
mdpi.com/journal/medicina

Special Issue Reprint

Advances in Cancer  
Therapy from Research  
to Clinical Practice
Surgical, Molecular or Systemic Management  
of Cancer

Edited by 

Nicolae Crisan and Călin Căinap



Advances in Cancer Therapy from
Research to Clinical Practice—
Surgical, Molecular or Systemic
Management of Cancer





Advances in Cancer Therapy from
Research to Clinical Practice—
Surgical, Molecular or Systemic
Management of Cancer

Editors

Nicolae Crisan
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Cancer represents one of the most important general health problems of our day. The
estimated incidence of new cases in 2020 was 19.3 million [1] versus 10.9 million in 2002 [2],
which is an increase of 77%. The future is not very optimistic, as the number of new cases
is expected to increase by at least 47% by 2040, reaching 28.4 million new cases [2]. The
projections in the US are that, as of January 2022, the total number of patients who were
diagnosed with cancer (curable or not, and alive at a definite point of analysis) represented
5.4% of the population [3].

Even when diagnosed at an early stage, cancer patients can experience a metastatic
relapse. Gallicchio et al. estimated that, during a lifetime, the percentage of metastasisation
can range from 30% for lung cancer to 72% for bladder cancer [4], even though the chance of
survival increased throughout the analysed interval of time due to the increasing availability
of new categories of drugs used in oncological treatments.

All of these improvements could not be reached without the translation of fundamental
research into practical uses, ranging from the initial cellular level to the molecular level,
and nowadays, we have a genetic understanding of cancerogenesis. Since the times of
ancient Greece, multiple theories have been made about oncogenesis, and through ‘step
by step’ discoveries, we have managed to learn how things work in the complex area of
human biology, and new potentially valuable targets have emerged.

One of the most important dreams of healthcare personnel—from research, clinical, or
laboratory specialities—is to solve a little or big part of the complicated oncology puzzle,
which could contribute to saving lives. Every small discovery could represent a big step in
curing more people, such as by making more effective treatments available, diagnosing
cancer earlier, or reducing the risk for cancer.

This Special Issue, “Advances in Cancer Therapy from Research to Clinical
Practice—Surgical, Molecular or Systemic Management of Cancer”, was initially designed
to allow the potential authors to share their work in the very complicated world of oncology
using a large amount of big data, which can be practice changing.

The published articles covered a broad range of cancers, with the most important
primary tumours being treated from a fundamental research or clinical practice point
of view.

For breast cancer, for example, Lisencu et al. [5] tried to determine molecular pre-
dictive factors which are linked to the probability of obtaining a pathological response to
neoadjuvant treatment. Selecting early those patients with the best chance of responding to
a selective (and costly) therapy remains a challenging task. miRs could represent a good
surrogate for the real-time evaluation of the tumour and its reaction to a specific treatment.

Moreover, Mkrantonakis et al. [6] tried to identify triple-negative breast cancer (TNBC)
patients who have a better or worse response to immunomodulator agents, which are

Medicina 2023, 59, 1309. https://doi.org/10.3390/medicina59071309 https://www.mdpi.com/journal/medicina
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newcomers in the breast cancer armamentarium. PD-L1 gene polymorphisms rs822336
(G > C) and rs822337 (T > A) seem to be differentially expressed in TNBC patients and
could represent potential markers of unfavourable prognosis and diminished survival.
Ortega et al. [7] showed that the expression of insulin receptor substrate 4 (IRS-4), cyclin
D1, and cyclooxygenase 2 (COX-2) are overexpressed in invasive lobular breast cancer
compared to invasive ductal cancer, which could explain the difference between these two
types of breast cancer in terms of prognosis and survival.

The molecular types of cancer are not a fundamental discovery without any clinical
relevance. As shown by Szep et al. [8], multiparametric breast MRI (magnetic resonance
imaging), which provides morphological and functional images of breast tumours, is
nowadays a part of the recommended workup for breast cancer. The molecular types can
change the MRI aspect of breast cancer, whereas MRI can be used to predict the molecular
types (but not replace the biopsy).

For lung cancer patients, Ahn et al. [9] searched for the expression of BRAF mutations
in real-life unselected patients with non-small cell lung cancer. Despite reduced incidence
in the analysed cohort, adenocarcinoma with micropapillary components seemed to have
a privileged histology which harboured this mutation; this is an interesting finding that
underlines the necessity of prioritising BRAF mutation testing.

In melanoma cancer, rechallenging with BRAF inhibitors becomes an attractive option
for multiple-relapse patients. The polyclonal theory of cancer remains an important element
to be taken into consideration when we are in a difficult situation after standard therapy
failure. Ksomidis et al. [10] showed some interesting approaches to this clinical issue.

Inflammation in cancer could be a target for immunomodulatory treatment, but could
also represent an unfavourable factor for patients, being responsible for cancer progression.
The combined peripheral neutrophil–platelet index seems to be an unfavourable predictor
factor for overall survival in resectable oesophageal squamous cell carcinoma (ESCC)
patients, as shown by Peng et al. [11].

An absolute iron deficiency in colorectal cancer can impair not only the cardiac and
respiratory functions, among others, but also the immune system’s defence. Deficient
patients could be affected more and could present with more advanced disease–lymphatic
invasion, as shown by Fagarasan et al. [12].

For hepatocarcinoma, Chen et al. [13] showed that recurrence with a surgery option
can be alternatively treated with microwave ablation (MWA) that is either associated or not
associated with transarterial chemoembolisation (TACE). Whether TACE adds something or
not in terms of survival or diminishes the incidence of relapse remains a controversial issue.
Most likely, the previous treatment could more appropriately select the best candidates.
For those with progression of hepatocarcinoma after TACE, an option was proposed by
Wu et al. [14] using the association of oxaliplatin with raltitrexed (HAICROX).

