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Simple Summary: Recessive dystrophic epidermolysis bullosa (RDEB) is a rare and severe
hereditary skin disease characterized by skin and mucosa fragility. RDEB patients are predisposed
to the development of life-threatening cutaneous squamous cell carcinoma (SCC). In this study, we
investigated the immune profiles of SCCs occurring in a cohort of RDEB patients and compared
them with clinical-histopathological and prognostic features. We describe two distinct clinical
outcomes in RDEB patients with cutaneous SCCs. A majority of RDEB patients had local and not
rapidly life expectancy, while other developed early aggressive and metastatic SCCs. The high-risk
primary RDEB-SCC were associated with a tumor microenvironment enriched in neutrophil to
lymphocyte infiltration ratio. Increased levels of citrullinated histone H3, a marker of neutrophil
extracellular traps (NET), were detected in the tumoral skin and the serum of RDEB patients with
high-risk primary SCC.

Abstract: Recessive dystrophic epidermolysis bullosa (RDEB) is a rare severe hereditary skin disease
characterized by skin and mucosa fragility, resulting in blister formation. The most severe
complication in RDEB patients is the development of cutaneous squamous cell carcinoma (SCC)
leading to premature death. Multiple evidences suggest a permissive tumor microenvironment
(TME) as driver of SCC development in RDEB patients. In a cohort of RDEB patients, we
characterized the immune profiles of RDEB-SCCs and compared them with clinical,
histopathological, and prognostic features. RDEB-SCCs were subdivided into 4 groups based on
their occurrence (first onset or recurrences) and grading according to their clinical-histopathological
parameters of aggressiveness. Thirty-eight SCCs from 20 RDEB patients were analysed. Five RDEB
patients experienced an unfavorable course after the diagnosis of the first SCC, with early recurrence
or metastasis, whereas 15 patients developed multiple SCCs without metastasis. High-risk primary
RDEB-5CCs showed a higher neutrophil-to-lymphocyte ratio in the tumor microenvironment, and
an increased proportion of neutrophil extracellular traps (NET). Additionally, citrullinated histone
H3, a marker of NETSs, was increased in the serum of RDEB patients with high-risk primary SCC,
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suggesting that this modified form of histone H3 may serve as a potential blood marker of
unfavorable prognosis in RDEB-SCCs.

Keywords: recessive dystrophic epidermolysis bullosa; cutaneous squamous cell carcinoma;
citrullinated histone H3

1. Introduction

Recessive Dystrophic Epidermolysis Bullosa (RDEB) is an orphan genetic disease caused by
mutations in COL7A1 [1] leading to skin and mucosal blisters and erosions upon minor trauma. Skin
fragility results in chronic inflammatory wounds or dystrophic scars in RDEB patients, which
promote the development of cutaneous squamous cell carcinomas (SCCs). SCCs represent the main
cause of death in RDEB patients due to their recurrent, sometimes multifocal, and early metastasizing
characteristics [2,3].

The pathogenesis of SCCs in RDEB patients is not completely elucidated. Previous studies have
suggested the implication of a permissive microenvironment in chronic wounds or lesional skin as a
driving mechanism in SCC development [4,5]. Investigations of the tumor microenvironment (TME)
have revealed reduced infiltration of CD3+, CD4+, and CD68+ immune cells in RDEB-SCCs compared
to sporadic SCCs [6-8], indicating an immunosuppressive TME in RDEB-SCCs. It is now well
established that cell-TME interactions play a key role in cancer development and metastasis [9,10].
Neutrophils, in particular, have emerged as important components of the TME. Although they can
have dual functions [11], several studies have reported that neutrophil infiltration can favor tumor
progression and metastasis in many cancer types by promoting tumor cell growth and
immunosuppression [12,13]. Upon activation, neutrophils can release decondensed nuclear DNA-
histone complexes associated with proteases and inflammatory mediators, known as neutrophil
extracellular traps (NETs) [14]. NETs have been shown to contribute to cancer cell progression [15,16]
and metastasis spread in mouse models [17-19] and patients [20,21]. Recently, a marker of NETs,
citrullinated histone H3, was found to be elevated in the blood and associated with a poor prognosis
in patients with advanced cancer [22,23].

