 60 (40.3%) patients underwent TL or TL with PPH alone, while 72 (48.3%) received PORT
and 17 (11.4%) adjuvant CRT. A total of 112 (75.2%) received a bilateral neck dissection, 34 (22.8%) a
unilateral one, and three (2%) received none due to major medical comorbidities.

A total of 138 tumors were located in multiple laryngeal sites (92.6%), whereas six (4%) were confined
to the supraglottis, four (2.7%) involved the glottis alone, and one (0.7%) was a purely subglottic tumor.

At the final histopathologic report, 69 (46.3%) tumors were classified as pT3, and 80 (53.7%) as
pT4a. In total, eight (5.4%), 89 (59.7%), and 52 (34.9%) tumors were described as well-, moderately-,
and poorly-differentiated SCCs, respectively. Furthermore, 75 (43.6%) patients had nodal metastases
(11 pN1, 10 pN2a, 14 pN2b, 3 pN2c, and 28 pN3b). In particular, pathologic ENE was found in 38
(25.5%) patients, PNI in 80 (53.7%), and LVI in 74 (49.7%). Positive margins were reported in 11 (7.4%)
patients, while close margins were present in 19 (12.8%). Thyroid cartilage was partially invaded in 30
(20.1%) cases, and involved with full-thickness in 35 (23.5%). Cricoid cartilage was infiltrated in 36
(24.2%) and tumors reached the tracheal rings in eight (5.4%). Soft-tissue extra-laryngeal extension
was confirmed in 50 (33.6%) specimens. Pathologic TT was reported in 102 (68.4%) patients, with a
mean value of 14.6 mm (range, 1.1-31).
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Regarding T-topography, tumors were considered posteriorly compartmentalized when the
posterior PSG was radiologically invaded, and/or the arytenoid was fixed, and/or the medial wall
of the piriform sinus was entirely involved. As a result of this categorization, they were divided in
19 (12.7%) anterior pT3 tumors, 50 (33.6%) posterior pT3, 21 (14.1%) anterior pT4a, and 59 (39.6%)
posterior pT4a. Full clinical and pathological data are reported in Table 1.

Table 1. Clinical and pathologic characteristics of the cohort.

Variables Category No. %
Gender Female 23 154
Smoking habit Yes 142 95.3
Alcohol habit Yes 75 50.3
Arytenoid fixation Yes 90 60.4
Medial piriform sinus wall involvement Yes 40 26.8
Radiologic posterior PGS involvement Yes 70 47
T-topography Posterior 109 73.2
Supraglottic involvement Yes 122 81.9
Subglottic involvement Yes 84 56.4
Base of tongue involvement Yes 11 7.4
Retro-cricoid area involvement Yes 8 54
Thyroid cartilage involvement Inner cortex %0 201
Full thickness 35 23.5
Cricoid cartilage involvement Yes 36 24.2
Tracheal involvement Yes 8 54
Cervical soft tissues involvement Yes 50 33.6
Thyroid gland involvement Yes 8 5.4
pT3 69 46.3
Anterior pT3 19 12.7
pT category Posterior pT3 50 33.6
pT4a 80 53.7
Anterior pT4a 21 14.1
Posterior pT4a 59 39.6

pN1 11 7.4

pN2a 10 6.7

PN category pN2b 14 o4

pN2c 3 2
pN3b 28 18.8
ENE Yes 38 25.5
Surgical margins Close 1 128
Positive 11 74

Grading ¢l 5 >4
G3 52 34.9
PNI Yes 80 53.7
LVI Yes 74 49.7
S+PORT 72 48.3
Treatments S+POCRT 17 114

Legend: ENE, extranodal extension; PNI, perineural invasion; LVI, lympho-vascular invasion; S, surgery; PORT,
postoperative radiotherapy; POCRT, postoperative chemoradiotherapy.
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3.3. Survival Estimates

Median OS was 82 months, with a mean follow-up time of 36 months (range, 6-180). At the last
follow-up (November 2019), 45 (30.2%) patients had died: 28 (18.8%) for disease progression, and 17
(11.4%) for other causes. The remaining 104 (69.8%) were alive with no evidence of disease. A total of
47 recurrences were recorded, 26 of which were diagnosed at distant sites and 21 loco-regional. Seven
patients experienced both loco-regional and distant recurrences. In total, 10 of the recurrences were
treated surgically with curative intent, while 7 were managed by palliative RT, 15 with palliative CHT,
and 15 by best supportive care.

The 2- and 5-year OS rates for the entire cohort were 77% and 63%, respectively, while 2- and
5-year DSS rates were 84% and 75%. Further details of 2- and 5-year survival estimates are summarized
in Table S1.

3.4. Univariable Survival Analysis

End-points considered for uni- and multivariable survival analyses with Cox-proportional hazards
models were OS, DSS, LRRFS, and DRFS. For all outcomes analyzed, pT category (pT4a vs. pT3),
pN category, histopathologic evidence of ENE, number of positive nodes, and involvement of the
retro-cricoid area were significant predictors at univariable analysis, as reported in Table 2; Table 3.
Regarding OS and DSS, the full-thickness involvement of thyroid cartilage (p = 0.008 and p = 0.006,
respectively), presence of extra-laryngeal extension (p = 0.018 and p = 0.16, respectively), and need
for adjuvant therapy (p < 0.05 for both) were also adverse prognostic features at univariable analysis
(Table 2).

Conversely, tracheal (p = 0.001) and retro-cricoid area involvement (p = 0.040) were associated with
worse LRRFS, while close margins (p = 0.006), need for adjuvant CRT (p = 0.011), tracheal involvement
(p = 0.036), and LVI (p = 0.032) were associated with worse DRFS at univariable analysis (Table 3).
Of note, the anterior vs. posterior laryngeal compartmentalization was not associated with different
oncologic outcomes (Tables S2 and S3). Further details of univariable survival analysis are reported in
Tables S1 and S3 and Figure S1.
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Table 2. Univariable overall (OS) and disease specific survival (DSS) analysis (significant variables for at least one outcome are reported, while additional variables
analyzed are reported in Table S2).

0s DSS
Variables Category HR CI95 » HR 95% CI »
T-topography Posterior 151 (0.75-3.06) 0.252 1.28 (0.54-3.04) 0.571
pT category pT4a 4.26 (2.03-8.96) <0.001 * 5.98 (2.05-17.43) 0.001 *
pN1 1.64 (0.47-5.77) 0.440 290 (0.56-14.95) 0.204
pN2a 3.71 (1.40-9.79) 0.008 * 8.88 (2.70-29.15) <0.001 *
PN category pN2b 3.45 (1.30-9.14) 0.013 * 7.36 (2.12-25.54) 0.002 *
pN2c 2.30 (0.30-17.66) 0.424 5.68 (0.66-48.79) 0.113
pN3b 4.72 (2.22-10.03) <0.001 * 6.14 (1.99-18.93) 0.002 *
ENE Yes 323 (1.77-5.90) <0.001 * 357 (1.67-7.63)  0.001*
No. of positive nodes 1.16 (1.07-1.27) 0.001 * 117 (1.05-1.30) 0.004 *
Inner Cortex 1.09 (0.48-2.48) 0.845 1.27 (0.43-3.72) 0.661
Thyroid cartilage Full thickness 244 (1.27-4.71) 0.008 * 3.26 (1.41-7.57) 0.006 *
Soft tissues involvement Yes 2.05 (1.13-3.73) 0.018 * 2.56 (1.19-5.50) 0.016 *
Retro-cricoid areainvolvement Yes 2.88 (1.01-8.17) 0.047 * 4.80 (1.62-14.17) 0.005 *
S+PORT 2.06 (1.01-4.19) 0.047 * 2.82 (1.03-7.67) 0.043 *
Treatment S+POCRT 326 (1.25-8.56) 0.016 * 474 (135-1660) 0015 *

Legend: OS, overall survival; DSS, disease-specific survival; HR, hazard ratio; CI95, 95% confidence interval; ENE, extranodal extension; S, surgery; PORT, postoperative radiotherapy;
POCRT, postoperative chemoradiotherapy; *Bold-italic, statistically significant results.
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Table 3. Univariable loco-regional recurrence-free survival (LRRFS) and distant recurrence-free survival (DRFS) analysis (significant variables for at least one outcome

are reported, while additional variables analyzed are reported in Table S3).

LRRFS DRFS
Variables Category HR 95% CI » HR 95% CI »
T-topography Posterior 1.23 (0.45-3.39) 0.689 1.83 (0.68-4.88) 0.230
pT category pT4a 547 (1.60-18.69) 0.007 * 3.49 (1.39-8.76) 0.008 *
pN1 3.99 (0.73-21.79) 0.110 1.07 (0.13-8.71) 0.949
pN2a 6.47 (1.45-28.93) 0.015 * 6.64 (2.10-20.99) 0.001 *
PN category pN2b 5.03 (1.12-22.52) 0.035 * 230 (0.47-11.13) 0.301
pN2c 7.10 (0.79-63.67) 0.080 - - -
pN3b 6.13 (1.79-20.97) 0.004 * 5.99 (2.26-15.88) <0.001 *
ENE Yes 326 (1.36-7.85) 0.008 * 5.61 (251-1252)  <0.001 *
No. of positive nodes 1.20 (1.07-1.36) 0.002 * 1.26 (1.13-1.41) <0.001 *
Close 1.77 (0.58-5.38) 0.314 3.58 (1.44-8.91) 0.006 *
Surgical margins Positive 1.76 (0.40-7.75) 0.457 3.05 (0.88-10.65) 0.080
LVI Yes 1.55 (0.63-3.79) 0.340 2.52 (1.09-5.86) 0.032 *
S+PORT 213 (0.76-5.91) 0.148 2.63 (0.95-7.28) 0.063
Treatment S+POCRT 0.75 (0.09-6.42) 0.792 5.04 (145-17.55)  0.011*
Tracheal involvement Yes 6.65 (2.18-20.27) 0.001 * 3.70 (1.09-12.51) 0.036 *
Retro-cricoid area involvement Yes 3.64 (1.06-12.47) 0.040 * 8.39 (2.96-23.81) <0.001 *

Legend: LRRFS, loco-regional recurrence-free survival; DRFS, distant recurrence-free survival; HR, hazard ratio; 95% CI, 95% confidence interval; ENE, extranodal extension; LVI,
lympho-vascular invasion; S, surgery; PORT, postoperative radiotherapy; POCRT, postoperative chemoradiotherapy; *Bold-italic, statistically significant results.
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3.5. Multivariable Survival Analysis

By a stepwise covariate selection, keeping T-topography as an investigative variable inside all
multivariable models, a Cox proportional hazards model for each oncologic outcome was built.

Both multivariable OS (Figure 1) and DSS models (Figure 2) included pT and pN categories as
significant and independent covariates, confirming their value as prognostic factors in the setting of TL
for advanced LC. Interestingly, histopathologic evidence of ENE (HR 4.93, p < 0.001) and involvement
of the retro-cricoid area (HR 5.42, p = 0.005) were strongly significant and independent worse prognostic
factors for DRFS (Figure 3).
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Figure 1. Kaplan—-Meier curves for OS according to pT category (A) and T-topography (B). (C) Forest
plot of OS multivariable model.
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Figure 2. Kaplan—-Meier curves for DSS according to pT category (A) and T-topography (B). Forest plot

of DSS multivariable model (C).
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Figure 3. Kaplan—-Meier curves for DRFS according to ENE status (A) and retro-cricoid area involvement
(B). Forest plot of DRFS multivariable model (C).

Considering the LRRFS multivariable model, the absolute number of positive lymph nodes,
an emerging feature in the head and neck oncology field, was found to be an independent significant
predictor (HR 1.2, p = 0.009). The same held true for tracheal rings involvement (HR 5.8, p = 0.004)
(Figure 4). No significant interactions nor multicollinearity was observed in any model.
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(B). Forest plot of LRRFS multivariable model (C).
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3.6. Search for the Best Cut-Off for Total Number of Positive Lymph Nodes for LRRFS Prognostic Factor

The prognostic clinical relevance of the number of positive lymph nodes for LRRFS was consistent
and stable considering it alone in a univariable model (Figure 5A), and after adjusting its effect
(estimated by the HR) with the covariates included in the LRRFS multivariable model (Figure 5B).
Identification of the total number of positive lymph nodes as one of the main prognostic features
associated with loco-regional failure raised the question of if an optimal cut-off for this variable could
be identified to better predict the ensuing outcomes in a dichotomic fashion. Applying the maximally
selected log-rank statistics, a robust method that takes into account the multiplicity of tests, the best
cut-off was zero positive nodes (p = 0.001, Figure 5C), splitting up pNO vs. pN+ patients and confirming
the relevance of this biologic and easy to measure feature (Figure 5D).
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Figure 5. Plots showing the HR estimates and 95%CI (shadow area) of the number of histopathologic
positive nodes derived from the univariable LRRFS Cox model (A) and from the multivariable one
(B), adjusting the effect for pT category, tracheal involvement, and T-topography (gray line on the
background refers to the univariable estimate). Plot of the standardized log-rank statistic, identifying
0 positive nodes as best cut-off for number of positive nodes for the prediction of LRRFS (C), red
line indicating the adjusted significance level, vertical dotted line showing the best cut-off point.
Kaplan-Meier curve of N status (NO vs. N+) for LRRFS, p value adjusted for multiple tests showed (D).