A new chemotherapy association or a new modality of drug delivery?
Chioreanu et al. [15] tested a compound of 215 nm with an improved capacity of en-
capsulation, a good rate of diffusion of the drug, and a better tolerance potential.

Body mass index can be a simple prognostic factor for prostate cancer, as shown in
Popovici et al.’s article [16], due to its relative resistance to insulin and possible proliferative
stimulation, which could be responsible for a more advanced stage of disease at diagnosis.

Al-Gharaibeh et al. [17] analysed the tridimensional changes in the earliest cellular
events before the start of renal cancer. In testicular cancer, Rohozneanu et al. [18] analysed
if ‘less is more’ for stage I to avoid unnecessary toxicities.

For gynaecologic cancers, Obradovic et al. [19] investigated the role of a protein
from the immunophilin family with antiangiogenic properties, which have a significantly
decreased expression in the case of endometrioid endometrial carcinoma compared with
benign endometrial hyperplasia. Havasi et al. [20] demonstrated the molecular mechanism
of platin hypersensitivity and the strategies to overpass it, assuring the continuation of the
essential regimen with platin derivates in ovarian cancer. As shown by Boeriu et al. [21], this
class of medication could induce even a benign pathology such as lipomatosis in children.
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Multiple neoplasia represents a difficult pathology for an oncologist, as mentioned and
developed in an article published in Medicina by Simescu et al. [22]. Parathyroid carcinoma
and differentiated thyroid carcinoma are exceptionally rare conditions. Less than 100 cases
of adrenal neuroblastoma in adult patients have been reported, with one of these being
described by Telecan et al [23]. A rare clinical condition represented by Maffucci syndrome
and astrocytoma with a rare IDH mutation was described by Ashirov et al. [24].

Cotorogea-Simion et al. [25] developed the mechanisms presumed to be implicated in
the pathogenesis of respiratory insufficiency, which frequently occurs in hematologic diseases.

We hope that the readers will find answers to their questions or read about a finding
related to their scientific interest in our Special Issue.

Acknowledgments: I would like to thank the authors who shared their important work in this
Special Issue. I am grateful to the Editorial staff for their sustained activity and support, and for their
confidence in me to organise this Special Issue. Many thanks to the Editorial team of this Special
Issue for their devotion and hard work.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Background and Objectives: Breast cancer (BC) is the first diagnosed type of cancer and the
second leading cause of cancer-related mortality in women. In addition, despite the improvement
in treatment and survival in these patients, the global prevalence and incidence of this cancer are
rising, and its mortality may be different according to the histological subtype. Invasive lobular
carcinoma (ILC) is less common but entails a poorer prognosis than infiltrative ductal carcinoma
(IDC), exhibiting a different clinical and histopathological profile. Deepening study on the molecular
profile of both types of cancer may be of great aid to understand the carcinogenesis and progression
of BC. In this sense, the aim of the present study was to explore the histological expression of Insulin
receptor substrate 4 (IRS-4), cyclooxygenase 2 (COX-2), Cyclin D1 and retinoblastoma protein 1 (Rb1)
in patients with ILC and IDC. Patients and Methods: Thus, breast tissue samples from 45 patients with
ILC and from 45 subjects with IDC were analyzed in our study. Results: Interestingly, we observed
that IRS-4, COX-2, Rb1 and Cyclin D1 were overexpressed in patients with ILC in comparison to IDC.
Conclusions: These results may indicate a differential molecular profile between both types of tumors,
which may explain the clinical differences among ILC and IDC. Further studies are warranted in
order to shed light onto the molecular and translational implications of these components, also aiding
to develop a possible targeted therapy to improve the clinical management of these patients.

Keywords: breast cancer (BC); invasive lobular carcinoma (ILC); insulin receptor substrate 4 (IRS-4);
cyclooxygenase 2 (COX-2); cyclin D1; retinoblastoma protein 1 (Rb1)
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1. Introduction

Breast cancer (BC) is the most common type of diagnosed cancer in women and
the second leading cause of cancer-related mortality in this group [1,2]. Following the
American Cancer Society, 1 in 8 women will suffer from BC in their lives, and it has been
projected that the global incidence of these tumors will reach 3.2 million new cases per
year by 2050 [3]. Moreover, men can also suffer from BC, accounting for less than 1%
of all cancers in men and less than 1% of all breast cancers for them [4]. Lifestyle habits
like smoking, sedentarism, alcohol consumption and diet are some of the most important
risk factors for suffering from BC, along with obesity, aging, race, hormonal/reproductive
factors and history of familiar BC [5]. An early diagnosis and regular screening are crucial
for a good prognosis and survival rate of BC patients. Indeed, thanks to these approaches,
the 5-year relative survival rate can be over 80% in some developed countries [6]. However,
the overall survival of these patients will depend mainly on two factors: the tumoral
stage (invasiveness, metastasis), and the tumoral subtype [7]. According to its histological
classification, the most common type of invasive BC is the infiltrative ductal carcinoma
(IDC) of no special subtype [8]. Approximately 1 in 4 tumors are defined as histological
‘special types’, including at least 17 discrete pathological entities such as invasive lobular
carcinoma (ILC) [9]. Furthermore, ILC is the second most common subtype of BC, and
differs from IDC in a set of clinical and histopathological features. For instance, ILCs
present more difficulties in their detection, often exhibit a poorer prognosis, more advanced
stages, frequent late recurrences and lower responses to therapy [10]. In addition, there
are a plethora of biological differences between these types of tumors, including in their
molecular profiles, immune response, metastasis, metabolism and other hallmarks of
cancer [11,12]. Thus, it is necessary to deepen examinations on the molecular and biological
basis of ILC in order to develop further approaches and strategies to aid in the clinical
management of this relevant malignancy.