In the present study, we investigated the immune profiles of 38 SCCs in a cohort of 20 RDEB
patients (RDEB-SCC) and compared them with clinical-histopathological and prognostic features.
We report a higher proportion of neutrophils to lymphocytes and NET formation in the TME of high-
risk primary RDEB-SCCs. Furthermore, RDEB patients with high-risk primary SCC displayed
increased levels of citrullinated histone H3 in the serum, suggesting this NET marker as a potential
biomarker of poor prognosis in RDEB cancer progression.

2. Materials and Methods
2.1. Study Design and Ethics

The SIMOCEB study was approved by the Paris Nord Ethics Review Committee for Biomedical
Research Projects (CEERB: n°2020-010 / ClinicalTrials.gov: NCT04285294). Consecutive patients were
followed in the MAGEC reference center, (Centre de référence des maladies rares de la peau et des
muqueuses d’origine génétique Nord) at Saint-Louis Hospital, and were included from March 2015
to December 2022 after written informed consent was obtained.

The diagnosis of RDEB subtypes: severe RDEB (RDEB-Sev), intermediary RDEB (RDEB-Int), or
inversed RDEB (RDEB-Inv), relied on clinical findings, and was supported by type VII collagen
expression and COL7A1 mutation analysis.

The diagnosis of SCCs was established by histopathological analysis of biopsies from suspicious
skin lesions before surgery.

At the time of the surgery, 3 different types of samples were collected from surgical resections
and residues using punch biopsy, when possible, from RDEB patients: the tumor, the lesional peri-
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tumoral skin, and the non-lesional skin for immunohistological and/or molecular analyses. Indeed,
depending on the size of the surgical excision, not all biological samples could be collected in the 3
locations for the different experiments. In consequence, the collection of samples were prioritized
based on the type of analysis required. The flow chart of the analyzed samples was described in the
Figure 1. Biological material was collected from 43 RDEB-SCCs. The morphological parameters of the
43 SCCs were defined by pathologists and 5 of these were discarded due to an unsatisfactory stroma
quality. The biological material available for the study is listed in the Supplementary table S1.

’ 85 tumors (SCC) from 20 RDEB patients ‘
Inclusion criteria : Excluded (n=42)
* RDEB diagnosis * 35SCC previous to the study
* Histopathological confirmation of tumor * 7 SCCnot biopsied
3
E ’ 81 samples collected from 43 tumors ‘
z [
43 tumors 38 non-tumoral skin
| Excluded (n=5) Excluded (n=;6) ) )
S tumor biopsies with no available stroma —pf * 3 heal{hv skin samg?les with no qe.m.;
for quantification . 12.pen_l.umoval skin samples with no
L epidermis
— v v
38 tumor samples analyzed for the study 22 non-tumoral skin samples analyzed for the study
|
First occurrence of tumor Recurrence of tumors
(primary SCC) (recurrent SCC)
n=12 n=26
-] Inclusion high-grade criteria :
r‘;" Recurrence/metastasis at 3 months
= *  Limb amputation
5 * Histopathological criteria of aggressiveness
Invasion depth> 6 mm
Lympho-vascular space invasion
Perineural invasion
Poor differentiation
Low-risk High-risk Low-risk High-risk Peritumoral Non-lesional
primary SCC primary SCC recurrent SCC recurrent SCC skin skin
(Low-risk pSCC) (High-risk pSCC) (Low-risk rSCC) (High-risk rSCC) (PT skin) (NL skin)
n=7 n=5 n=16 n=10 n=11 n=8
20 RDEB patients with SCC
@
E 15 RDEB patients with low-grade primary SCC 5 RDEB patients with high-grade primary SCC
§ Death by metastasis or extensive SCC n=1 Death by metastasis or extensive SCC n=4
3 Other cause of death n=3 Other cause of death n=1
In remission n=11 In remission n=0

Figure 1. Flowchart showing the strategy and the grading criteria used to classify and investigate
Recessive Dystrophic Epidermolysis Bullosa-cutaneous squamous cell carcinoma (RDEB-SCCs) in the
SIMOCESB study.