3.7. Clinical Significance of Histopathologic Tumor Thickness

As the presence of metastatic lymph nodes was one of the main factors associated with loco-regional
failure, histopathologic TT, available for 102 (68%) patients of the cohort, was investigated by logistic
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regression models for the prediction of the binary outcome pNO vs. pN+. The univariable logistic model
including just TT showed a significant association of this covariate with the presence of metastatic
lymph nodes (OR 3.94, p = 0.001; Figure 6A,B). All available potential predictors, the covariates
included in the survival analysis, were investigated in a multivariable logistic regression; the best
model was built by a stepwise variable selection, keeping the TT inside the model as investigative
variable (Figure 6A). Tumor category T4a (OR 8.44, p = 0.002), poor differentiation (OR 4.51, p = 0.011),
presence of LVI (OR 6.15, p = 0.001), and involvement of the medial wall of the piriform sinus (OR 3.63,
p = 0.041) were significantly and independently associated with the presence of lymph node metastases
(Figure 6A,C,D), whereas TT in the multivariable model lost its association with the binary outcome
NO vs. N+ (p = 0.316) (Figure 6A,C).

A B

UNIVARIABLE LOCGISTIC REGRESSION

Univariable logistic regression (NO/N+) 1.00] 00090 000008 ¢
Variable O.R. (CI 95%) p value
Thickness (cm) 3,04 (1.83 -953) 0.001

~
L5

Multivariable logistic regression (NO/N+)

o Actual p«otgbillly (N+) o
3]

Variable O.R. (CI95%) pvalue

LVI (yes) 6.15(2.14-19.81) 0001

Grading (G3) 4.51 (1.47 - 15.46) 0011

pT category (pT4a) B44(235-3676) D002 =

Medial pyriform wall (ves)  3.63 (1.10 - 13.54) 0.041

Thickness {cm) 1.69 (0.62 - 4.96) 0316 0.00! I eee0e e

L Thickness {:m)z

C D - MULTIVARIABLE LOGISTIC REGRESSION

8.44 1.00] oy L
pTa -
615"
| 0.75
(RY] }__._ +
<
bl
4.51* Z
| =]
G3 | N §°.5‘
&
363" E
g
Medial » g |
pyriform wall 0.25
1.69
Thickness }, -
000 ® smes -n
i I d
. odds Aaios 10 7% e 0% predioedprobabilty 0

Figure 6. (A) Univariable logistic model including tumor thickness for the prediction of the NO vs. N+
status and the multivariable one by stepwise variables selection. (B) Logistic function of the univariable
logistic model including tumor thickness as covariate. (C) Forest plot of odds ratios and 95% CI of the
multivariable logistic model for N status prediction. (D) Logistic function of the predicted probability
in the multivariable logistic model against the actual probability of being NO vs. N+. For logistic
functions, 95% CI is showed with gray filling.

4. Discussion

The potential for long-term survival in patients with advanced LC is nowadays significant and,
consequently, the choice of the most adequate treatment option is of paramount value for optimizing
cancer control, functional outcomes, and residual quality of life. Contemporary advances in endoscopic
and radiologic diagnostic tools have allowed the scientific community to clearly understand that
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laryngeal CRT protocols should be reserved to highly selected patients with low-volume cancers,
preserved airway patency and proper swallowing function, without the need for pre-treatment
tracheostomy or feeding tube, limited cartilage destruction, and who can tolerate the toxicity of CHT
associated with RT [4]. Following these recommendations, the population that ideally should undergo
CRT protocols would result in a small fraction of T3-T4 LC patients. On the other hand, even OPHLs
should be preferably reserved for patients <70 years of age who are neurologically intact and able
to complete successful postoperative swallowing rehabilitation (a forecast so far left to the good, but
largely fallible, clinical judgement of physicians), with good cardio-pulmonary function, and tumors
not extending too far posteriorly and/or massively involving and ankylosing one crico-arytenoid
unit [18]. Considering all these caveats and selection criteria, it is clear that TL still maintains a
fundamental role in management of advanced LC. In this respect, the updated guidelines of ASCO
rightly recommended TL for patients with large-volume T4 and/or poor pre-treatment laryngeal
functions, since such a mutilating surgical procedure has nonetheless shown to be associated with
better survival and, surprisingly, even superior quality of life compared to CRT or RT alone [4]. Facing
this highly heterogeneous population of advanced LCs, and the even more differentiated gamma of
therapeutic options available, each with its pros and cons, the relative paucity of information about
which subgroup of patients might preferably benefit from primary OP protocols vs. upfront TL is
definitively worrisome [19].

As a contribution to this topic, two recent studies have been published claiming that T-topography
(distinguished in anterior vs. posterior involvement of the PGS) could represent a significant
prognosticator in patients to be treated by OPHLs for T3-T4 LCs [11,12]. By contrast, in the
present retrospective study focused on patients treated by upfront TL, we did not find a similar
significant difference in survival outcomes comparing tumors with anterior vs. posterior laryngeal
compartmentalization. The 5-year OS and DSS for anterior vs. posterior tumors, in fact, did not
significantly differ at either univariable (p = 0.252 and p = 0.571, respectively) or multivariable analysis
(p = 0.228 and p = 0.438, respectively). This should not represent a major source of disappointment if
one considers that TL is able to radically remove the entirety of either an anterior or posterior advanced
LC, possibly flattening the discrepancies in biological behavior and pathways of spread observed for
more conservative surgical options such as TLM and OPHLs. Therefore, the concept of anterior vs.
posterior laryngeal compartmentalization, while useful in deciding which lesions can be successfully
managed by OP approaches, loses its appeal when considering survival after TL. On the other hand,
pT category as currently defined by the 8th Edition of the TNM staging system maintains its role as a
significant prognosticator for both 5-year OS and DSS estimates, as confirmed at multivariable analysis
(p = 0.004 and p = 0.033, respectively), with values of 83% and 88% for pT3, and 47% and 65% for pT4a,
respectively (Table S1).

Apart from the T issue, it is well established that, in advanced LCs, even N category plays a crucial
role in treatment selection. In line with this, our data clearly show the survival impact of different nodal
diseases (at OS and DSS univariable analysis, HR ranged respectively from 1.64 and 2.90 for pN1 to 4.72
and 6.14 for pN3 compared to the pNO category). Moreover, as confirmation of the recent emphasis
given to the ENE by the 8th Edition of the TNM staging system, its role as a negative prognosticator
was confirmed at OS and DSS univariable analysis, with an HR of 3.23 and 3.57 compared to lymph
nodes without ENE. Therefore, considering the last edition of the TNM staging system, it seems to
efficiently stratify survival according to neck status, as also confirmed by a large study from the MD
Anderson Cancer Center where node positive disease at presentation was associated with increased
overall mortality (p < 0.0001) [20]. It is clear that patients with higher nodal category perform poorly
regardless of treatment modality, and this poses a challenging problem particularly for advanced LC.
In this scenario, while CRT is associated with worse OS compared to TL in some patients with T4
disease, no difference is seen among patients with T3 LC with minimal cartilage erosion, regardless of
N status [21]. Dissecting these specific patients accurately, Choi at al. underlined that the survival
improvement offered by primary surgery in T4 disease was significant only in NO-N1 patients, and not
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in those with higher neck categories [22]. In this cohort of patients, in fact, the survival benefit of TL
was lost, whereas the performance of CRT remained stable between the T4NO0-1 and T4N2-3 scenarios.
This topic was further addressed by Patel et al. in a recent national database analysis, underling that
there are no differences in survival between surgical (TL and OPHL) and non-surgical approaches
(CRT) for non-T4 lesions with low nodal burden, while non-T4 tumors with high nodal burden benefit
more from CRT. Nevertheless, it was pointed out that TL remains advantageous in patients with T4
LC [19]. According to these findings, adequate local control is more critical in patients with limited
nodal involvement, as they have a relatively lower risk of distant metastasis, while patients with
higher N categories are more exposed to distant failure. In this setting, patients with advanced nodal
involvement might benefit more, starting at the beginning, from systemic therapeutic regimens that
aim to control distant metastases [22].

In this regard, our investigation introduces another valuable piece of information: analyzing
LRREFS, in fact, the impact of the number of tumor deposits in neck nodes was a detrimental prognostic
factor at univariable analysis with an HR of 1.2 (p = 0.002), meaning an increase in risk of 20% for
each positive node detected. This result was also confirmed at multivariable analysis, as both the
number of positive nodes (HR 1.2, p = 0.009) and tracheal involvement (HR 5.8, p = 0.004) were
significant covariates associated with loco-regional failure, independently of the T category. In this
respect, Choi et al. proposed a new classification system for laryngeal and hypopharyngeal tumors
treated with surgery, including the number of positive nodes and showing better performance for OS
and DSS prediction compared to both the 7th and 8th Editions of the TNM staging system [23]. Of note,
the relationship between the number of positive nodes and LRRFS highlighted in our study, has not
been previously reported. Nonetheless, these findings are in accordance with those reported in the
literature for other head and neck tumors [24], even though this topic was mainly investigated in the
context of oral cavity squamous cell carcinoma [25-27].

One of the novel findings of our study is the preliminary investigation of the effects of TT in
LC. To the best of our knowledge, the literature has rarely addressed this aspect, and most of the
attempts to date present several drawbacks. Hirano, almost 30 years ago, tried to investigate the
depth of vocal muscle invasion to better understand the pathophysiological mechanism of vocal fold
hypomobility, although he did not relate it with LC prognosis [28]. A recent study partly addressed this
issue, demonstrating worse outcomes resulting from the histopathological finding of deep infiltration
into vocal muscle in early LC, though not correlating the ensuing prognosis with a continuous linear
measurement [29]. On the other hand, Yilmaz et al. analyzed the role of deep neoplastic invasion in
74 laryngeal specimens, finding a direct correlation between this parameter and survival: in their work,
the authors evaluated the correlation between depth of invasion (DOI) and nodal disease, showing that
the mean DOI for NO, N1, N2, and N3 categories were 6.33, 8.72, 9.54, and 5.53 mm, respectively [30].
In addition, Kilig et al. analyzed 85 patients treated by partial laryngectomies, aiming to correlate the
occurrence of nodal metastasis with DOI [31]. In their study it was reported the presence of positive
nodes starting from a DOI of 4 mm and this correlation proved to be significant only from a DOI of
20 mm by applying the Chi-square test. Ye et al. retrospectively analyzed a cohort of 127 patients
affected by hypopharyngeal (93 patients) and supraglottic LC (34 patients), finding that DOI correlated
with the probability of nodal metastasis both at univariable and multivariable analysis and proposing
4.5 mm as cut-off value for elective neck dissection; anyway glottic LC was not addressed in their
study [32].

When investigating DOI in LC, the anatomical complexity of the larynx, which has a peculiar
microanatomical structure that varies consistently, should be considered [33]. Advanced tumors can
easily subvert the already compacted microstructures inside the laryngeal box: these pathological
changes together with the complex microanatomy of this organ may complicate the evaluation of DOI
in LC, as no study so far reported a standardized method to measure laryngeal DOIL Our investigation
consequently addressed the TT, easily available retrospectively from pathological reports, to study
its correlation with the risk of nodal disease. Interestingly, even if univariate analysis showed an
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association between TT and the presence of nodal metastasis, the multivariable logistic model revealed
that other pathologic features such as T category, grading, LVI, and involvement of the medial wall
of piriform sinus were significant and independent predictors for the presence of nodal metastases,
overcoming the relevance of TT (Figure 6). This result might not seem of great interest in primary T4a
LC, since most patients receive simultaneous elective neck dissection anyway. However, if this topic
would be further investigated taking into account a standardized DOI (as extensively demonstrated for
oral cavity squamous cell carcinoma), the implications could be of paramount importance even for LC.
In those patients where, according to the NCCN guidelines, indications for neck dissection are not clear
or debatable [15], as in selected T3 glottic cancers treated by TLM, T1-small T2 supraglottic cancers
treated by transoral approaches, and recurrent/persistent LC failed after CRT and previously staged as
cNO [34], this information might be of great help in choosing to electively treat in one-stage or not both
the T and N sites. In fact, as previously demonstrated, very few T3 glottic cancers fail regionally [13,35],
while the role of neck dissection after CRT failure in cNO neck is still controversial, some authors
supporting an aggressive policy [36] and others maintaining a more cautious attitude [37].