Insulin receptor substrate 4 (IRS-4) is a relevant molecule altered in different types of
malignancies like BC. It seems that this molecule promotes tumoral proliferation and ther-
apy resistance due to the alteration of different molecular pathways [13–15]. Furthermore,
previous studies have found that an overexpression of this component is frequently related
to a poorer prognosis [16]. A similar role has been found with cyclooxygenase 2 (COX-2) in
patients with BC, being frequently related to a poorer prognosis and a set of carcinogenic
mechanisms [17]. In the same line, Cyclin D1 levels are often disrupted in different types
of tumors, especially in BC, where approximately 50% of mammary carcinomas present
an overexpression of this component [18]. Likewise, the retinoblastoma protein 1 (Rb1) is
also involved in the tumorigenesis and impaired cell features, having been proposed as a
promising therapeutic target of different types of tumors, including BC [18,19]. Despite the
relevance and demonstrated role of these markers in the development and progression of
BC, there is little evidence collected regarding the differential expression of each component
in ILC vs. IDC.

Hence, the aim of the present review is to explore the histopathological detection
of IRS-4, COX-2, Rb1 and Cyclin D1 in 45 patients with ILC in comparison to 45 IDC in
order to establish potential biological differences between both types of tumors. With that
purpose, we have conducted immunohistochemical studies of n patients with ILC and
compared these with n patients with IDC.

2. Patients and Methods

2.1. Collection of Samples

For our study, we used paraffin-embedded sections of breast tissue from 45 patients
diagnosed with invasive lobular carcinoma (ILC) and 45 patients diagnosed with infiltrative
ductal carcinoma (IDC). The diagnosis followed the principles of Lakhani et al. [20]. The
present study was designed as an observational, analytical, retrospective cohort study with
longitudinal follow-up. Paraffin blocks and all details with extensive clinical information
on patients and follow-up data were retrospectively reviewed.
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The study was carried out in accordance with the basic ethical principles of autonomy,
beneficence, non-maleficence and distributive justice, and its development followed the
rules of Good Clinical Practice, the principles contained in the most recent Declaration of
Helsinki (2013) and the Convention of Oviedo (1997). The data and information collected
complied with current legislation on data protection (Organic Law 3/2018 of 5 Decem-
ber on the Protection of Personal Data and Guarantee of Digital Rights and Regulation
(EU) 2016/679).

2.2. Histopathological and Immunohistochemical Studies

Immunohistochemical studies were performed on paraffin-embedded breast tissue
samples. The antibody recovery step was described in the protocol specifications (Table 1).
Antigen/antibody reactions were detected by the avidin-biotin complex (ABC) method,
with avidin-peroxidase, following the protocols of Ortega et al. [21]. After incubation with
the primary antibody (1 h and 30 min), samples were incubated with 3% BSA blocker
(catalog #37525; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and PBS overnight at
4 ◦C. The samples were then incubated with biotin-conjugated secondary antibody and
diluted in PBS for 90 min at room temperature (RT; Rabbit IgG (RG-96, 1:1000, Sigma-
Aldrich/Mouse IgG (F2012/045K6072) 1:300, Sigma-Aldrich, St. Louis, MI, USA). Avidin-
peroxidase conjugate ExtrAvidin®-Peroxidase (Sigma-Aldrich; Merck KGaA, Darmstadt,
Germany) was used for 60 min at RT (1:200 dilution with PBS), and then the level of protein
expression was determined using a Chromogenic Diaminobenzidine (DAB) Substrate
Kit (cat. no. SK-4100; Maravai LifeSciences, San Diego, CA, USA), which was prepared
immediately prior to exposure (5 mL distilled water, two drops of buffer, four drops of
DAB and two drops of hydrogen peroxide drops). The signal was developed with the
chromogenic peroxidase substrate for 15 min at RT; this technique allows the detection of a
brown staining. For the detection of each protein, sections of the same tissue were assigned
as negative controls, substituting the incubation with the primary antibody for a blocking
solution (PBS). In all tissues, contrast was performed with Carazzi hematoxylin for 15 min
at RT.

2.3. Histopathological Evaluation

Tissue sections were viewed using a Zeiss Axiophot light microscope (Carl Zeiss,
Oberkochen, Germany) equipped with an AxioCam HRc digital camera (Carl Zeiss,
Oberkochen, Germany). Given the important role of the proteins studied, the evalua-
tion of the histological results was carried out according to the intensity of expression for
the immunohistochemical staining with Score. Therefore, the histological samples of pa-
tients diagnosed with breast cancer were classified as negative (0) or low/medium (1) and
high (3) expression using the IRS-Score method [22]; the samples were evaluated by two
independent pathologists (MAO, MAS), and in case of discrepancies, a third pathologist
intervened (SC). For each established subject group, seven randomly selected microscopy
fields were examined in each of the five sections. Subjects were classified as positive when
the mean proportion of the labeled sample was greater than or equal to 5% of the total
sample. This was completed by calculating the total percentage of the labeled tissue in each
microscopy field to obtain a mean for the study sample as described [23]. The observation
and quantification of the samples were carried out independently by two researchers.

2.4. Statistic Analysis

For the statistical analysis, the statistical package GraphPad Prism® 5.1 was used for
the Mann–Whitney U test as appropriate. The data are provided as the mean ± standard
deviation (SD). The error bars in the figures indicate the SD. Different levels of significance
are distinguished as * p < 0.05, ** p < 0.005 and *** p < 0.001.
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Table 1. Primary antibodies used, together with the dilutions and protocol specifications.