The diagnostic stage was based on the American Joint Committee on Cancer staging Manual, 8t
Edition classification system [24], and adapted for the size criteria for the classification of the RDEB-
SCCs. High-risk RDEB-SCC conditions were validated in consultation both by dermatologist,
pathologist, and surgeon, according to the following features: local recurrence or metastasis at 3
months, massive local extension with recommendation of limb amputation, and histopathological
criteria of aggressiveness (invasion depth > 6mm, lympho-vascular space invasion, perineural
invasion, poor differentiation). Four SCC groups were analyzed: low-risk primary SCCs (low-risk-
pSCC), high-risk primary SCCs (high-risk-pSCC), low-risk recurrent SCCs (low-risk-rSCC), and
high-risk recurrent SCCs (high-risk-rSCC). The proportion of aggressiveness parameters in high-risk
SCC groups is listed in Supplementary Table S2.
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2.2. Histology and Immunolabeling

Tissue samples were fixed in 4% formaldehyde in PBS pH 7.4 for 24 h, then embedded in
paraffin. Hematoxylin-eosin (HE) staining was performed on 5um paraffin-embedded sections using
standard histological techniques. Representative images were taken using a slide scanner system
Nanozoomer 2.0 HT (Hamamatsu) at the SFR Necker’s cell imaging platform.

Immunostaining analyses were performed on 5pum-paraffin sections of samples on the entire
width of the punch-biopsy, including 32 of the 38 analyzed RDEB-SCCs (n=6/7 for low-risk primary
SCCs, n=5/5 for high-risk primary SCCs, n=13/16 for low-risk recurrent SCCs, and n=8/10 for high-
risk recurrent SCCs). Sections were deparaffinized, rehydrated, and followed by antigen retrieval
using sodium citrate buffer (pH6). The primary antibodies listed in Supplementary table S3 were
incubated at 4°C overnight. The following day, the appropriate secondary antibodies were incubated
for 45 minutes at room temperature. Nuclei were stained using DAPI (1ug/ml). Positive cells were
quantified at 200x magnification under a Zeiss Axiovert 200 microscope. Two non-consecutive
sections per sample were analyzed for each staining and at least 5 fields were captured along the
invasive margin of the tumors or the papillary dermis of the non-tumoral skin sample. Positive cells
per field were quantified using the Image] software (NIH, Bethesda, USA). Representative images
were taken using a Leica TCS SP8 SMD confocal microscope at 400x or 630x magnification.

2.3. Citrullinated Histone H3 ELISA

Histone H3 citrullination was measured in the serum of RDEB patients or healthy controls using
the EpiQuik circulating Histone H3 Citrullination ELISA kit, according to the manufacturer's
instructions (#P-3097, EpiGentek, NY). RDEB samples were collected during routine medical follow-
up with or without SCC occurrence (n=11 and n=13 respectively). Briefly, samples and diluted
standards were added to the plate coated with an anti-histone H3 (Citrulline R2+R8+R17) antibody
and incubated for 60 min at 37 °C. After three washes, the detection antibody solution was added to
each well for 60 min at RT. The plates were then washed four times and incubated with the detection
substrate solution for 10 min at RT in the dark. Finally, a stop solution was added and the signal was
measured on an automated analyzer Tecan (Research Triangle Park, NC, U.S.A.). The optical density
was measured at 450 nm. Histone H3 citrullination concentration in the serum was calculated based
on the histone H3R2R8R17cits standard curve, according to manufacturer's instructions.

2.4. Statistical Analysis

Analyses were conducted using The GraphPad Prism v10 software (La Jolla, CA). Values are
given as means + standard error of the mean. Each dot represents the mean of the quantifications for
one sample. A Shapiro-Wilk normality test was used to assess whether the data followed the Gauss
law. Depending on the normality of the dataset, statistical differences between the studied groups
were assessed by Kruskal-Wallis or ANOVA tests followed by Dunn’s or Tukey’s multiple
comparison test. Differences were considered significant for p<0.05.

3. Results
3.1. Two Distinct Clinical Outcomes of RDEB Patients with SCCs

Twenty consecutive RDEB patients were included in the study, representing a total of 85
clinically reported cutaneous SCCs. The disease characteristics of the patients are described in Table
1 and Supplementary table S1.