Lastly, we analyzed the impact of LC extension to different subsites and found that involvement
of the retro-cricoid area is a strong predictor for distant failure, especially at multivariable analysis
(HR 5.42, p = 0.005). The best way to look at this finding is probably to compare it with what has
been described for primary retro-cricoid hypopharyngeal carcinoma, frequently presenting with
positive nodal disease and usually reported to have a poor prognosis with a 5-year OS ranging from
20% to 52% [38,39]. This type of localization, together with the piriform sinus, as pointed out in
a large retrospective series [40], is prone to distant metastasis with a 17.2% rate. LC involving the
post-cricoid area probably acquire a behavior similar to that of hypopharyngeal cancers, characterized
by richer lymphatic drainage and a higher rate of nodal metastasis. As demonstrated by the authors,
the incidence of distant disease is also directly related to positive lymph nodes, increasing the risk
3-fold [40]. Finally, at multivariable analysis, LC tracheal extension was shown to heavily affect LRRFS
(HR 5.8, p = 0.004). In fact, achieving negative margins at this level is more challenging if the surgeon
wants to preserve enough tracheal rings to tailor a good stoma and place the tracheo-esophageal speech
prosthesis without risking locating it into the thoracic esophagus. Moreover, lymphatic drainage of the
subglottis and trachea is prominent and may explain the rapid tumor spread observed when these
locations are involved [41].

The retrospective nature of this study represents its main limit. More specifically, the addition
of PORT and chemotherapy was discussed for every specific case at the MDT and cannot be fully
standardized as it would be in a prospective randomized study. However, in pN1 LSCC, based on
our results and some emerging evidence, even if it is not strictly indicated by the NCCN Guideline,
the use of PORT might be considered. To the best of our knowledge, despite no survival differences
were seen in T3 NO or T3 N+ comparing TL+ PORT and CRT, the role of PORT is controversial in the
subgroup of surgically treated T3N1, even retrieving the data from the largest and most comprehensive
population-based studies [21,42]. We hope that further study will clarify if this very specific subset of
patients might benefit or not of adjuvant treatment, or even curative RT/CRT. In such setting, more
interesting pathological factors could be studied as the lymph-node size, the micro vs. macro ENE and
the laryngeal DOL to advocate the need for adjuvant treatment.

5. Conclusions

The data presented in this retrospective analysis support the hypothesis that laryngeal
compartmentalization has no impact on survival in patients treated by upfront TL, but, most likely,
it is a useful tool to identify ideal and unfavorable candidates for OP strategies. On the other hand,
our findings demonstrate that the 8th Edition of the AJCC UICC TNM staging system is a robust
prognosticator for advanced LC in terms of both T and N categories. Combining this information with
previous reports, we might be able to better refine the decision-making process between CRT and
upfront TL for advanced LC.

200



Chapter 10. Laryngeal Compartmentalization Does Not Affect the Prognosis of LSCC Treated by
Total Laryngectomy

Cancers 2020, 12, 2241 16 of 18

The retrospective nature of our study has inherent limitations that should be ideally overcome
by a large scale, prospective study of surgically treated LC, in order to thoroughly investigate the
value of TT and DOI for all disease categories, trying to find a correlation of histopathologic data
with those obtainable in the pre-treatment setting by radiologic imaging. Lastly, a valuable topic to be
investigated further is the impact of T-topography and laryngeal compartmentalization in patients to
be managed by CRT as an alternative to OP surgery and TL.
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variables. Figure S1: Kaplan-Meier curves of univariable overall survival (OS) and disease-specific survival (DSS)
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Abstract

Purpose In 2016, the European Laryngological Society (ELS) proposed a classification for vascular changes occurring in
glottic lesions as visible by narrow band imaging (NBI), based on the dichotomic distinction between longitudinal vessels
(not suspicious) and perpendicular ones (suspicious). The aim of our study was to validate this classification assessing the
interobserver agreement and diagnostic test performance in detecting the final histopathology.

Methods A retrospective study was carried out by reviewing clinical charts, preoperative videos, and final pathologic diag-
nosis of patients submitted to transoral microsurgery for laryngeal lesions in two Italian referral centers. In each institution,
two physicians, independently re-assessed each case applying the ELS classification.

Results The cohort was composed of 707 patients. The pathologic report showed benign lesions in 208 (29.5%) cases, papil-
lomatosis in 34 (4.8%), squamous intraepithelial neoplasia (SIN) up to carcinoma in situ in 200 (28.2%), and squamous cell
carcinoma (SCC) in 265 (37.5%). The interobserver agreement was extremely high in both institutions (k=0.954, p <0.001
and £=0.880, p <0.001). Considering the diagnostic performance for identification of at least SIN or SCC, the sensitivity
was 0.804 and 0.902, the specificity 0.793 and 0.581, the positive predictive value 0.882 and 0.564, and the negative predic-
tive value 0.678 and 0.908, respectively.

Conclusion The ELS classification for NBI vascular changes of glottic lesions is a highly reliable tool whose systematic use
allows a better diagnostic evaluation of suspicious laryngeal lesions, reliably distinguishing benign ones from those with a
diagnosis of papillomatosis, SIN or SCC, thus paving the way towards confirmation of the optical biopsy concept.

Keywords Narrow band imaging - European Laryngological Society classification - Optical biopsy - Laryngeal cancer -
Vascular changes - Endoscopy
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Introduction

Early detection and diagnosis of laryngeal squamous cell
carcinoma (SCC) are crucially involved not only in reducing
mortality, but also to optimize therapeutic approaches aimed
at achieving the best organ and functional preservation [1,
2]. Fortunately, glottic SCC, the most common laryngeal
tumor localization, is more frequently detected at an earlier
stage than tumors originating in other subsites of the head
and neck due to its early (albeit highly non-specific) symp-
toms [3]. Laryngeal SCC examination is usually performed
by flexible (video)endoscopy under white light (WL) and
relies on the analysis of superficial characteristics (size,
color, location, single or multifocal appearance) and visible
morphological features (smoothness, irregularity, keratini-
zation, ulceration, submucosal growth), per se non-pathog-
nomonic and possibly overlapping each other in malignant
and benign pathologies, especially when diagnosed at early
stages. This implies the frequent need to obtain an incisional
biopsy before deciding on the therapeutic approach, with an
increase in costs, anesthetic risks, and potential undue dam-
age to the vocal cords.

Computed tomography and magnetic resonance imaging
definitively play a major role in diagnosis of more advanced
diseases, providing information about the involvement of
laryngeal structures and lateral neck lymph nodes, while, on
the other hand, they fall shortly in identifying and character-
izing superficial mucosal lesions. By contrast, the judicious
use of high definition and better contrasted videoendoscopic
images now offer staggering details in evaluation of epithe-
lial and superficial vascular patterns. Moreover, clinicians
can increasingly benefit from novel optical diagnostic meth-
ods, providing information even closer to those obtained by
formal histopathological examination, thus differentiating
between normal mucosa and discrete lesions and, among
the latter, between those with benign versus malignant
behaviors [4]. In this context, narrow band imaging (NBI)
is a well-established bioendoscopic technique using filtered
wavelengths to enhance microvascular alterations associ-
ated with preneoplastic and neoplastic transformation of
the upper aerodigestive tract (UADT) mucosa [5-8]. Since
its first introduction in the late 1990s, the use of NBI has
considerably upgraded physicians’ ability for non-invasive
detection and delineation of suspicious mucosal lesions,
and is thus beneficial in the diagnosis of a variety of benign
and malignant lesions [9]. However, the need for a common
language to be shared among clinicians to describe NBI-
enhanced vascular patterns led to the proposal of different
classifications during the last decades [10—-12]. In 2016, the
Working Committee on Endoscopic Laryngeal Imaging
of the European Laryngological Society (ELS) published
a new proposal for a simplified (dichotomic) description

@ Springer

of vocal fold vascular changes as seen under NBI [12]. In
this system, the authors distinguished between normal and
pathologic vascular patterns of the vocal folds. The latter,
in turn, were divided into longitudinal and perpendicular
vascular changes. Longitudinal vessels characterize benign
lesions, while perpendicular ones (i.e. dot-like intrapapillary
capillary loops [IPCL], enlarged and worm-like vessels) are
considered signs of benign neoplasms (such as papilloma-
tosis), squamous intraepithelial neoplasia (SIN), or frankly
malignant lesions.

The present study aims to assess the performance of the
ELS classification of vascular changes in a broad multicenter
cohort, testing its interobserver agreement as primary end-
point, and analyzing its accuracy in predicting the final path-
ological results in an optical biopsy setting, i.e. by evaluat-
ing the diagnostic accuracy of NBI by comparing it with
the final histopathologic diagnosis obtained after complete
removal of the glottic lesion.

Methods
Study population

A retrospective study was carried out enrolling patients
treated at the Departments of Otorhinolaryngology—Head
and Neck Surgery of the Universities of Genoa (Center
Aj; from January 2012 to December 2016) and Brescia
(Center B; from January 2015 to December 2018), Italy.
All patients enrolled were affected by laryngeal lesions; a
pre-treatment videoendoscopic evaluation with both WL and
NBI was performed in the office as well as in the operatory
theater, and the records were saved in his/her medical chart;
the laryngeal lesion was treated by a transoral microsurgical
approach by either cold instrumentation and carbon dioxide
(CO,) laser; postoperative histopathologic assessment was
obtained to classify the resected tissue as benign, dysplastic
or malignant. Histopathological diagnosis was performed
according to the WHO classification system [13].

Clinical diagnostic work-up

All patients were preoperatively evaluated by high-defi-
nition television (HDTV)-WL and HDTV-NBI through a
videorhinolaryngoscope ENF-VQ or ENF-VH coupled to
an Evis Exera Il HDTV camera connected to an Evis Exera
II CLV-180B light source (Olympus Medical System Corp.,
Tokyo, Japan). Just before surgery, in the operating room,
with patient under general anesthesia, intraoperative HDTV-
WL and HDTV-NBI rigid endoscopy with 0° and 70° tel-
escopes (Karl Storz, Tuttlingen, Germany) was also system-
atically performed. On the basis of this diagnostic work-up,
laryngeal lesions were subsequently removed by either a
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phonomicrosurgical approach (in case of benign lesions) or
excisional biopsy (in case of papillomatosis, SIN, carcinoma
in situ [CIS] or invasive SCC) by type I-III cordectomies
according to the ELS classification of cordectomies [14].