Antigen Dilution Provider Protocol Specifications

IRS-4 1:250 Thermo Fisher
Scientific—PA5-117329

Preincubation with Tris-EDTA buffer
pH 9 and incubation with 0.1% TTX

(Triton ×100 in TBS) for 5 min.
COX-2 1:750 Vitro, MAD-000335QD-3/V —————–

Rb1 1:500 Vitro, MAD-000900QD-3/V —————–

Cyclin D1 1:500 Vitro, MAD-000630QD-3/V
Preincubation with Tris-EDTA buffer
pH 9 and incubation with 0.1% TTX

(Triton ×100 in TBS) for 5 min.

3. Results

3.1. Clinical and Sociodemographic Characteristics of the Study Population

The present study was designed as an observational, analytical, retrospective cohort
study with longitudinal follow-up. A total of 45 patients with ILC and 45 patients with IDC
were analyzed, with a median age of 69.167 ± 13.663 years for ILC and 67.571 ± 10.717 years
for IDC. All patients had a score greater than pT1. The percentage of expression of estrogen
receptors was 70.000 ± 22.887% for ILC and 66.538 ± 28.091% for IDC. The percentage of
expression of progesterone receptors was 54.333 ± 26.245% for ILC and 55.833 ± 33.086%
for IDC. The Ki67 expression percentage was 12.609 ± 6.373% for ILC and 16.190 ± 7.731%
for IDC.

3.2. Patients with Invasive Lobular Carcinoma Show a Significant Increase in the Expression
of IRS-4

Our results demonstrate how patients with ILC show an increased expression of IRS-4
in the tissue compared to IDC patients. We observed how the IRS-Score expression score
was 2.522 ± 0.574 in ILC and 1.322 ± 0.479 in IDC, *** p < 0.001 (Figure 1A–C).

3.3. Patients with Invasive Lobular Carcinoma Show a Significant Increase in the Expression of
C0X-2, Rb1 and Cyclin D1

In addition, we have observed how patients diagnosed with ILC show an increased
expression of COX-2, Rb1 and Cyclin D1. In the case of COX-2, we observed how the
IRS-Score expression score was 1.806 ± 0.605 in ILC and 1.533 ± 0.537 in IDC, * p = 0.0267
(Figure 2A–C).

For Rb1, we observed how the IRS-Score expression score was 2.000 ± 0.674 in ILC
and 1.544 ± 0.620 in IDC, ** p = 0.0022 (Figure 3A–C). In the case of Cyclin D1, we observed
how the IRS-Score expression score was 2.117 ± 0.527 in ILC and 1.639 ± 0.793 in IDC,
** p = 0.0018 (Figure 4A–C).
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Figure 1. (A) IRS-Score for IRS-4 in patients diagnosed with invasive lobular carcinoma (ILC) and
infiltrative ductal carcinoma (IDC). (B,C) Histological images of IRS-4 expression using immunohisto-
chemical techniques in the breast tissue of patients diagnosed with ILC (B) and IDC (C). *** p < 0.001.

Figure 2. (A) IRS-Score for COX-2 in patients diagnosed with invasive lobular carcinoma (ILC)
and infiltrative ductal carcinoma (IDC). (B,C) Histological images of COX-2 expression using im-
munohistochemical techniques in the breast tissue of patients diagnosed with ILC (B) and IDC (C).
* p < 0.05.
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Figure 3. (A) IRS-Score for Rb1 in patients diagnosed with invasive lobular carcinoma (ILC) and
infiltrative ductal carcinoma (IDC). (B,C) Histological images of Rb1 expression using immunohisto-
chemical techniques in the breast tissue of patients diagnosed with ILC (B) and IDC (C). ** p < 0.005.

Figure 4. (A) IRS-Score for Cyclin D1 in patients diagnosed with invasive lobular carcinoma (ILC)
and infiltrative ductal carcinoma (IDC). (B,C) Histological images of Cyclin D1 expression using
immunohistochemical techniques in the breast tissue of patients diagnosed with ILC (B) and IDC (C).
** p < 0.005.

4. Discussion

The annual incidence and prevalence of BC are rising worldwide in the younger and
elderly populations [24]. Despite the improvements achieved in early diagnosis, screening
and survival, more knowledge is required to understand the biology of this cancer and
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their specific types in order to develop better approaches for the clinical management of
these patients. In this sense, our study gains further insights into the biology of ILC in
comparison to IDC, aiding to explain some of the differences in the clinical presentation
and histopathological features of these types of tumors.

ILCs are frequently associated with a poorer prognosis than IDCs, and the biological
differences between both types of tumors have received significant attention. For instance,
differences in the expression of genes and specific proteins/receptors have been reported
among both groups [25]. IRS-4 was a pivotal marker overexpressed in ILC in comparison to
IDC. To our knowledge, this is the first study demonstrating a possible pathophysiological
role of this marker in these tumors. IRS-4 is an adaptor protein acting as a constitutive
activator of critical cell transduction pathways in cancer, leading to the activation of the
PI3K/Akt pathway collaborating with the actions of the human epidermal growth factor
receptor 2 (HER2) [13]. HER2 is a central receptor involved in BC development and
stratification. According to the absence or presence of HER2, estrogen receptor (ER) and
progesterone receptor (PR), the molecular classification of breast tumors can be luminal A,
luminal B, HER2+ enriched cells and triple negative BC. Luminal subtypes are ER/PR+,
being luminal A subtype negative for HER2 and with low levels of ki67, whereas luminal B
presents the HER2+ receptor and high levels of ki67. HER2+ enriched cells only present
this marker, and triple negative BC lacks all of these receptors [26,27]. It is of note, that
patients with ILC were HER2+, whereas IDC subjects did not show HER2+ expression.
HER2+ ILC has distinct clinical characteristics and immune landscapes compared to IDC,
and a poorer prognosis [28]. Hence, the augmentation of both IRS-4 and HER2+ may act
synergically with the progression of ILC. Moreover, compelling evidence has established
the central role of PI3K in the development of BC, being closely related to cell growth,
proliferation, survival, motility, metastasis, metabolism and immune modulation [29].
In addition, previous studies have also found an association between the activation of
PI3K/Akt and other pathways such as Ras-MAPK by IRS-4 with therapeutic resistance and
tumor progression in lung cancer [13]. Thus, IRS-4 could mediate many of these processes
in ILCs due to its hyperactivation of PI3K/Akt and other signaling pathways, aiding to
explain the worse prognosis of these patients in comparison to IDC.