RDEB subtypes included 16 RDEB-Sev (80%), 2 RDEB-Int (10%), and 2 RDEB-Inv (10%). The
median age of onset of the first SCC was 29 years (range: 18-48 years). At least one recurrent SCC was
developed for 18 out the 20 RDEB patients, with a median of 5.1 SCCs per patient (range: 1-17) and a
median frequency of recurrence of 14 months (range: 1-85 months). The median survival after the
first SCC occurrence was 4.6 years (range: 0.4-19.1 years) regardless RDEB subtypes. The median
survival was 2.3 years for RDEB patients with RDEB-Sev subtype (range: 0.4-14.6 years) in line with
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previous study [3]. None of the RDEB patients received preoperative treatments including
chemiotherapy, radiotherapy, or immunotherapy.

High-risk primary SCC (high-risk pSCC) was described in 5 RDEB-sev patients. Four out the 5
developed a high-risk recurrence locally or metastasis within 3 months, leading to death by extensive
SCCs or metastasis of the patients. The fifth patient died from sepsis not related to his SCC. The
median survival of RBEB patients with high-risk pSCC was 1.2 years (range: 1.1-2.2 years).

In contrast, 15 RDEB patients presented a low-risk primary SCC (low-risk pSCC) without
aggressive criteria (11/15 RDEB-Sev (68.8%); 2/2 RDEB-Int (100.0%); 2/2 RDEB-Inv (100.0%)). At least
one high-risk recurrent SCC (high-risk rSCC) has been developped in 4 of these 15 patients, leading
to death from metastasis in 1 patient 8 months after the high-risk rSCC diagnosis. Three additional
RDEB patients died from complications unrelated to their SCC, including 1 patient by sepsis 5 months
after their low-risk pSCC. To date, 11 patients are in remission. The median overall survival of the 15
patients with low-risk pSCC was significantly higher than that of the 5 patients with high-risk pSCC
(9.3 years ; range: 0.4-19.1 years) (p=0.003 by Mann-Whitney test).

Table 1. Detailed clinical and histopathological features of RDEB patients and their SCCs studied.

RDEB Patients (n=20)

Sex (Male/Female) 6/14
RDEB subtype

RDEB-Sev; n (%) 16 (80.0)
RDEB-Int; n (%) 2 (10.0)
RDEB-Inv; n (%) 2 (10.0)
Median (range) age at first diagnosis in years 29 (18-48)
Median (range) number of SCCs by patient 5.1 (1-17)
Median (range) recurrence interval in months 14 (1-85)
Median (range) survival after 1st SCCs in years 4.6 (0.4-19.1)
Median (range) survival after 1st SCCs in RDEB-Sev in years 2.3 (0.4-14.6)
Follow-up

Deaths by metastasis or extensive SCC; n (%) 5(25.0)
Other causes of death; n (%) 4 (20.0)
In remission; n (%) 11 (55.0)
SCC (n=43)

Location

Lower limb; n (%) 20 (46.5)
Upper limb; n (%) 11 (25.6)
Back; n (%) 9(20.9)
Neck; n (%) 3(6.9)
Size

<2 cm; n (%) 6 (14.0)
>2cm <4 cm;n (%) 16 (37.2)
24 cm; n (%) 14 (32.5)
NS 7 (16.3)

Invasion depth

<3 mm;n (%) 16 (37.2)

d0i:10.20944/preprints202405.1877.v1
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>3 mm <6 mm; n (%) 16 (37.2)
> 6 mm; n (%) 7 (16.3)
NS 4(9.3)
Histopathological characteristics
Well differentiated; n (%) 28 (65.1)
Moderately differentiated; n (%) 9 (20.9)
Poorly differentiated; n (%) 6 (14.0)
Lympho-vascular space invasion
Yes; n (%) 1(2,3)
No; n (%) 42 (97,7)
Perineural invasion
Yes; n (%) 2 (4.6)
No; n (%) 41 (95.3)
Stage at diagnosis*
L n (%) 2 (4.6)
IT; n (%) 39 (90.7)
1II; n (%) 2 (4.6)
IV; (%) 0(0)