Clinical evaluation applying the ELS classification
Clinical records of the study population, including demo-

graphic features and information on previous treatments
in terms of laryngeal surgery, head and neck radiotherapy,

or other treatments before the index transoral microsurgi-
cal procedure were retrieved from the hospital databases.
Two independent physicians from each institution with
at least a 3-year-experience in the use of NBI, blinded to
the final histopathologic result, retrospectively and inde-
pendently reviewed the intraoperative videoendoscopic
recordings. Applying the ELS classification for laryngeal
vascular changes [15], each case was categorized as sus-
picious for malignancy (presence of perpendicular vas-
cular abnormalities as shown in Fig. 1) or non-suspicious

Fig. 1 Endoscopic picture of three representative cases of SCC (a—d) or CIS (e, f) correctly identified as suspicious by the presence of perpen-
dicular vascular abnormalities (* in all panels) evaluating the NBI endoscopic appearance (b, d, f) and applying the ELS classification
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Fig.2 Endoscopic picture of three representative cases of benign endoscopic appearance (b, d, f) and applying the ELS classifica-
glottic lesions: keratosis without atypia (a, b), Reinke’s edema (c, d) tion. The ° in all panels points to non-suspicious longitudinal vascu-
and polyp (e, f) correctly identified as benign lesions without iden- lar abnormalities that can be observed inside the lesion (d) of at its
tifying any perpendicular vascular abnormalities evaluating the NBI boundary (b, f)

@ Springer

209



Chapter 11. Validation of the ELS classification of glottic vascular changes as seen by NBI

European Archives of Oto-Rhino-Laryngology (2021) 278:2397-2409

Fig. 3 Endoscopic pictures of three representative cases (a, b; ¢, d; and e, f) of recurrent laryngeal papillomatosis correctly identified detecting
wide angle IPCLs (arrowheads in all panels) evaluating the NBI endoscopic appearance (b, d, f)

(undetectable perpendicular vascular changes or longitudinal ~ papillomatosis (i.e., wide angle IPCL) was also considered
ones as shown in Fig. 2). In case of interobserver disagree-  as a secondary endpoint (Fig. 3).

ment, consensus was reached by direct comparison between

the examiners. The identification of features of respiratory
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Table 1 Definition of interrater agreement qualitative scores accord-
ing to Altman et al. [15, 16] and Clinical Utility indexes grading
according to Mitchell [18]

Agreement classification Clinical Utility Index classification

K Strength of CU+Ve or CU-  Grading
agreement Ve

<0.21 Poor <0.49 Poor utility

0.21-0.40 Fair 0.49-0.63 Satisfactory utility

0.41-0.60 Moderate 0.64-0.80 Good utility

0.61-0.80 Good 0.81-1.00 Excellent utility

0.81-1.00 Very good

CU + Ve positive clinical utility index, CU—Ve negative clinical utility
index

Statistical analysis

Clinical data were reported as absolute and relative fre-
quencies. The reliability of the ELS classification was
assessed for each independent cohort measuring the
Cohen’s k statistic and the strength of agreement graded
according to Altman et al. [16, 17], as reported in Table 1.
Considering the final consensus of the evaluation, we
assessed the performance of the diagnostic test for pre-
diction of the final pathologic result (at least SIN1, up to
SCC) in an optical biopsy setting. For better understand-
ing of the clinical utility of applying the classification and

detecting papillomatosis-like features, the Clinical Util-
ity (CU) indexes were also derived, taking into account
the measures of occurrence (sensitivity or specificity)
together with the possibility of discrimination (positive
[PPV] or negative predictive values [NPV]), and their
qualitative grading were judged accordingly [18, 19]
(Table 1). The Positive Clinical Utility Index (CU + Ve)
is defined as sensitivity*PPV, and a high CU + Ve results
should characterize “case finding” tests. By contrast,
good Negative Clinical Utility Index (CU—Ve), defined
as specificity*NPV, should be ideal for “screening” tests
[18, 19].

In all analyses, a two-tailed p value <0.05 was consid-
ered significant. GraphPad Prism (San Diego, CA, USA),
Stata (version 13.0, College Station, Texas, USA) and R
(version 3.6.2) were used for statistical analysis and ren-
dering graphs.

Results
Clinical data

A total of 707 patients met enrolment criteria: 434 (61.3%)
had been evaluated and treated at the center A, and 273
(38.7%) at the center B. Five-hundred and fifty six (78.6%)
were males and 151 (21.4%) females, with a mean age of
61.8 years (range 18-91). Four-hundred and seventy-eight

Table 2 Clinical features of the

Variables All Longitudinal vessels  Perpendicular
cohort vessels
n % n % n %
All 707 100.0 283 40.0 424 60.0
Gender
Male 556 78.6 184 26.0 372 52.6
Female 151 21.4 99 14.0 52 7.4
Previous treatments®
No 478 67.6 221 313 257 36.4
Previous surgery 174 24.6 45 6.4 129 18.2
Previous RT 17 2.4 4 0.6 13 1.8
Previous biopsy 54 7.6 8 1.1 46 6.5
Histology
Benign 208 29.4 184 26.0 24 34
Papillomatosis without atypia 34 4.8 0 0.0 34 4.8
SIN1 46 6.5 24 34 22 3.1
SIN2 61 8.6 26 3.7 35 5.0
SIN3/CIS 93 132 15 2.1 78 11.0
SCC 265 375 26 3.7 239 33.8
The sum of rows is 723 since 16 patients had two different previous treatments
RT radiotherapy, SIN squamous intraepithelial neoplasia, CIS in situ carcinoma, SCC squamous cell carci-
noma
@ Springer
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Fig.4 Alluvial chart showing frequency distribution of previous treatment, ELS classification results, histology, and presence of wide angle
IPCL features (WA IPCL). Color code according to different matching of previous treatments and ELS classification results

(67.6%)
tion and
whereas

patients were submitted to endoscopic evalua- 17 (2.4%) received head and neck radiotherapy, and 54
surgical procedures without previous treatments,  (7.6%) had been previously biopsied elsewhere. The final
174 (24.6%) had been already surgically treated,  pathologic report was consistent with a benign lesion in 208

Table 3 Agreement analysis by Cohen’s k test

Institution Type of lesion N % Agreement (%) K 95% CI (k) p
University of All 434 100 97.7 0.954 0.86-1.0 <0.0001
Genoa (Center A)  Unreated 284 65.4 97.5 0.949 0.833-1.0 <0.0001
Previous biopsy/surgery/RT 150 34.6 98.0 0.945 0.785-1.0 <0.0001
University of All 273 100 94.9 0.872 0.754-0.991 <0.0001
Brescia (Center B)  Untreated 194 71.1 94.3 0.864 0.723-1.0 <0.0001
Previous biopsy/surgery/RT 79 28.9 96.2 0.894 0.674-1.0 <0.0001
@ Springer
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(29.5%) cases, papillomatosis without atypia in 34 (4.8%),
mild SIN (SIN1) in 46 (6.5%), moderate SIN (SIN2) in 61
(8.6%), severe SIN (SIN3) or CIS in 93 (13.1%), and SCC in
265 (37.5%). Full details are summarized in Table 2, Fig. 4.

ELS classification interobserver reliability

Cohen’s k statistic was used to assess the agreement
between judgment of each lesion by two independent raters
in each institution applying the ELS classification. Accord-
ing to the criteria by Altman et al. [16, 17], reported in
Table 1, for the entire cohort the result was satisfactory
and showed a very good agreement between observers at
both the center A (x=0.954; 95% confidence interval [CI]
0.86-1.0, p <0.0001) and the center B (x=0.872; 95% CI
0.754-0.991, p <0.0001) (Table 3). The agreement was
consistent and significant (p <0.0001) for both Institu-
tions, as well as for untreated (x=0.949; 95% CI1 0.833-1.0
and k=0.864; 95% CI 0.723-1.0, respectively) and previ-
ously treated patients (x=0.945; 95% CI 0.785-1.0 and
k=0.894;95% CI 0.674-1.0, respectively) (Table 3).

Diagnostic performance

Considering the final score in the entire cohort (24 cases
with initial disagreement were resolved between the exam-
iners), performance of the diagnostic test was assessed
investigating the detection of at least SIN1-SCC (Table 4).
The best sensitivity and NPV were obtained for detection
of SCC (0.90 and 0.91, respectively) and, accordingly, the
best specificity and PPV for diagnosis of at least SIN1 (0.79

and 0.88, respectively). Considering previous treatments as
a potential source of bias, for untreated patients the ELS
classification reached the best performance with sensitivity
and NPV for detection of SCC of 0.93 and 0.95, respectively,
and specificity and PPV for diagnosis of at least SIN1 of
0.88 and 0.91, respectively. In previously treated patients,
the performance of endoscopic evaluation was still satisfac-
tory in terms of sensitivity (from 0.82 to 0.86), while it was
poorer in terms of specificity (from 0.34 to 0.49), NPV (from
0.46 t0 0.76), and PPV (from 0.45 to 0.84) (Table 4, Fig. 5).

The measurement of the CU indexes confirmed this
observation with a good CU + Ve and CU—Ve for all out-
comes except one in untreated patients, whereas no more
than satisfactory or even poorer results were obtained for
most outcomes in previously treated or biopsied patients, as
shown in Table 5.

Diagnostic performance in respiratory
papillomatosis

Among perpendicular vascular changes, the ELS classifica-
tion well defines the vascular pattern of recurrent respiratory
papillomatosis lesions, characterized by vessel loops with
wide angle turning point, embedded in a three-dimensional
warty structure [15]. We tested the identification of these
features by NBI in our cohort, confirming their value for
correct identification of this disease with a sensitivity of 1.0
(95% CI 0.90-1.0), specificity of 0.98 (95% CI 0.96-0.99),
PPV of 0.69 (95% CI 0.55-0.82), and NPV of 1.0 (95% CI
0.99-1.0), as shown in Table 4. Moreover, the measure of
CU indexes confirmed the excellent performance of NBI

Table 4 Diagnostic test results

Sensitivity (95% CI) Specificity (95% CI) PPV (95% CI)

NPV (95% CI)

All

@ Springer

At least SIN1
At least SIN2
At least SIN3
SCC
Untreated
At least SIN1
At least SIN2
At least SIN3
SCC

0.80 (0.77-0.84)
0.84 (0.80-0.87)
0.89 (0.85-0.92)
0.90 (0.86-0.94)

0.80 (0.75-0.84)
0.85 (0.80-0.89)
0.90 (0.86-0.94)
0.93 (0.88-0.96)

Previous biopsy/surgery/RT

At least SIN1
At least SIN2
At least SIN3
SCC

0.82 (0.75-0.87)
0.83 (0.76-0.89)
0.85(0.78-0.91)
0.86 (0.77-0.92)

Papillomatosis detection 1.00 (0.90-1.00)

0.79 (0.74-0.84)
0.75 (0.70-0.80)
0.69 (0.64-0.74)
0.58 (0.53-0.63)

0.88 (0.83-0.93)
0.86 (0.81-0.90)
0.81 (0.75-0.86)
0.68 (0.63-0.74)

0.49 (0.35-0.63)
0.44 (0.33-0.56)
0.40 (0.31-0.51)
0.34 (0.26-0.43)
0.98 (0.96-0.99)

0.88 (0.85-0.91)
0.83 (0.79-0.87)
0.75 (0.70-0.79)
0.56 (0.52-0.61)

0.91 (0.87-0.95)
0.88 (0.84-0.92)
0.81 (0.76-0.86)
0.61 (0.55-0.67)

0.84 (0.77-0.89)
0.75 (0.68-0.82)
0.65 (0.58-0.72)
0.45(0.41-0.57)
0.69 (0.55-0.82)

0.68 (0.62-0.73)
0.76 (0.71-0.81)
0.86 (0.81-0.89)
0.91 (0.87-0.94)

0.74 (0.67-0.79)
0.82 (0.76-0.87)
0.90 (0.86-0.94)
0.95 (0.91-0.97)

0.46 (0.33-0.59)
0.56 (0.42-0.69)
0.68 (0.54-0.79)
0.76 (0.63-0.86)
1.00 (0.99-1.00)

PPV positive predictive value, NPV negative predictive value, CI confidence interval, SIN squamous
intraepithelial neoplasia, SCC squamous cell carcinoma
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A

ELS classification — ALL patients

Accuracy @ Atleast SIN1

At least SIN2
@ Atleast SIN3
@ Atleast SCC

100 (%a)

Sensitivity NPV

Specificity PPV

C

ELS classification - treated patients

Accuracy @ Atleast SINT
At least SIN2
100 (%
) ® Atleast SIN3
80 (%)

@ Atleast SCC

Sensitivity MNPV

Specificity

PPV

Fig.5 Radar charts showing the diagnostic test applying the ELS
classification for the detection of different histologic targets in the
whole cohort (a), in the untreated group (b), and in the previously

with a CU-Ve of 0.98 (95% CI 0.97-0.99) and good perfor-
mance in terms of CU+ Ve of 0.69 (95% CI 0.56-0.83), as
reported in Table 5.

Discussion

Among the several bioendoscopic techniques now avail-
able for routine evaluation of the UADT, NBI appears to
be the most effective in evaluation of the larynx, hypophar-
ynx, oral and oropharyngeal cavities [1, 20, 21]. The easy
use of NBI and other bioendoscopic tools based on similar
principles, which aims to enhance the vascular features of
tissues (e.g. SPIES [22] or iSCAN [20]), is mainly due to

ELS classification — untreated patients

Accuracy @ At least SINT

At least SIN2
@ At least SIN3
® At least SCC

100 {2%)

Sensitivity 20 (%) HPY.