Likewise, the expression of IRS-4 was also related to the activation of Cyclin D1
and Rb1 in colorectal cancer, two markers also altered in our study [30]. Because of the
increased expression of these components, it is likely that IRS-4 may collaborate with the
overexpression of Cyclin D1 and Rb1. Cyclin D1 and Rb1 are major regulators of the cell
cycle. In the case of Cyclin D1, prior research has detected a substantial dysregulation of
this marker in several types of cancer [31]. In the field of BC, the overexpression of Cyclin
D1 is associated with abnormalities in the cell cycle and a set of carcinogenic mechanisms in
the breast, also mediating the effects of estrogen in this tissue [32]. Soslow et al. [33] claimed
that 82% (23 out of 28) of ILCs exhibited a high expression of Cyclin D1 in comparison to
the 54% of IDCs (18 out of 34). In agreement with previous studies, we have observed an
increased expression of Cyclin D1 in ILCs in comparison to IDCs. In the case of Rb1, it
may act as either a tumor suppressor or as promoting tumor growth [34]. It seems that the
high expression of Rb1 is associated with a high proliferation of different invasive breast
tumors [35]. Interestingly, the levels of Rb1 appear to be correlated with those of glucose
transporter 1 (GLUT-1) in BC, suggesting a promising therapeutic approach using GLUT-1
inhibitors in patients with high Rb1 expression [36]. However, more studies are required
to better understand the role of Cyclin D1 and Rb1 in lobular carcinoma before drawing
any conclusions.

Last but not least, COX-2 is an enzyme ubiquitously involved in the mammary carcino-
genesis. Its expression appears to be directly correlated with the stage, cancer progression,
angiogenesis and metastasis [37]. Furthermore, COX-2-driven prostaglandin E2 (PGE-2)
biosynthesis is related to a plethora of aggressive carcinogenic mechanisms in BC, having
been proposed as a promising therapeutic target and also being associated with a poorer
prognosis [17,38]. COX-2 can be released by cancer-associated fibroblasts, M2 macrophages
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and cancer cells to the tumor microenvironment, inducing cancer stem cell-like activity
and cell proliferation, angiogenesis, invasion, inflammation, metastasis and apoptotic re-
sistance [39]. In consonance with our results, Holmes et al. [40] found that higher COX-2
expression was more observed in ILC than IDC, aiding to explain its worse prognosis. Other
studies, however, found that COX-2 was highly expressed in both ILC and IDC, and the
proportion of total COX-2 positive tumors range between studies [37,41]. These differences
could be attributed to the different scoring systems and cut-off of immunohistochemistry,
as these do not allow for the extraction of quantitative results, which may be a limitation
of our study [42]. Similarly, COX-2 was also highly detected in lobular and ductal in situ
carcinoma, being associated with an increased risk for developing subsequent invasive
carcinomas [42,43], hence supporting the role of COX-2 in the early carcinogenesis as well.

5. Conclusions

Overall, we have found a differential molecular profile between ILC and IDC, showing
an increased expression of IRS-4, COX-2, Cyclin D1 and Rb1 in favor of the former. Further
studies are warranted in order to deepen exploration on the molecular and translational
implications of these components, as well as to analyze a possible targeted therapy to
improve the clinical management of these patients.
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Abstract: Background and Objectives: The recurrence outcome in patients who underwent microwave
ablation (MWA) with or without transarterial chemoembolization (TACE) for hepatocellular car-
cinoma (HCC) within Milan criteria remains unclear. The aim of this retrospective study was to
identify the predictive factors of recurrence in these patients. Materials and Methods: From May 2018
to April 2021, 66 patients with HCC within Milan criteria were enrolled. Local tumor progression
(LTP) and recurrence-free survival (RFS) were evaluated. Univariate and multivariate analyses were
used to evaluate the risk factors of recurrence. The propensity score analysis was conducted to reduce
potential confounding bias. Results: During the median follow-up of 25.07 months (95% confidence
interval [CI], 21.85, 28.28), the median time to LTP and RFS were 20.10 (95%CI, 14.67, 25.53) and
13.03 (95%CI, 6.36, 19.70) months. No group difference (MWA vs. MWA + TACE) was found in 1-year
cumulative LTP (p = 0.575) and RFS (p = 0.515), but meaningful significant differences were found
in two-year recurrence (LTP, p = 0.007 and RFS, p = 0.037). Univariate and multivariate analyses
revealed that treatment received before ablation was an independent risk factor of LTP (hazard ratio
[HR] 4.37, 95%CI, 1.44, 13.32) and RFS (HR 3.41, 95%CI, 1.49, 7.81). Conclusions: The LTP and RFS
in the MWA group were similar to that in the MWA combined with TACE. For HCC within Milan
criteria, both groups preferentially selected MWA. More endeavor and rigorous surveillance should
be taken to relapse prevention, in patients who have received previous treatment.