SD standard deviation, NS not specified, SCC cutaneous squamous cell carcinoma

* According to the American Joint Committee on Cancer staging Manual 8" Edition

(AJCCS) [24,25]

3.2. Clinical-Histopathological Features of RDEB-SCCs

Biological tissues were collected from 43 out of the 85 SCCs (Table 1). RDEB-SCCs were
predominantly located on the extremities (31/43; 72%). Based on the histological reports mentioning
the size of the tumor, 27 SCCs had a size greater than 2 cm (27/36; 67.5%), a factor of T2 stage [25]. An
invasion deeper than 6 mm was measured in 7 of 39 SCCs (16.3%), whose extension into the dermis
was mentionned. Good differentiation was observed in 28 SCCs (28/43; 65.1%), while 15 SCCs
exhibited moderate to poor differentiation (34.9%). Most patients were initially diagnosed with stage
II disease (39/43; 90.7%)

RDEB-SCCs were divided into 4 groups according to their grading determined by clinical-
histopathological parameters and recurrence (Figure 1 and Supplementary table S2). Representative
clinical pictures of RDEB-SCCs from each subgroup are depicted in Figure 2.
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Figure 2. Representative clinical pictures of RDEB-SCCs in the different groups. (A) Low-risk primary
SCC developed on the wrist. The tumor is circled. (B) low-risk recurrent SCC developped on the hand
with hyperkeratosis. (C) Extensive high-risk primary SCC on the back. (D) Extensive high-risk
recurrent SCC on the shin developed 2 months after the excision of a high-risk primary SCC.

Representative HE stainings of the different groups are shown in Figure 3A. Most of the low-
risk pSCCs (5/6) and all low-risk recurrent SCCs (low-risk rSCC) (16/16) were well differentiated at
the initial diagnosis. Conversely, 4 of the 5 high-risk pSCCs showed poor differentiaton, while 1 high-
risk pSCC was well differentiated. One RDEB patient developed 2 synchronous primary SCCs in the
same location, one moderately-differentiated low-risk pSCC and one poorly-differentiated high-risk
pSCC. The majority of high-risk rSCCs (7 out of 10) originated from local recurrences or metastases
of previously resected high-risk SCCs. One high-risk rSCC arose from a prior tumor not included in
our cohort, for which histological parameters were not available. Two high-risk rSCCs were classified
as new tumors. Three out of the 10 high-risk rSCCs were poorly differentiated, 4 showed moderate
differentiation and 3 were well-differentiated. Ki67-positive nuclei were detected mainly in the outer
layers of the tumor nests in low-risk pSCCs and low-risk rSCCs (Supplementary figure S1A). The
number of Ki67-positive tumor cells was significantly higher in both high-risk pSCCs and high-risk
rSCCs compared to non-lesional skin (Supplementary Figure S1B). Finally, the transcript expression
of epithelial differentation markers, CDH1, OCLN, and KRT1 [26-28], was decreased in high-risk
pSCCs compared with non-lesional skin or peri-tumoral skin (Supplementary figure S1C).
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Figure 3. Histopathologic features and detection of immune cells in RDEB-SCCs with different
severity. (A) Representative hematoxylin eosin staining (HE) in non-lesional skin (NL skin), peri-
tumoral skin (PT skin), low-risk primary SCCs (low-risk pSCC), high-risk primary SCCs (high-risk
pSCC), low-risk recurrent SCCs (Low-risk rSCC) and high-risk recurrent SCCs (high-risk rSCC) from
RDEB patients. (B) Representative immunostaining of infiltrated CD3+ T cells, CD20+ B infiltrated
lymphocyte cells, and Myeloperoxidase (MPO)+ neutrophils in the different conditions. scale bar =
50um. Quantification of the number of positive cells per field for CD3+ T cells (C), CD20+ B cells (D),
MPO+ neutrophils (E), and number of positive cells for neutrophil-to-lymphocyte infiltrating cells (F)
(n=10 for NL skin, n=12 for PT skin, n=6 for low-risk pSCC, n=5 for high-risk pSCC, n=13 for low-risk
rSCC, n=8 for high-risk rSCC). * p<0.05 Kruskal Wallis test with Dunn's or ANOVA with Tukey’s
multiple comparison post hoc. Data are means + SEM.
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3.3. Infiltrating Neutrophil-to-Lymphocyte Ratio Is Increased in High-Risk Primary SCCs in RDEB Patients

The TME of SCCs, peri-tumoral skin, and non-lesional skin of RDEB patients with different
clinical-histopathological features was investigated by assessing immune cell infiltration (Figure 3
and Supplementary Figure 2).