0

\ /

Specificity

PPV

D

Papillomatosis detection

Accuracy @ Papillomatosis
100 (26)
20 (%)
60 (%)
40 (%)

Sensitivity NPY

20 (%)
0

Specificity

PPV

surgical or RT treated group (c). Diagnostic test results referred to the
detection of wide angle IPCLs for the diagnosis of laryngeal papil-
lomatosis (d)

full integration of high-definition videoendoscopes, easily
activated by pressing a button during in-office endoscopic
examination or during pre- and intraoperative assessment.
Interestingly, the superior in-depth evaluation of the bioen-
doscopic features of a given lesion may pave the way to the
proof of concept of the optical biopsy, i.e. the capability to
understand the nature of a given vocal fold mucosal lesion
before its removal, thus modulating its excisional biopsy and
optimizing hospitalization time, costs, and undue damage to
surrounding healthy structures [23].

The need for a common language to categorize and share
the findings from NBI evaluation led to a number of different
classification systems. The first to have widespread diffusion
in the head and neck scientific community was proposed

@ Springer
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Table 5 Clinical Utility indexes

- . CU+Ve (95% CI) CU+Ve Judgment CU-Ve (95% CI) CU-Ve Judgment
and utility grading results
according to Mitchell [18] All
At least SIN1 0.71 (0.67-0.75)  Good 0.54 (0.49-0.58)  Satisfactory
At least SIN2 0.70 (0.65-0.74)  Good 0.57 (0.53-0.62)  Satisfactory
At least SIN3 0.66 (0.61-0.71)  Good 0.59 (0.55-0.63)  Satisfactory
SCC 0.51 (0.45-0.57)  Satisfactory 0.53 (0.49-0.57)  Satisfactory
Untreated
At least SIN1 0.73 (0.68-0.78)  Good 0.65 (0.60-0.70)  Good
At least SIN2 0.75 (0.69-0.80)  Good 0.70 (0.66-0.74)  Good
At least SIN3 0.73 (0.68-0.79)  Good 0.73 (0.69-0.77)  Good
SCC 0.57 (0.50-0.64)  Satisfactory 0.65 (0.61-0.69)  Good
Previous biopsy/surgery/RT
At least SIN1 0.68 (0.61-0.75)  Good 0.23 (0.11-0.34)  Poor
At least SIN2 0.63 (0.55-0.70)  Satisfactory 0.25 (0.14-0.35)  Poor
At least SIN3 0.56 (0.47-0.64)  Satisfactory 0.27 (0.17-0.38)  Poor
SCC 0.42 (0.32-0.52)  Poor 0.26 (0.16-0.36)  Poor
Papillomatosis detection  0.69 (0.56-0.83)  Good 0.98 (0.97-0.99)  Excellent

CU + Ve positive clinical utility index, CU—Ve negative clinical utility index, CI confidence interval, SIN
squamous intraepithelial neoplasia, SCC squamous cell carcinoma

by Ni et al. [11]. These authors divided the different [IPCL
changes in five types (I-V), judging them as benign (from
types I-IV), suspected malignant, and frankly malignant
(type V). However, apart from its intrinsic complexity, this
classification clearly showed a lack of a clear-cut threshold
between benign and malignant diseases. In fact, different
authors proposed different cut-offs for the worst endoscopic
feature of each lesion to be considered suspicious, ranging
from type III [24], to type IV [25-27], and type V [9, 11,
28].

Therefore, in 2016 the ELS proposed a new classifi-
cation system for the interpretation of glottic vascular
abnormalities detected during NBI-guided endoscopies
[15]. This classification considers vascular abnormalities
as IPCL perpendicular to the epithelium surface as suspi-
cious, whereas longitudinal vascular changes (e.g. dilated
or tortuous vessels, increased vessels numbers) are consid-
ered as not suspicious to harbor respiratory papillomatosis,
pre-malignant, or cancerous lesions. The first attempt to
apply this dichotomic classification was in the study by
Sifrer et al. [29] who analyzed 80 vocal cords lesions in
which the identification of a perpendicular vascular pattern
was diagnostic for CIS-SCC with a sensitivity of 100%,
specificity of 95%, PPV of 88%, and NPV of 100%. Fur-
ther analysis evaluating a larger cohort of 288 vocal cords
gave similar results (sensitivity 98%, specificity 95%, PPV
88%, and NPV 99%) [30].

Our results, obtained in two of the European pioneer cent-
ers applying NBI for evaluation of the UADT since 2007,
herein confirm the intrinsic value of the ELS classification
for laryngeal vascular changes in the identification of lesions

@ Springer

harboring pre-cancerous or frankly neoplastic alterations.
In particular, we applied this diagnostic tool to demonstrate
its possible role in performing a so-called optical biopsy. In
fact, our policy has always been, for early glottic lesions, a
one-stage modulated excisional biopsy based on a number
of pre- and intraoperative diagnostic tests in which WL and
NBI rigid endoscopy under general anesthesia has always
played a paramount role [23]. Moreover, as asserted by
many authors, NBI is capable of enhancing small lesions
that are undetectable by WL alone, thus ameliorating the
treatment of laryngeal SSC, as well as assessing the poten-
tial multifocality of the disease and correct evaluation of
intraoperative margins [31], as well as early identification
of small recurrences during follow-up that may still allow
application of minimally invasive treatments such as laser
office-based procedures or second-look microlaryngoscopic
operations [32-35]. Of note, the present study demonstrated
a lower diagnostic accuracy of NBI in the previously treated
patients compared to the untreated ones, thus confirming the
potential confounding factor played by invasive sampling
procedures when not directed to the full removal (excisional
biopsy) of the entire visible lesion within safe margins.
The excellent interobserver reliability of the ELS classifi-
cation with a k>0.81 in all scenarios tested and reproducible
in two independent centers confirms the reproducibility of
the operators’ findings in applying this classification tool.
The high interobserver reliability of the ELS classifica-
tion can be explained by its intrinsic simple application
and dichotomic arrangement, providing better performance
compared to other proposed classification systems such as
that by Ni, which is complicated by a 5-tier structure and
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associated with moderate/substantial interrater accordance,
with a k ranging from 0.55 to 0.69 [36, 37].

On the other hand, it has to be noted that all the observers
involved in this study had a minimum experience of 3 years
in the use of NBI technology. Even though application of
the ELS Classification on vocal fold vascular changes as
observed by NBI is no more subjective than any other diag-
nostic performance, evaluation of certain subtle and some-
times ambiguous neoangiogenic patterns still may require a
higher level of expertise, for which a learning curve is inevi-
tably necessary. However, data derived from the gastrointes-
tinal field show that less than a year of training evaluating
200 cases is enough to guarantee an accurate evaluation of
NBI frames and that the motivation of the trainer itself can
significantly improve the overall performance [38].

Investigating the diagnostic test, having as a target all the
possible grades of pre-malignant or malignant transforma-
tion, allowed us to depict the capability of the ELS classifi-
cation in helping to correctly identify pre-malignant cases
with the highest PPV and specificity for at least SIN1 diag-
nosis. The lower performance of such parameters observed
for the final diagnosis of glottic SCC can be explained by
the presence, and progressively increase, of perpendicular
vascular changes at early stages of pre-malignant transfor-
mation (SIN1-SIN2). By contrast, for diagnosis of laryngeal
SCC, the ELS classification had good performance in terms
of sensitivity and NPV, with a low rate of false negative
cases and good confidence in a negative result (absence of
perpendicular vascular changes).

Furthermore, several authors have underlined the utility
of NBI for detection of recurrent respiratory papillomatosis
and its ability to increase the detection rate of small lesions
that invisible by WL alone [29, 33, 39-42]. The excellent
performance in terms of CU + Ve and CU—Ve searching for
wide angle IPCLs in the identification of respiratory papil-
lomatosis mandates, as previously suggested by the recent
literature [33, 39-44], the use of biologic endoscopy tools
like NBI, and should be considered the endoscopic gold
standard for optical biopsy and follow-up of patients affected
by laryngeal papillomas.

The main limits of our study are represented by its ret-
rospective design, balanced by analyzing a broad bicentric
cohort. Nevertheless, among the estimator analyzed, the
suboptimal performance in terms of specificity, negative
predictive value, and CU—Ve could has been underesti-
mated having chosen among the inclusive criteria the need
for a histopathological diagnosis: several patients without
any suspicious lesion at the first evaluation and along time
could be considered as true negatives too, thus improving
the values of such estimators.

Further developments in this field might include the anal-
ysis of a prospective cohort of patients, implementing the
enrollment of true negative cases and developing a real-time

software applicable in the head and neck, based on artificial
intelligence algorithms already tested on retrospective stud-
ies [45, 46], thus improving the objectivity and detection rate
of these diagnostic tools, as already devised for gastrointes-
tinal tract tumors [47, 48].

Conclusion

The ELS classification for NBI vascular changes of laryn-
geal lesions, herein validated in a large multicenter cohort,
is a highly reliable tool with good diagnostic performance in
the optical biopsy setting, confirming its overall value. The
systematic use of this classification seems to allow better
(and purely endoscopic) diagnostic capability of suspicious
glottic lesions, reliably distinguishing benign ones from
those with a diagnosis of papillomatosis, SIN, or invasive
SCC. The excellent performance of NBI for correct identifi-
cation of respiratory papillomatosis also confirms its useful-
ness in this clinical setting.
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1 | INTRODUCTION

Head and neck cancers (HNC) represent the seventh
cause of cancer-related death globally and 4% of solid
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Abstract

Background: Malnutrition, in patients with solid tumors, is associated with a
worse clinical outcome and about 40% of patients affected by head and neck
cancers (HNC) are malnourished at the time of cancer diagnosis. We investi-
gated the potential benefit of a standardized immunonutritional protocol (INP)
to patients with HNC receiving major ablative surgery.

Methods: An observational study was conducted enrolling 199 patients:
50 treated with the INP and 149 with standard enteral nutrition. Complication
rates, need for medications, and costs were considered as outcomes.

Results: INP played a protective role in development of major surgical compli-
cations (OR 0.23, p = 0.023), albumin administration (RR 0.38, p = 0.018), and
antibiotic duration (p < 0.001) and is cost-effective in patients with moderate
or severe malnutrition (—6083€ and —11 988€, p < 0.05).

Conclusions: Our study supports the utility of INP, and accurate nutritional
screening can help to identify malnourished patients who would receive the
most benefits from this protocol.

KEYWORDS

albumin, complications, cost analysis, head and neck cancer, immunonutrition, surgery

cancers."” The most common subsite is the oral cavity
(41%), followed by the larynx (24%) and pharynx (22%).
Moreover, advanced head and neck cancers are associated
with chewing and swallowing impairment and worsening
nutrition status, thus causing malnutrition. Previous stud-
ies have shown that about 40% of patients with HNC are
malnourished at the time of cancer diagnosis® and 25%-

Head & Neck. 2022;1-15.

wileyonlinelibrary.com/journal/hed © 2022 Wiley Periodicals LLC. | 1

220



Chapter 12. Immunonutrition in head and neck surgery: analysis of peri-operative outcomes

| WILEY

ASCOLI ET AL.

50% had involuntary weight loss.* According to the World
Health Organization, malnutrition refers to deficiencies,
excesses, or imbalances in a person'’s intake of energy and
nutrients (https://www.who.int/news-room/questions-and-
answers/item/malnutrition).

There are three main reasons for weight loss. First,
tumors arising in the oral cavity, oropharynx, hypophar-
ynx, and larynx can lead to dysphagia due to organ
dysfunction.3‘5 Second, the cancer secretes cytokines, such
as TNF-alpha and interleukins, which increase the cata-
bolic processes and contribute to the loss of muscle mass;
lastly, pre-existing chronic malnutrition, associated with
alcohol and tobacco consumption, can worsen an already
critical malnutrition status.’ Third, treatment intensity,
including surgery, radiotherapy, chemotherapy, or a com-
bination of these, can further aggravate’ the malnutrition
already present at diagnosis of HNC.>*®° 1t is also well
established that nutritional status can significantly influ-
ence the clinical and therapeutic course of different dis-
eases, especially for patients affected by cancer.'®®

Malnutrition is associated with a worse clinical course
due to a higher risk of complications, significant toxicity,
reduced treatment compliance, and a worse quality of life.”

Adequate nutritional support is crucial in reducing
the risk of complications during hospitalization.®'7~2°

Malnutrition compromises the immune system of
patients, thus altering the response to pathogens and
increasing rates of infection.”’”** The insufficient caloric
intake and specific macronutrients and/or micronutrients
alters the function of nonspecific defenses and acquired
immunity such as the antibody-mediated response.****

Moreover, the recent literature has suggested that peri-
operative nutritional supplements with immunonutri-
tional additives can positively modulate the immune and
inflammatory response, both in vitro and in vivo.?®

Since April 2019, in our center a specific intervention
protocol was implemented to improve the nutritional sta-
tus of patients undergoing major head and neck surgery
requiring postoperative enteral feeding. This retrospective
case—control study aimed to investigate the potential ben-
efit of applying the immunonutritional protocol (INP),
compared to a historical cohort, investigating as end-
points complications and support needed during hospital-
ization, such as need for blood units and/or albumin.
A cost analysis was also carried out.