Keywords: hepatocellular carcinoma; microwave thermotherapy; chemoembolization; recurrence

1. Introduction

Primary liver cancer is the third leading cause of cancer death. Globalcan2020 esti-
mated 906,000 new cases in 2020, with approximately 75–85% cases being hepatocellular
carcinoma (HCC) [1]. Thermal ablation, transplantation and resection were curative thera-
pies for patients with HCC within the Milan criterion and are the available options in the
China liver cancer (CNLC) staging system [2], the European Association for the Study of the
Liver (EASL) [3], and the American Association for the Study of Liver Diseases (AASLD)
guidelines [4]. However, approximately 20% of patients with hepatocellular carcinoma
may experience a survival benefit from resection and liver transplantation [5]. Moreover,
some patients have missed out on surgery owing to poor liver function (such as severe liver
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cirrhosis), location of the tumor nodules or rejection of surgery [6]. Liver transplantation is
also limited due to the lack of availability of liver transplants and the high cost. Therefore,
there is a need for a less invasive and effective treatment method.

Microwave ablation (MWA) is a relatively new ablation technique in thermal ablation
and has the demonstrated benefits of safety, as well as being effective and minimally
invasive [7]. When compared to radiofrequency ablation (RFA), MWA has the advantage
of being less susceptible to the heat sink effect and provides a larger ablation zone [8–10].
There has been no demonstrated difference between MWA and RFA in efficacy or local
tumor progression [11]. A meta-analysis depicted an analogical efficacy and safety between
MWA and RFA. However, MWA displayed a preponderance in reducing the rate of five-year
recurrences [12]. Some retrospective studies have shown that MWA achieved long-term
oncologic outcomes for ≤4 cm HCC and equivalent metastasis and recurrence rates for
≤5 cm HCC when compared with surgery [7,13]. Unfortunately, to improve the clinical
outcomes, it is not enough for HCC with a single treatment.

In addition to being the first-line treatment for intermediate-stage HCC, transarterial
chemoembolization (TACE) can also be used for early-stage HCC [14]. TACE combined
with MWA has been shown to be an effective treatment with a mean overall survival (mOS)
rate of 54.9 months in early HCC [15]. The recurrence pattern of HCC was shown to be
relative to post-recurrence survival [16]. Therefore, the purpose of this study was to clarify
the risk factors for recurrence in patients with HCC within the Milan criteria, receiving
MWA with or without TACE.

2. Materials and Methods

2.1. Study Population

This retrospective study was approved by the ethics committees of Xiamen Branch,
Zhongshan Hospital, Fudan University (authorization number B2019-010). All patients
were diagnosed with HCC according to the EASL guidelines [3]. The study enrolled 66
patients with HCC who received MWA with or without TACE from May 2018 to April
2021 in our institution, as shown in Figure 1. Patients were selected according to the
following criteria:

Figure 1. Study flowchart.
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(1) HCC within the Milan criteria (single tumor ≤ 5 cm or two to three tumors ≤ 3 cm
without vascular invasion) [17] who had received MWA with or without TACE as the
treatment; (2) Child–Pugh score ≤ 7; (3) Eastern Cooperative Oncology Group performance
status 0 or 1; and (4) refusal or unfitness for surgery and liver transplantation.

The exclusion criteria were (1) missing examination imaging from one to three-month
postoperative period; (2) a lack of complete follow-up information; (3) other malignant
tumors; and (4) other anti-cancer therapy received less than one month prior to intervention.

Demographics, oncology characteristics and some serological markers from within
seven days before the operation were collected for analysis. The albumin–bilirubin (ALBI)
score was calculated as follows: (log10 total bilirubin (μmol/L) × 0.66) + (serum albumin
(g/L) × −0.085) [18]. The tumor location was recorded, including the tumor nodule posi-
tion such as hepatic subcapsular, near large vessels, diaphragm or gallbladder. Treatment
before ablation was defined as treatment up to one month prior to the intervention, such as
TACE, conventional surgery, system treatment, radiotherapy or other anti-tumor treatment.

2.2. MWA Procedure

The tumor location and size were assessed for all patients by contrast enhanced
ultrasound (CEUS) and contrast enhanced magnetic resonance imaging (CE-MRI) before the
operation. Under the guidance of real-time ultrasonic imaging (US), MWA was performed
with commercially available MWA systems (Covidien Medical Devices Technology Co.,
Ltd., Mansfield, MA, USA) after local or general anesthesia. An ablation needle with
antennae was inserted into the tumor. During the MWA procedure, ablation session, time
(range 1–10 min each session) and energy power (range 40–100 W each session) were
determined depending on the tumor size, shape and location. The melting range was to
achieve an ablated margin of at least 5 mm around the tumor. Finally, needle-path ablation
was used to prevent post-operative bleeding and needle-path metastases.

2.3. TACE Combined with MWA Procedure

TACE and MWA procedures performed in the same session similar to Roberto Iezzi
et.al commenting [19]. In brief, angiography was performed prior to ablation. All TACE
procedures were performed by an experienced physician starting with a routine Seldinger
puncture in the arteria cruralis after local anesthesia. A 5 French catheter (Progreat Lambda,
Terumo, Japan) was selected to perform arteriography of the celiac and common hepatic
artery to identify the tumor and feeders. Afterwards, MWA was performed as described
above. CEUS (with sonoview as the enhancing agent) was used to evaluate the complete-
ness of the ablation. If there was a residual tumor, an additional ablation was performed.
Subsequently, a microcatheter was used to superselect the tumor-feeding branch and em-
bolization was performed with 1–3 mL of lipiodol, with or without 10 mg of epirubicin
(water-in-oil technique was used to mix chemotherapeutic agents and iodized oil which
was described in previous study [20]). Finally, angiography was repeated to evaluate the
extent of the lipiodol deposits. The brief procedure was shown in Supplemental Figure S1.