Infiltrating lymphocytes were exclusively detected in the invasive margin (Figures 3A-3B). Very
few immune cells were infiltrating the intra-tumoral region in the SCC groups. The density of
immune cells was quantified in the invasive margin of the tumor or in the stromal region of non-
tumor samples. The density of CD20+ B cells and CD3+ T cells was increased in low-risk pSCCs and
low-risk rSCCs compared with peri-tumoral skin and non-lesional skin respectively (Figures 3C-3D).
No significant difference was noted in the proportion of CD4+ helper T cells and CD8+ cytotoxic T
cells relative to CD3+ T cells in the different groups (Supplementary figures S2B-2C).

Innate immune cells were also detected in the invasive margin of the tumors (Figure 3B and
Supplementary figure S3). Specifically, the number of infiltrated CD163+ macrophages was
increased in low-risk rSCCs compared with peri-tumoral skin and non-lesional skin (Supplementary
Figure 3B). The proportion of tryptase+ mast cells was not different among the different groups
(Supplementary Figure 3C). Conversely, the proportion of myeloperoxidase (MPO) positive
neutrophils was significantly increased in low-risk pSCCs, high-risk pSCCs, and low-risk rSCCs
compared with non-lesional skin (Figure 3E). Finally, the ratio of tumor-infiltrated neutrophils to
lymphocytes (defined by CD20+ and CD3+ cells), which has previously been associated with poor
prognosis in several cancers [29], was specifically increased in high-risk pSCCs (Figure 3F).

3.4. Increased Pro-Inflammatory Mediators and Neutrophil Extracellular Traps in the TME and the Serum of
RBEB Patients with High-Risk Primary SCC

Neutrophils have been shown to promote cancer dissemination through the formation of NETs
in the TME [30]. To assess whether neutrophil infiltration in the TME of RDEB-SCCs was associated
with NET formation, we performed immunostaining for MPO and citrullinated histone H3 (citH3),
which are specific markers for neutrophils and NETosis [31], respectively, and with DAPI for DNA
(Figure 4A). Inmunostaining revealed increased NET formation in high-risk pSCCs compared with
low-risk pSCCs, peri-tumoral skin, and non-lesional skin, as measured by co-staining for MPO, citH3,
and DAPI. (Figure 4B).

Several studies have reported that NET formation can be mediated by various stimuli including
Interleukin-1f3 (IL-1(3/IL1B) [32,33], High-mobility group box 1 (HMGB1/HMGB1) [34], as well as by
regulators of neutrophil recruitment including Interleukin-8 (IL-8/CXCLS8) [32,35] and Granulocyte-
(macrophage) colony-stimulating factor (GM-CSF/CSF2 or G-CSF/CSE3) [36,37]. Quantitative RT-
PCR analysis of the 3 high-risk pSCCs which could be studied (Supplementary figure S4) revealed
higher levels of CSF2 or CSF3 transcripts (2/3) or both (1/3) (Supplementary figures S4A and 4B).
IL1B expression was also increased in high-risk pSCC and high-risk tSCC samples, with the
expression of CXCL8 and PADI4 being specifically increased in the high-risk pSCC group
(Supplementary figures S4C-S4D). Conversely, HMGB1 expression was decreased in low-risk
pSCCs and low-risk rSCCs compared with non-lesional skin (Supplementary figure S4E).