2 | MATERIALS AND METHODS

2.1 | Study design

An observational retrospective study was conducted
enrolling patients treated from 2012 to 2021 in a single

Institution, the Unit of Otorhinolaryngology-Head and
Neck Surgery of Ospedale Policlinico San Martino,
Genoa, Italy. It was approved by the Ethics Committee
under the identification  number  “2021-133
ImmunoHNC,” in accordance with the Declaration of
Helsinki.

Patients with neoplasms of the upper aerodigestive
tract who underwent major ablative surgery were
enrolled. Exclusion criteria were distant metastatic dis-
ease, pregnancy, final histopathologic report confirming
nonmalignant neoplasia, and age younger than 18 years.
Of the 292 patients initially selected, 199 met the inclu-
sion criteria and were included. All patients had been
submitted to surgery after multidisciplinary team (MDT)
discussion and preoperative counseling between head
and neck surgeons, nutritionists, dietologists, geriatrics,
radiation, and medical oncologists. The follow-up time in
the present cohort was 30 days, exclusively to evaluate
hospital re-admission.

The entire cohort was divided into two groups: the
“study group” included patients treated since April 2019
when a specific immunonutritional protocol (INP) was
implemented in clinical practice of the Unit; the “control
group” (CG) received standard postoperative nutrition,
including a historical cohort of patients, from 2012 to
March 2019. The control group did not receive any nutri-
tional examination or additional nutritional support pre-
operatively. The postoperative administration rate,
volume, and type of product used, for both enteral nutri-
tion (NET) and parenteral nutrition (NPT), was managed
subjectively by the Otolaryngologist or dietician on duty.
All products used in both groups are shown in Table S2,
Supporting Information.

2.2 | Diagnostic workup

Preoperative workup was standardized for all patients
and consisted of endoscopic, imaging, and nutritional sta-
tus evaluation. The endoscopic workup included transna-
sal panendoscopy in white light (WL) and narrow-band
imaging (NBI, Olympus Medical System Corporation,
Tokyo, Japan) to better define the superficial extension of
the lesion.”>** Computed tomography (CT) or magnetic
resonance (MR) and positron emission tomography
(PET) were used for tumor staging. Neck ultrasound
(US) was routinely performed with or without fine-
needle aspiration cytology. The radiologic workup
allowed the meticulous assessment of tumor extension.*!
Tumors were classified according to the 8th Edition of
the AJCC UICC TNM staging system.>* The anesthesiolo-
gist assessed patients before surgery. The ASA scores
(The American Society of Anesthesiologists classification
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of physical condition) were transcribed and included in
the statistical analysis.>?

2.3 | Study group protocol

2.3.1 | Specific dietological evaluation

All patients were initially evaluated using the Nutritional
Risk Screening 2002 (NRS-2002) recommended by
ESPEN (European Society for Clinical Nutrition and
Metabolism).>* The nutritional screening consisted of
evaluation of the baseline status by measuring morpho-
metric parameters such as weight, height, BMI (accord-
ing to World Health Organization Expert Consultation),
and waist and arms circumferences; a recent occurrence
of weight loss and including administration of the Nutri-
tional Risk Screening 2002 (NRS-2002) aimed at predict-
ing worsening of nutritional status.

A detailed nutritional intervention was planned if the
NRS final score was >3. A personalized schedule was then
established with the correct food consistency characteris-
tics according to “the IDDSI framework document”
(International Dysphagia Diet Standardization Initiative)*®
to cover the patient's calorie/protein requirements. This
dietary plan considered: the neoplasm (location, stage);
nutritional status of the patient, comorbidities, symptoms
that may limit nutrition, eating habits (preferences, aver-
sions), and psychological and social factors of the patient.

The dietary pattern was tailored to the patient's needs.
Specifically, it takes into account the frequency, distribu-
tion, and consistency of meals, the quality of the food
introduced, giving preference to the most caloric foods,
and the amount of specific macronutrients and micronu-
trients (total calories, grams of protein, lipids, carbohy-
drates, simple sugars and their percentages of total
calories, grams of fiber, plus the calculation of other
disease-specific micronutrients).

Specific oral supplements such as whole proteins,
BCCA amino acids, and maltodextrins were prescribed
when the patient was affected by comorbidities such as
diabetes, kidney failure, or liver disease.

If the oral intake was not sufficient, the surgeon and
nutritionist advocate placing a nasogastric tube or a per-
cutaneous gastrostomy. Lastly, based on the former eval-
uation, the dietologist estimated the risk of nutrition
worsening considering the chosen treatment and stage of
the disease. In addition, the following information were
collected: dietary history quantifying the intake of foods,
nutrients, and physical activity in a typical day; dietary
food impairment detecting the abuse of medications,
alcohol, caffeine, and supplements; lastly, the socio-
sanitary condition.

The patient was entrusted to the nutritionist and imme-
diately supported by oral diet or enteral diet supplements
until the week before the surgery; then, the specific INP with
oral impact was administered. Nonmalnourished patients
were supported the week before surgery with the INP.

2.3.2 | Immunonutritional protocol

The INP started 1 week before surgery. It consists of two
or three flasks of Oral IMPACT® (Nestle Health Science,
Vevey, Switzerland) every day at home (depending on
nutritional status and volume of preserved oral diet).
IMPACT® is an oral nutraceutical that provides
1.0 kcal/ml when reconstituted with water (74 g powder
plus 250 ml water; content 16.7 g protein; 8.3 g fat; 40.2 g
carbohydrates; and total energy 302.8 kcal). This product
is enriched with x-3 fatty acids, arginine, ribonucleotides,
and soluble fiber (3.74 g arginine; 1.0 g x-3 fatty acids;
0.39 g ribonucleotides; and 3 g soluble guar fibers). All
patients took the dose of Impact prescribed. In addition,
nondiabetic patients received the following the evening
before and 3 h before surgery: 100 and 50 g of maltodex-
trins in 500 ml of water to reduce insulin resistance in
the immediate postoperative course.>*~*°

2.3.3 | Nutritional support during
hospitalization

After surgery, we applied the enhanced recovery after
surgery (ERAS) protocol guidelines.*® The specific nutri-
tion started 12 h after surgery. We have adopted a com-
bined enteral (Impact enteral and Nutrison Energy,
©Nestlé, Vevey, Suisse) and parenteral diet (Olimel N9E,
©Baxter, Rome, Italy) in the first 2 days to overcome the
caloric and protein deficit and allow the NET to gradually
avoid episodes of reflux or vomiting that could compro-
mise the operation and be better tolerated by the patient.
The dietary support ensures sufficient caloric and protein
intake in the immediate postoperative period.*! The infu-
sion speed was 30 ml/h and progressively increased by
20-30 ml/h every 24 h until the daily nutritional goal
(31.0 total kcal/kg; 25.0 nonprotein kcal/kg; 1.5 g pro-
tein/kg) was reached.

Parenteral nutrition was stopped, and exclusive
enteral nutrition at full speed with three enteral Impacts
on Day 3, two enteral Impacts and a Nutrison energy on
Day 4, and finally one enteral Impact and 2 Nutrison
energy on Day 5 continued until the patient resumed oral
feeding at 12-14 days after surgery (Table S1).

The dietitians checked patients' nutritional status
twice a week until discharge, adjusting the distribution of
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calories or proteins according to the patient's needs.
Patients were followed in the dietician's office throughout
adjuvant treatment or until an autonomous and sufficient
diet was achieved.

2.4 | Endpoints and protocol
effectiveness

Blood parameters of the entire cohort were collected to
assess preoperative and postoperative hemoglobin (Hb),
mean corpuscular volume, mean corpuscular Hb, mean
corpuscular Hb concentration, red blood cell distribution
width, erythrocytes, glucose, serum albumin (ALB), leu-
kocytes, neutrophils, lymphocytes, platelets, transferrin,
ferritin, TSH reflex, INR, fibrinogen, prothrombin, and
D-dimer.*"*

Blood samples were drawn before surgery, the first
postoperative day, and every 48 h until the patient
resumed feeding on a creamy diet by natural means.

We evaluated the incidence of surgical major (requir-
ing surgical reintervention) and minor complications
(manageable with medications), number of blood units
transfused, number of ALB vials, duration of antibiotic
therapy, re-admission within 30 days from discharge, and
length of hospital stay (LOS) defined as total nights spent
in the hospital.

Blood parameters were compared in both groups to
assess the effectiveness of treatment and identify any fac-
tor that could influence the perioperative course. A cost
analysis was also performed.

2.5 | Costestimation
The cost analysis was conducted according to the finan-
cial budget data of 2019 before the Covid-19 pandemic.
Data were calculated on direct costs (human
resources, material, and diagnostics for inpatient days).
The average cost/hour of the operating room is €350.51,
which includes surgeons, anesthesiologists, nurses, and
the rest of the staff, as well as general consumables.
The daily cost of admission to the ward is €453.31 and
all parameters taken into account for cost analysis,
including nutritional products, are reported in Table S2.

2.6 | Statistical analysis

Standard descriptive statistic was used to summarize
data. For group comparisons in qualitative variables,
Fisher's exact test was applied, while for quantitative
ones the Wilcoxon test was used. Associations between

covariates and binary outcomes were investigated by uni-
variable and multivariable logistic regression models;
association with outcomes with Poisson's regression
models. Cost analysis was performed with univariable
and multivariable linear models with the entire cost
imputable to each perioperative treatment as a dependent
variable.

Estimates were reported as odds ratios (OR) or rate
ratios (RR) with 95% confidence interval (95% CI). Two-
tailed tests with a significance level of 5% were applied in
all analyses. R (version 4.0.2) was used for statistical anal-
ysis including the use of the following packages: rms,
Hmisc, MASS, ggplot2, mice, visdat, finalfit, ggpubr, car,
and fitdistrplus.

3 | RESULTS

31 | Demographics and clinical features
During the recruitment time from 2012 to December
2020, following the inclusion and exclusion criteria,
199 patients were identified for the current study: 149 in
the CG and 50 in the INP.

In the entire cohort, the mean age was 64.6 years
(range 27-89), 153 were males (76.9%) and 46 females
(23.1%); the mean body mass index (BMI) was
24.6 kg/m? (range 14.3-41.1).

The preoperative nutritional status was judged as
compromised in 89 patients (44.7%), and in 59 (29.6%)
was mild, moderate in 22 (11.1%), and severe in 8 (4.0%);
77 patients (38.7%) also reported dysphagia evaluated
with IDDSI. The ASA score was >II in 90.5% of cases, III
in 55 patients (27.6%), and IV in 7 patients (3.5%). In
addition, 23 patients (11.5%) had diabetes, of whom
16 (8% insulin-dependent). Detailed clinical features are
reported in Table 1.