2.4. Follow-Up

All patients received regular follow-up after the operation. A CE-MRI/CT was per-
formed one to three months after MWA with or without TACE. If the tumor was completely
ablated, the patient was followed-up every two to three months. Combination therapy
such as immunotherapy, antiangiogenic therapy, surgery etc. would then be conducted
based on tumor recurrence. The study was censored on 2 February 2022.

2.5. Evaluation of Therapeutic Outcomes

The treatment response was evaluated by the modified response evaluation criteria in
solid tumors (mRECIST) [21]. A non-specifically trained radiologist may magnify variability
in the evaluation of treatment outcomes [22]. The assessment of treatment response was
calculated by two different experts, one of whom has over 10 years of experience in
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radiology and another who has 10 years of experience in interventional radiology. A one-
month postoperative CE-MRI/CT was used for assessing the initial therapeutic effect. Local
tumor progression time (LTPt) was defined as the time between the operation date and
the date when any residual or new-onset tumor around the ablation zone was discovered
in the same liver lobe. Recurrence-free survival (RFS) was defined as the interval from
the date of MWA with or without TACE to the date of HCC recurrence. Overall survival
(OS) was defined as the time from the operation time until the time of death or the last
follow-up recorded. Adverse events that occurred within one week of the interventional
operation were recorded at follow-up, as were complications that were considered likely to
be MWA/TACE-related.

2.6. Statistical Analysis

All analyses were performed using SPSS 21 software (IBM Corp., Armonk, NY, USA).
Data were presented as mean ± standard deviation for continuous variables, which were
analyzed by an independent t-test similar to the previous study [23]. Categorical data
were defined as frequency (as a percentage) and calculated by applying a chi-square test
or Fisher’s exact test. LTP, RFS and OS were compared with a log-rank test using the
Kaplan–Meier method. The risk factors for recurrence were analyzed by a univariate
analysis. Multivariate Cox regression models were built to include all variables found to
be p ≤ 0.1 in the univariate analyses. A 1:1 propensity score with logistic regression was
performed for balancing variables [24], with a caliper distance of 0.1. All comparisons were
two-sided, and p values less than 0.05 were considered statistically significant.

3. Results

3.1. Patient Characteristics

The baseline patient characteristics of the two groups are summarized in Table 1. Of the
66 patients, 87.9% patients suffered from chronic viral hepatitis B (HBV), and 75.8% suffered
from hepatic cirrhosis. The majority of patients presented with BCLC Stage A (84.8%) and
received other treatment before ablation (63.4%). The 44 patients who underwent MWA
had a significantly smaller tumor size compared to the 22 patients who received MWA
combined with TACE (18.36 ± 8.47 vs. 25.09 ± 10.31 mm, p = 0.006). In addition, the MWA
group had a smaller number of tumor nodules (11.4% multiple nodules) according to MWA
plus the TACE group (multiple nodules 11.4% vs. 36.4%, p = 0.038). The lymphocyte counts
(1.70 ± 0.61 vs. 1.37 ± 0.43) and ALBI (−3.07 ± 0.31 vs. −3.25 ± 0.27, p = 0.027) of the
MWA group were significantly higher than MWA plus TACE.

Table 1. Baseline patient characteristics stratified by therapy [mean SD/N (%)].

Characteristics Overall (N = 66) MWA (N = 44) MWA + TACE (N = 22) p Value

age 61.14 ± 11.18 61.36 ± 10.89 60.68 ± 11.98 0.817
Sex

male 51 (77.3%) 31 (70.5%) 20 (90.9%) 0.062
female 15 (22.7%) 13 (29.5%) 2 (9.1%)

Hepatic Cirrhosis
yes 50 (75.8%) 34 (77.3%) 16 (72.7%) 0.685
no 16 (24.2%) 10 (22.7%) 6 (27.3%)

Diabetes
yes 12 (18.2%) 8 (18.2%) 4 (18.2%) >0.999
no 54 (81.8%) 36 (81.8%) 18 (81.8%)

Hypertension
yes 17 (25.8%) 13 (29.5%) 4 (18.2%) 0.320
no 49 (74.2%) 31 (70.5%) 18 (81.8%)
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Table 1. Cont.

Characteristics Overall (N = 66) MWA (N = 44) MWA + TACE (N = 22) p Value

HBV
yes 58 (87.9%) 39 (88.6%) 19 (86.4%) >0.999
no 8 (12.1%) 5 (11.4%) 3 (13.6%)

Tumor diameter (mm) 20.61 ± 9.59 18.36 ± 8.47 25.09 ± 10.31 0.006
BCLC

A 56 (84.8%) 39 (88.6%) 17 (77.3%) 0.396
B 10 (15.2%) 5 (11.4%) 5 (22.7%)

Tumor location
special location 48 (72.7%) 33 (75%) 15 (68.2%) 0.716

traditional location 18 (27.3%) 11 (25%) 7 (31.8%)
Tumor number

single 53 (80.3%) 39 (88.6%) 14 (63.6%) 0.038
multiple 13 (19.7%) 5 (11.4%) 8 (36.4%)

Treatment before ablation
yes 24 (36.4%) 18 (40.9%) 6(27.3%) 0.278
no 42 (63.6%) 26 (59.1%) 16(72.7%)

Baseline AFP(ng/mL) 433.81 ± 1666.24 285.50 ± 1219.54 730.44 ± 2325.90 0.310
Baseline Lymphocytes (×109/L) 1.59 ± 0.58 1.70 ± 0.61 1.37 ± 0.43 0.034