Finally, the serum concentration of the NET marker citH3 was enhanced in RDEB patients with
high-risk pSCC compared with RDEB patients with low-risk pSCC or without SCC (Figure 4C).
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Figure 4. Detection of citrullinated histone H3, a marker for neutrophil extracellular traps, in the
tumor microenvironment (TME) and in the serum of RDEB patients with SCCs of different severity.
(A) Representative immunostaining for myeloperoxidase (MPO) and citrullinated histone H3
(citrullination R2+R8+R17) (citH3) in the different conditions. White arrows indicate the presence of
neutrophil extracellular traps positive for MPO, citH3 and DAPI (DNA) staining, scale bar = 50um.
(B) Quantification of neutrophil extracellular trap formation measured by the proportion of NET-
positive neutrophils to the total neutrophils in the different conditions (n=5 to 6 per group). (C)
Quantification of CitH3 concentration in the serum of healthy controls (CT; n=6), RDEB patients with
no SCC (RDEB; n=13), and RDEB patients with SCCs (n=6 for Low-risk pSCC, n=4 for High-risk pSCC;
n=10 for Low-risk rSCC, and n=4 for High-risk rSCC). *p<0.05 Kruskal Wallis test with Dunn's or
ANOVA with Tukey’s multiple comparison post hoc. Data are means + SEM.

4. Discussion

Our study aimed at better characterizing the immune TME of SCCs in a cohort of 20 RDEB
patients and comparing these results with clinical-histopathological features.
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Consistent with the literature, our data support the notion that SCCs develop in RDEB patients
from an early age with a median age 29 years at the initial diagnosis, and display a high risk of
recurrence observed in 90% of RDEB patients in our cohort [3,38]. We found a median survival of 4.6
years after the diagnosis of the first SCC, considering all RDEB subtypes, and 2.3 years for the RDEB-
Sev subtype. Our observations are in line with previous studies based on American, English,
Australian, and Dutch EB registries (i.e. 2.4 years, 4 years, and 3.5 years, respectively) [3,38-40]. The
severe RDEB subtype has previously been shown to have the highest cumulative risk of death after
the first SCC occurrence [3]. Previous studies have shown that most RDEB patients developed
invasive, recurrent or metastatic life-threatening SCC, with fewer RDEB patients having a prolonged
phase of localized tumor growth [2,38,41]. These two distinct clinical outcomes were observed among
patients with similar clinical severity in the cohort we studied. However, RDEB patients with a more
favorable disease course were the most numerous. Specifically, 15 out of 20 patients developed
several recurrent SCCs with an overall median survival of 9.3 years. This relatively long period is in
accordance with a previous study of the Spanish EB registry [42]. Conversely, 5 RDEB-Sev patients
developed several aggressive recurrences or metastases after their primary SCC occurrence, leading
to a median survival of 1.2 years. Four out of these RDEB patients with severe prognosis, developed
a poorly differentiated primary SCC, suggesting an early aggressive tumor. Therefore, new
biomarkers need to be identified to predict a potential poor prognosis after the occurrence of the first
SCC. Some potential tissue biomarkers have been associated with poor prognosis in RDEB-SCCs,
including miR-10b or Periostin [43,44]. A recent study reported miRNA signatures of RDEB-SCC
derived exosomes as potential circulating diagnostic biomarkers [45]. By contrast, no circulating
prognostic biomarkers have been identified to predict the two distinct clinical outcomes of SCCs in
RDEB patients.

To determine whether a specific immune TME could be associated with distinct clinical-
histopathological features, we explored the immune cell infiltration in SCCs occurring in our RDEB
cohort. The analyses highlighted a TME enriched in neutrophil infiltrates compared with
lymphocytes in the invasive margin of high-risk pSCCs. Neutrophils are the first cells to respond to
inflammatory or infectious conditions. The accumulation of neutrophils in the TME has previously
been reported as being a factor of poor prognosis in different cancer types [46,47]. Likewise, an
increased concentration of circulating neutrophils or an elevated ration of infiltrating neutrophil-to-
lymphocyte have been considered as poor prognostic factors in cancers, including SCCs [46,48-50].

Neutrophil infiltration may result from a response to increased bacterial invasion in RDEB-
SCCs. Consistent with this possibility, skin wounds of RDEB patients commonly show increased
colonization and infections with different bacteria [51,52]. Furthermore, signatures of enhanced
antibacterial immunity were identified in RDEB-SCCs, suggesting that the response to bacteria may
be associated with an aggressive progression in RDEB-SCCs [53]. Previous studies have shown that
infiltrated neutrophils in the TME could favor cancer cell growth and metastasis through the
secretion of tumor growth-promoting factors [54,55] or the inhibition of the immune response [56].
In our study, we found no significant B and T cell infiltration in the TME of high-risk pSCCs and
rSCCs. These observations are in line with recent studies that described a low immune cell infiltration
in RDEB-SCCs in comparison with sporadic SCCs, with lower CD4+ and CD8+ cell infiltration [6-8].