3.2 | Treatments and tumor features

The primary tumor was located in the larynx in 118 cases
(59.3%), oral cavity in 50 (25%), hypopharynx in
24 (12.1%), and oropharynx or nasal cavity in 7 (3.5%).
Surgical procedures included total laryngectomy in
92 cases (46.2%), open partial laryngectomy in 26 (18.1%),
partial glossectomy in 23 (11.6%), transoral laser micro-
surgery 14 (7.0%), mandibulectomy in 14 (7.0%), maxil-
lectomy in 8 (4.0%), or other composite resections in
12 (6.0%). A total of 179 patients (89.9%) received unilat-
eral or bilateral neck dissection, 55 patients underwent
free flap reconstruction (55 patients, 27.6%), and 46 pedi-
cle flap reconstruction (23.1%). Of note, 34 patients
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TABLE 1 Clinical features of the entire cohort and the control and study groups
All (N = 199) CG (N = 149) INP (N = 50) p-value
Age
Mean (SD) 64.6 (10.5) 64.6 (10.5) 64.4 (10.6) 0.882
Median (min, max) 65.0 (27.0, 89.0) 65.0 (27.0, 89.0) 64.5 (42.0, 88.0)
Sex
F 46 (23.1%) 35 (23.5%) 11 (22.0%) 1
M 153 (76.9%) 114 (76.5%) 39 (78.0%)
Preoperative RT
No 165 (82.9%) 125 (83.9%) 40 (80.0%) 0.521
Yes 34 (17.1%) 24 (16.1%) 10 (20.0%)
Site primary tumor
Larynx 118 (59.3%) 100 (67.1%) 18 (36.0%) <0.001
Hypopharynx 24 (12.1%) 16 (10.7%) 8 (16.0%)
Oral cavity 50 (25.1%) 32 (21.5%) 18 (36.0%)
Oropharynx-nose 7 (3.5%) 1(0.7%) 6 (12.0%)
Neck dissection
No 20 (10.1%) 17 (11.4%) 3(6.0%) 0.415
Yes 179 (89.9%) 132 (88.6%) 47 (94.0%)
Reconstruction
No 98 (49.2%) 81 (54.4%) 17 (34.0%) <0.001
Yes, free flap 55 (27.6%) 30 (20.1%) 25 (50.0%)
Yes, pedicled flap 46 (23.1%) 38 (25.5%) 8 (16.0%)
pT category
pTis-T1 12 (6.0%) 10 (6.7%) 2 (4.0%) 0.783
pT2 30 (15.1%) 22 (14.8%) 8 (16.0%)
pT3 62 (31.2%) 44 (29.5%) 18 (36.0%)
pT4 95 (47.7%) 73 (49.0%) 22 (44.0%)
PN category
NO 114 (57.3%) 86 (57.7%) 28 (56.0%) 0.0075
pN1 23 (11.6%) 16 (10.7%) 7 (14.0%)
pN2 49 (24.6%) 42 (28.2%) 7 (14.0%)
pN3 13 (6.5%) 5 (3.4%) 8 (16.0%)
BMI
Mean (SD) 24.6 (4.26) 24.6 (4.11) 24.6 (4.74) 0.999
Median (min, max) 242 (14.3,41.1) 24.3(16.3, 41.1) 23.8 (14.3, 37.8)
Preoperative dysphagia
0 122 (61.3%) 94 (63.1%) 28 (56.0%) 0.167
1 71 (35.7%) 49 (32.9%) 22 (44.0%)
2 6 (3.0%) 6 (4.0%) 0 (0%)
Nutritional status
Normal 110 (55.3%) 85 (57.0%) 25 (50.0%) 0.81
Mild malnutrition 59 (29.6%) 42 (28.2%) 17 (34.0%)
Moderate malnutrition 22 (11.1%) 16 (10.7%) 6 (12.0%)
Severe malnutrition 8 (4.0%) 6 (4.0%) 2 (4.0%)
(Continues)
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TABLE 1 (Continued)

All (N = 199) CG (N = 149) INP (N = 50) p-value

Diabetes

No 176 (88.4%) 132 (88.6%) 44 (88.0%) 0.52

Yes, insulin dependent 16 (8.0%) 13 (8.7%) 3 (6.0%)

Yes, oral hypoglycemic therapy 7 (3.5%) 4(2.7%) 3(6.0%)
ASA

1 19 (9.5%) 11 (7.4%) 8 (16.0%) 0.0245

2 118 (59.3%) 84 (56.4%) 34 (68.0%)

3 55 (27.6%) 47 (31.5%) 8 (16.0%)

4 7 (3.5%) 7 (4.7%) 0(0%)

TABLE 2 Outcomes in the entire cohort and the control and study groups

‘Whole cohort (N = 199) CG (N =149) IN (N = 50) p-value
Medical complications
No 131 (65.8%) 99 (66.4%) 32 (64.0%) 0.863
Yes 68 (34.2%) 50 (33.6%) 18 (36.0%)
Surgical complications
No 131 (65.8%) 98 (65.8%) 33 (66.0%) 1
Yes 68 (34.2%) 51 (34.2%) 17 (34.0%)
Major surgical complications
No 166 (83.4%) 119 (79.9%) 47 (94.0%) 0.0262
Yes 33 (16.6%) 30 (20.1%) 3(6.0%)
Minor surgical complications
No 158 (79.4%) 123 (82.6%) 35 (70.0%) 0.0696
Yes 41 (20.6%) 26 (17.4%) 15 (30.0%)
Antibiotics duration (days)
Mean (SD) 16.3 (10.4) 18.1 (11.1) 10.8 (5.05) <0.001
Median (min, max) 14.0 (0, 114) 16.0 (6.00, 114) 9.00 (0, 26.0)
Blood transfusion
No 171 (85.9%) 132 (88.6%) 39 (78.0%) 0.0971
At least one 28 (14.1%) 17 (11.4%) 11 (22.0%)
Albumin reintegration
No 142 (71.4%) 103 (69.1%) 39 (78.0%) 0.28
At least one time 57 (28.6%) 46 (30.9%) 11 (22.0%)
Duration of hospitalization (days)
Mean (SD) 22.6 (12.7) 22.0 (12.7) 24.2 (12.7) 0.296
Median (min, max) 19.0 (6.00, 114) 19.0 (6.00, 114) 19.5 (6.00, 55.0)
New re-admission
No 183 (92.0%) 136 (91.3%) 47 (94.0%) 0.765
Yes 16 (8.0%) 13 (8.7%) 3(6.0%)

(17.1%) had previously received head and neck radiation. differences in terms of primary tumor site (p < 0.001),
Full details of the clinical and pathological characteristics ~ choice of reconstruction (p < 0.001), and ASA score
are reported in Table 1. Among INP and CG, there were (p = 0.0245), whereas the distribution of age, sex,
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previous RT, need for neck dissection, BMI, preoperative
dysphagia, nutritional status, and prevalence of diabetes
were similar (p > 0.05), as reported in Table 1.

3.3 | Outcomes of interest and
comparisons between study and control

groups

The main outcomes considered and univariable compari-
sons between groups are shown in Table 2. Medical com-
plications (including cardiovascular disorders, infectious
complications, broncho-pulmonary disorders, organ fail-
ure, neuropsychiatric disorders, and others) were
observed in 68 patients (34.2%) with no significant differ-
ences between INP and CG (36.0% and 33.6%, respec-
tively, p = 0.863), similar to surgical complications
(34.0% and 34.2% respectively, p = 1). In all, 33 patients
(16.6%) experienced major surgical complications in the
entire cohort. In INP, we observed a significant reduction
of major surgical complications (6.0% vs. 20.1%,
p = 0.026). The median duration of antibiotics was
14.0 days (range 0-114 days), which was significantly
lower in the study group (median 9 days vs. 16 days,
p < 0.001).

At least one blood transfusion was needed in
28 patients (14.1%) with no significant differences
between groups (22.0% vs. 11.4%, p = 0.097). ALB reinte-
gration was required in 57 patients (28.6%) without sig-
nificant differences (22.0% vs. 30.9%, p = 0.28). However,
the variable defined as the number of ALB vials used has
an  asymmetric negative binomial distribution
(Figure S1), and was thus studied with negative binomial
regression models.

The median LOS was 19 days (range 6-114) and no
significant differences were observed between groups
(19.5 vs. 19.0 days, p = 0.296) similar to re-admission to
hospital within 30 days from the discharge date (6.0%
vs. 8.7%, p = 0.765).

3.4 | Higher ASA score (The American
Society of Anesthesiologists classification
of physical condition) and malnutrition
status are associated with medical
complications

Although no significant differences were observed
between groups, baseline clinicopathological features
were studied to investigate associations with postopera-
tive medical complications. The univariate logistic regres-
sion analysis showed that the presence of preoperative
dysphagia (OR 2.01, 95% CI 1.09-3.72, p = 0.026), severe

malnutritional status (OR 7.65, 95% CI 1.66-54.14,
p = 0.016), and ASA score >2 (p < 0.05) were associated
with a higher risk of medical complications.

3.5 | Immunonutritional protocol is a
protective factor for development of major
surgical complications

The univariable logistic regression analysis, considering
as outcome the occurrence of major surgical complica-
tions, confirmed that the INP was associated with a
lower risk (OR 0.25, 95% CI 0.06-0.76, p = 0.029), and
no other variables were linked to this outcome in uni-
variable analysis. A multivariable logistic model adjust-
ing for the effect of relevant clinical covariates, as the
need for a reconstruction, tumor site, ASA score, and
group of intervention, confirmed the independent asso-
ciation between INP and a lower risk of major surgical
complications (OR 0.20, 95% CI 0.05-0.74, p = 0.015)
(Figure 1A).

3.6 | Immunonutritional protocol is
associated with less need for postoperative
albumin reintegration

The association between clinical baseline covariates and
number of vials of ALB used in the postoperative period,
as the latter were distributed as a negative binomial dis-
tribution, was studied with negative binomial regression
models. The univariable analysis showed that a higher
preoperative ALB (RR 0.59, 95% CI 0.37-0.92, p = 0.29),
Hb value (RR 0.75, 95% CI 0.61-0.90, p = 0.001), lympho-
cytes count (RR 0.74, 95% CI 0.55-0.96, p = 0.033), and
the intervention group submitted to INP (RR 0.54, 95%
CI 0.28-1.09, p = 0.081) were associated with a lower
number of ALB vials used. The need for a free flap
(RR 2.38, 95% CI 1.15-5.04, p = 0.022) or pedicled
(RR 3.93, 95% CI 1.89-8.50, p < 0.001) reconstruction
(p < 0.05) was also associated with a higher number of
ALB vials infused (Table S3). The multivariable analysis,
adjusted for tumor site and reconstruction, confirmed the
protective effect of the INP (RR 0.37, p = 0.021) and the
risk effects of the need for a flap (p < 0.05), as shown in
Figure 1B,C.

3.7 | Plasmatic homeostasis of albumin
and hemoglobin

ALB and Hb were studied over time to understand if
their levels were associated with different patient
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Forrest plots showing the partial effect, in terms of odds ratios and 95% CI of each covariate on the multivariable logistic

model including as independent variable the occurrence of major surgical complications (A) or the negative binomial model predicting the
number of vials of albumin used (B). Partial effect plots derived from the multivariable negative binomial model for the prediction of vials of
albumin used showing the combined effect with 95% CI (gray bands) of reconstruction choice and malnutrition status (C) [Color figure can
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features and treatment policy. We observed in both
groups a significant decrease of ALB in the first postop-
erative day compared to the preoperative value. Adjust-
ing for malnutrition, tumor site, and reconstruction
choice, on Day +5 a significant increase was seen
(compared to Day +1), and, only in INP, a further
improvement  with  stabilization on Day +7
(Figure 2A-C). Furthermore, preoperative ALB values
were associated with an increased ALB level along the
postoperative course (Figure 2D). We observed a signifi-
cant Hb decrease postoperatively. Interestingly, a higher
preoperative value was protective. Multivariate analysis
demonstrated that belonging to the INP, in moderately
and severely malnourished patients, conferred a signifi-
cant increase in Hb values (Figure 3).

3.8 | Immunonutritional protocol is
associated with lower costs in patients
with malnutrition

The estimated median cost for each patient in the entire
cohort was 12455€ (IQR 10258-16071€; min-max 3831-
57845). The most relevant expenses contributing to the
entire amount were LOS (72.44%), OR (23.63%), antibi-
otics (1.16%), ALB use (0.80%), IMPACT use (0.79%), and
parenteral feeding (0.68%).

By univariable linear regression, for the estimation of
the entire cost, a significant association was found with
tumor site, with hypopharynx (+3881€, p = 0.008), need
for neck dissection (+3776€, p = 0.015), severe malnutri-
tional status (4+8142€, p = 0.001), occurrence of major
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(4+5504€, p < 0.001) or minor (4303€, p = 0.001) surgical
or medical (+3902€, p < 0.001) complications, and the
execution of a tracheotomy (+2670€, p = 0.042) were all
significant risk factors. In multivariable analysis, belong-
ing to the INP was associated with higher costs only in
patients without malnutrition (+2627€, p < 0.05) but was
cost-effective in patients with severe malnutrition
(—11988€, p < 0.05) (Figure 4).

4 | DISCUSSION

It is known that 35%-60% of patients affected by HNSCC
suffer from malnutrition. Several studies have found sig-
nificant associations between malnutrition indicators,
such as weight loss, cachexia, and a worse perioperative

and survival outcomes.>**™*> Moreover, malnutritional
status is related to impaired immune system function, as
cell-mediated immunity and occurrence of immunosup-
pression, thus justifying the poorer oncological outcomes
observed for malnourished patients.**™*® This observation
supports the rationale of active nutritional interventions
in patients affected by HNSCC and the investigation of
alternative medical interventions, such as immune-
enhancing nutrients, whose effectiveness in this specific
oncological setting is not yet demonstrated.’**

Oral Impact (Nestle Health Science, Vevey,
Switzerland) is an oral nutraceutical enriched with x-3
fatty acids, arginine, ribonucleotides, and soluble fiber.
Arginine is a semi-essential amino acid that positively
affects immune function and reparative collagen synthe-
sis. It plays an essential role in T- and B-cell immunity
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and nitric oxide production. The nucleotides are derived
from RNA and provide the necessary substrates for DNA
and RNA formation. The omega-3 fatty acids have an
anti-inflammatory function.*>#9-!