Neutrophils may also participate in cancer progression with NET formation through systemic
inflammation and thrombosis [16-18,31]. Increased blood levels of citH3, the marker of NETSs, have
been found to be a prognostic marker for endotoxic choc, suggesting citH3 is a potential therapeutic
target in this severe condition [57,58]. By contrast, several studies identified NETs as drivers of
epithelial-mesenchymal transition in human colon and breast cancers [19,30,59]. The presence of
NETs was previously described in lesional RDEB skin and RDEB-SCCs [60]. Herein, NETs tended to
increase in the peri-tumoral skin and were significantly increased in high-risk pSCCs. Interestingly,
we found that NET formation in TME of high-risk pSCCs was associated with increased serum levels
of the NET marker citH3. These results are consistent with previous studies reporting an association
of biomarkers of NETs with adverse clinical outcomes in two cohorts of patients with aggressive
cancers [22,23]. In contrast, NET formation was not significantly increased in the TME and the serum
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of RDEB patients with high-risk rfSCC in our study. This difference could be explained by the fact
that 7 out of 10 high-risk rSCCs were local recurrences or metastases from previously resected high-
risk SCCs. These data suggest that NET formation may be transient in the early stage of aggressive
tumor progression and that additional mechanisms associated with aggressiveness may be involved
in the reactivation of tumor cells in later stages.

To investigate the underlying molecular mechanisms involved in high-risk pSCCs, we measured
transcript levels of pro-inflammatory markers in the tumors. Surprisingly, the expression of HMGBI,
a gene encoding a danger-associated molecular pattern, was not increased in RDEB-SCCs. This result
is in agreement with published RNAseq data from other investigators [61], but contrasts with other
studies showing increased levels of HMGBI1 in blister fluid, lesional RDEB skin and RDEB-SCCs
[7,62]. Conversely, we found increased transcript levels of IL1p, IL8, and PAD4 associated with
enhanced expression of GM-CSF and/or G-CSF in high-risk pSCCs. IL-13 has been shown to drive
NET formation through IL-8 or G-CSF production in inflammatory diseases including cancers
[32,33,35], but also to directly target epithelial-mesenchymal transition [63]. Therefore, additional
investigations are needed to identify the signaling pathways underlying tumor progression and
aggressiveness in RDEB-SCCs, i.e., tumor growth, EMT, or cell dissemination through NETs. The
main limitation of our study is the small number of patients with high-risk pSCC due to the orphan
nature of the disease. Nevertheless, the present study, based on national recruitment, represents one
of the most important cohort of this ultra-rare condition. The relevance of circulating citH3 as a
prognostic biomarker for RDEB patients with SCCs has to be confirmed by a prospective study of
RDEB patients with primary SCCs. Furthermore, the value of increased circulating citH3 as a reliable
marker of local and/or systemic inflammation needs to be confirmed. Due to the dominant role of
NETs in adaptive anti-tumor immune escape, pharmacological inhibition of PADI4 could sensitize
cancer cells to combined immunotherapy with anti-PD-1 and anti-CTLA-4 checkpoint inhibitors [64].
Thus, it may be relevant to evaluate the potential of a combinatorial therapy targeting neutrophil
activation and immune checkpoint inhibitors for the treatment of aggressive RDEB-SCCs with high
systemic citH3 levels.

5. Conclusion

In conclusion, the present study describes two distinct clinical outcomes in RDEB patients with
cutaneous SCCs. RDEB-SCCs with the poorest prognosis were associated with a TME enriched in
neutrophil to lymphocyte infiltration and an II1p3 related signature. We showed for the first time,
increased levels of systemic citH3, a marker of NETs, in the serum of RDEB patients with the most
aggressive SCCs, suggesting that citH3 could be a potential marker of unfavorable prognosis in
RDEB-SCCs.
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