Trying to understand if optimizing perioperative nutri-
tional status in HNSCC could be beneficial, we studied a
cohort of 199 patients affected by HNSCC and submitted to
major surgery. A historical cohort of 149 patients was com-
pared to a group of 50 patients treated after establishing a ded-
icated nutritional protocol with an active role of the
nutritionist and the use of immunonutrition products, includ-
ing IMPACT®, for enteral feeding. Univariable and multivari-
able analysis showed that the INP experienced a significantly
lower rate of major complications and lower need for ALB
reintegration. Moreover, in case of moderate or severe malnu-
tritional status, the protocol was cost-effective.

Giannotti et al. conducted one of the first prospective
randomized clinical trials, testing the potential benefits of
perioperative immunonutrition in the context of oncologi-
cal gastrointestinal surgery®’; enrolling 305 patients with

preoperative weight loss <10%, the authors show that sup-
plemented diet significantly improved perioperative out-
comes as infection rates and length of hospital stay.*”
These results were the cornerstone for many other studies.
Evidence from a systematic review and meta-analysis sup-
port the benefits of immunonutrition in oncologic gastro-
intestinal surgery to prevent complications and reduce
length of hospital stay.’>** Thus, the current guidelines of
the American Society of Parenteral Nutrition recommend
immunonutrition for patients undergoing major abdomi-
nal surgery.>*

To the best of our knowledge, the study by Riso
et al.*! was the first attempt to demonstrate the benefits
of postoperative immunonutrition in patients undergoing
surgery for HNSCC. Analyzing a cohort of 44 patients,
this study concluded that an arginine-rich diet immedi-
ately after surgery can improve immunological status in
terms of CD3 and CD4 T cells counts and, in malnour-
ished patients, can reduce the rate of complications and
the length of hospital stay.*!
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Several clinical trials have investigated different nutri-
tional supplements and dosing schedules in patients with
HNSCC in the last 10 years, but methodological differ-
ences hamper comparisons and robust conclusions. In
addition, the diversity of interventions, small number of
patients, and type of surgery did not permit a precise
evaluation of the efficacy of the intervention.’> However,
the critical role of arginine, omega-3 fatty acids, and ribo-
nucleotides as immunonutrition supplements was shown
to boost the immune response.”>°

41 | Surgical complications

The investigated protocol, including perioperative immu-
nonutrition, succeeded in lowering the risk of surgical

complications, defined as complications at the surgical
site requiring further surgical intervention. (see Table S4
for the details on the types of complications). This was
confirmed by multivariate logistic analysis, adjusted for
relevant clinical features, including tumor site and recon-
struction, as covariates in all models, showing the inde-
pendent protective effect of INP for major surgical
complications (OR 0.20, p = 0.015). Although surgical
complications might differ in terms of occurrence and
management according the head and neck subsite, we
overcame this confounding variable with multivariate
regression.

Of note, no association with overall surgical compli-
cations was observed; therefore, the improved immuno-
nutritional status could have prevented the need for
re-exploration, limiting the severity of local complications
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and preventing morbidity and costs of new surgical
procedures.

The results of the study of Rowan et al.”” and of a sys-
tematic review and meta-analysis>® agree with our obser-
vation, showing that for patients undergoing INP there
was a significant reduction of pharyngeal leak (fistula),
surgical site infections, and LOS. Furthermore, the
reduced rate of pharyngeal leak was also shown by De
Luis et al.”® in a randomized clinical trial setting and by
Aeberhard et al. who reported a reduction of fistula in
411 patients.’ However, the author reported missing
“dynamic and laboratory parameters, and postoperative
diet for each patient available.”>® Interestingly, applying
patients, Riso et al.** identified a significant reduction of
major complications and LOS selectively in the malnour-
ished subgroup.

4.2 | Medical complications

Univariate logistic regression analysis showed that post-
operative medical complications were correlated with
preoperative dysphagia (OR 2.01, 95% CI 91.09-3.72,
p = 0.026), severe malnutritional status (OR 7.65, 95% CI
1.66-54.14, p = 0.016), and ASA score >2 (p < 0.05). Our
data did not demonstrate any effect of INP on the rate of
medical complications (including systemic infections), in
agreement with the prospective randomized control study
by Falewee et al.> that failed to demonstrate any associa-
tion between patients and medical complications or sur-
gical site infections, as shown in other Cclinical
studies.*>”"%° By contrast, Mueller et al.”® reported the
positive effects of preoperative patients on local or sys-
temic complications in previously irradiated patients with
HNSCC.

4.3 | Length of hospital stay

The length of hospital stay (LOS) is a meaningful end-
point to be studied in this clinical setting, as it is well
known that prolonged hospitalization can lead to higher
risk of complications such as hospital infection, and is
directly related with higher costs. While our analysis did
not show any associations between groups, the available
literature reports conflicting results in both head and
neck surgery and abdominal surgery. Some authors have
obtained a reduction of the LOS for the patients receiving
both support.>*>1753>61 Other authors have not observed
any positive effects on LOS,?1?23175355:56:59.60.62 1¢ s \or-
thy to underline that this is a surrogate endpoint, since it
depends on the occurrence of complications and could be
strictly related to the patient's age, fragility, and

rehabilitation needed. Patients submitted to major head
and neck surgical procedures involving the upper aerodi-
gestive tract are likely to require postoperative rehabilita-
tion. Despite the absence of any adverse event, the
rehabilitation path could be the reason for prolonged
hospitalization. Moreover, the need for rehabilitation
increases the chance of developing aspiration pneumo-
nia, as shown in patients undergoing partial laryngec-
tomy, a further reason for prolonged hospitalization.®®

44 | Necessity of reintegration with
human-derived components, albumin,
or full blood

ALB is a plasmatic protein involved in many different
functions such as oncotic pressure, capacity to bind sub-
stances (steroid, antibiotics, folate, and vitamin D), acid-
base function (decrease in serum ALB leads to metabolic
alkalosis), antioxidant function, and anticoagulant effects
(heparin-like activity through enhancement of neutrali-
zation of factor Xa by antithrombin III).%*

Postoperative hypoalbuminemia has been identified
as a risk factor for developing medical and surgical
complications.®*®® Consequently, ALB correction to the
target level leads to a better concentration of the antibi-
otic in the blood and hemodynamic and perfusion stabil-
ity of the reconstruction.

In our multivariable analysis, we showed that INP
reduced the need ALB supplementation (p = 0.018). This
is the mirror of a more stable plasmatic homeostasis
attributable to INP. By multivariate analysis, hypophar-
yngeal and oral cavity cancers, ASA score higher than
1, reconstruction, and a moderate or severe malnutrition
all increased the chance of pharmacological correction,
despite the nutritional protocol adopted. As expected,
higher preoperative ALB and Hb values were associated
with a lower number of ALB vials used.

The analysis blood parameters, during the course of
hospitalization, confirmed a possible benefit of INP in
maintaining more stable values of ALB and Hb, particu-
larly in malnourished patients.

4.5 | Cost effectiveness

To the best of our knowledge, our study is one the first in
the HNSCC field that carried out an accurate cost analy-
sis using institutional budget data. Multivariate regres-
sion showed that the implemented nutritional support
was cost-effective in malnourished patients. Specifically,
in INP, in case of moderate malnutrition, we saved
€6082.84 per patient, while in case of severe malnutrition,
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the average gain increased to €11988.54. Two studies
have previously explored the economic impact of immu-
nonutrition in patients with cancer. In 2005, Braga et al.
showed that preoperative supplementation in gastrointes-
tinal surgery was a cost-effective strategy.®’ The authors
gathered data from a randomized clinical trial on
305 patients with gastrointestinal cancer where the costs
of complications were based on resources used for treat-
ment and on LOS. In patients with HNSCC, Rowan et al.
tried to estimate the clinical and economical benefits of
both, but did not conduct an accurate cost-effective anal-
ysis.”” They calculated the total cost of preoperative and
postoperative nutrition for each patient ($112.44) and
compared this with the hypothetical cost of an additional
2.8 days of hospital stay, concluding that the cost of the
specific nutrition is negligible compared to the cost of
2.8 days of hospital stay.

4.6 | Conclusions

Our specific INP decreased major surgical complications,
obtaining a significant reduction of revision surgery. The
effectiveness of the protocol was also confirmed by the
stabilization of serum ALB values and reduction of
human derived ALB reintegration. Furthermore, in
patients with moderate and severe malnutrition our
intervention was cost-effective and decreased the need
for blood transfusion. A limitation of our study is that the
difference between various types of dysphagia
(i.e., laryngeal vs. oropharyngeal cancers) was not
detailed. Even if the pathophysiology may be different,
the common consequence is insufficient oral intake lead-
ing to malnutrition and eventually cachexia. The nutri-
tional protocol is guided by nutritional status and
positioning of a feeding tube is chosen if dysphagia
affects adequate oral intake, regardless of the cause. Our
study supports the utility of accurate nutritional screen-
ing and patient selection. Standard nutritional support
remains a good choice for nonmalnourished patients.
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Conclusion and future perspectives

The management of patients affected by HNSCC is often a challenging scenario. Despite it is well
known that the immune system plays a crucial and detrimental role for the biological development
and clinical progression of solid tumors, this is not yet taken into account for the current clinical man-
agement of patients affected by HSNCC. Furthermore, such management should take into account
not alone the healing from the disease but also the consequences of the possible treatments in terms
of change of the quality of life. The identification of new immune and molecular prognostic factors,
as it is already done for oropharyngeal carcinoma (HPV-related tumor with a significant better prog-
nosis), is of relevance to detect, for example, low-risk patients that could benefit of de-intensification
strategies, avoiding side-effects related to the treatments. Studying the relationship between the im-
mune system and cancer has also a secondary and very ambitious goal: the detection of mechanisms
targetable by new drugs or known drugs already used for other indications. The results of my research
suggest that three immune populations could have a role in the clinical behavior of HNSCC, specifi-
cally the tumor associated neutrophils (TAN), a population of intratumoral B-cells with pro-tumoral
phenotype and the CD8+ T-reg subset. It was possible also to test methods to summarize multiple
immunological features into metavariables to be used in new classifiers with satisfactory results, com-
pared to the current TNM staging system. Furthermore, carrying on the clinical studies, reported in
the second part of the thesis, it has been possible to contribute for the knowledge that could help in
a precision-oncology approach. In a broad way, this can be also seen as the accurate estimation of
survival predictions (helping in the clinical practice for the patient counseling), the comparison of
different treatment techniques, the validation of new classifiers, the identification of clinical protocols
as the immunonutrition, and the clinical settings for which its application is most suitable. Nowadays,
the most powerful revolution regarding the treatment of solid tumors is the advent of immunotherapy,
by the use of checkpoint blockade antibodies. In the field of HNSCC it is already approved for the
palliative setting, but in the curative setting its use is still confined to clinical trials. The experience
gained in the Netherlands Cancer Institute during my abroad staying permitted to get exposure to this
novel and experimental treatment approach in the neoadjuvant setting (before the standard of care)
for patients affected by HNSCC or cutaneous SCC. The already published results of the Phase I-1I
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IMCISION (NCT03003637) trial are satisfactory, confirming that the use of immunotherapy before
surgical treatments for HNSCC is safe, and that achieving a major pathological response in the pri-
mary tumor is also a good biomarker for long-term oncological success. Besides that, two observed
scenarios are of main interest: (1) the occurrence of a mixed pathological response in different tumor
sites (primary tumor and lymph-nodes) in the same patient; (2) the occurrence of a complete clinical
response (before the planned standard of care treatment) after the use of neoadjuvant immunotherapy.
My current future research goal is the understanding of the biological reasons for a mixed response in
different tumor sites within the same patient for patients enrolled in the IMCISION (NCT03003637)
and MATISSE (NCT04620200) trials at the Netherlands Cancer Institute. In the controlled setting on
a single patient where the mixed response is observed, it will be possible to understand if different
tumor clones determine resistance to the therapy or if that role should be given to a different immune

contexture.
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