Baseline Monocytes(×109/L) 0.50 ± 0.17 0.51 ± 0.17 0.47 ± 0.18 0.452
Baseline ALB (g/L) 44.51 ± 3.21 43.86 ± 3.18 45.77 ± 2.94 0.022
Baseline ALT (U/L) 28.49 ± 14.91 30.61 ± 16.70 24.36 ± 9.64 0.061
Baseline AST (U/L) 30.06 ± 13.79 31.56 ± 15.90 27.14 ± 7.77 0.137
Baseline rGT (U/L) 60.56 ± 53.02 64.48 ± 56.12 52.73 ± 46.44 0.400
Baseline LDH(U/L) 197.89 ± 44.45 192.88 ± 43.41 207.68 ± 45.83 0.207

CD4/CD8 1.98 ± 1.21 2.04 ± 1.38 1.87 ± 0.85 0.626
IL-6 (pg/mL) 6.61 ± 7.11 7.11 ± 8.57 5.65 ± 2.71 0.474

TNF-α (pg/mL) 12.07 ± 12.21 10.43 ± 11.14 15.09 ± 13.77 0.203
Baseline ALBI −3.13 ± 0.31 −3.07 ± 0.31 −3.25 ± 0.27 0.027

Baseline CRP(mg/L) 3.10 ± 8.28 6.85 ± 16.84 2.13 ± 2.38 0.627

Median with standard deviation are shown for quantitative variables and counts with proportions are shown
for categorical variables. Tumor special location including tumor nodule in the position such as hepatic sub-
capsular, near large vessels, diaphragm and gallbladder. Abbreviations: Ref-Reference; HBV-Hepatitis B Virus
infection; AFP-alpha-fetoprotein; ALB-albumin; ALT-alanine transaminase; AST-aspartate aminotransferase;
γGT-γ-glutamyltranspeptidas; LDH-lactate dehydrogenase; ALBI-albumin–bilirubin; CRP-c-reactive protein.

3.2. Treatment Outcomes and Complications

The rate of technical success of the ablations was 100%. During the median follow-
up period of 25.07 months (95% CI, 21.85, 28.28), 6.1% of patients died. There was no
significant difference between the two groups (p = 0.396). The estimated OS rates of the
MWA group were 100% and 97% at one year and two years, respectively, and 100% and
85%, respectively, in the MWA plus TACE group (Figure 2a). A total of 37/66 (56.1%)
ablations demonstrated LTP. The median LTPt (mLTPt) was 20.10 months (95% CI, 14.67,
25.53). The 1-year and 2-year cumulative LTP incidence was 40% and 53%, respectively,
in the MWA group and 38% and 88%, respectively, in the MWA plus TACE group. RFS
occurred in 41/66 (62.1%) patients. The median RFS (mRFS) time was 13.03 months (95% CI,
6.36, 19.70). The cumulative RFS was estimated to be 45% and 38% in the MWA group,
respectively, and 61% and 15% in the MWA plus TACE group, respectively, at one year and
two years. There were no significant differences found in mLTPt (p = 0.575, Figure 2b) and
mRFS (p = 0.515, Figure 2c), but statistically significant differences were observed in 2-year
cumulative LTP (p = 0.007) and RFS (p = 0.037) incidence.
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Figure 2. The Kaplan–Meier analysis of overall survival (a), time to local tumor recurrence (b) and
recurrence-free survival (c) after MWA with or without TACE.

The adverse events were evaluated by Common Terminology Criteria for Adverse
Events (CTCAE) Version 5.0 (Department of Health and Humen services, USA). As shown
in Table 2, 80.3% of patients experienced an adverse reaction, of which the majority were
Grade 1⁄2 adverse events. Neither the Grade 1⁄2 complication rates or the Grade 3⁄4 level
adverse events were significantly different between the MWA group and the MWA plus
TACE group, 1⁄2 (p = 0.595) and 3⁄4 (p = 0.735), respectively.

Table 2. Adverse Events and Complications.

Categories Overall (N = 66) MWA (N = 44) MWA + TACE (N = 22)

Grade 1–4 level 1⁄2 level 3⁄4 level 1⁄2 level 3⁄4 level 1⁄2 level 3⁄4 level

Adverse events 53 (80.3%) 52 (78.8%) 12 (18.2%) 36 (81.8%) 7 (15.9%) 16 (72.7%) 5 (22.7%)
Fever 2 (3.0%) 2 (3.0%) 0 (0%) 1 (2.3%) 0 (0%) 1 (4.5%) 0 (0%)

Nausea or vomiting 13 (19.7%) 13 (19.7%) 0 (0%) 8 (18.2%) 0 (0%) 5 (22.7%) 0 (0%)
Fatigue 5 (7.6%) 5 (7.6%) 0 (0%) 2 (4.5%) 0 (0%) 3 (13.6%) 0 (0%)

Abdominal
pain/distension 4 (6.1%) 4 (6.1%) 0 (0%) 3 (6.8%) 0 (0%) 1 (2.3%) 0 (0%)

Total bilirubin
elevation, transient 1 (1.5%) 1 (1.5%) 0 (0%) 1 (2.3%) 0 (0%) 0 (0%) 0 (0%)

ALT elevation 45 (68.2%) 42 (63.6%) 3 (4.5%) 28 (63.6%) 2 (4.5%) 14 (63.6%) 1 (2.3%)
AST elevation 53 (80.3%) 43 (65.2%) 10 (15.2%) 30 (68.2%) 7 (15.9%) 13 (59.1%) 3 (13.6%)

3.3. Univariable and Multivariable Analyses for LTP and RFS

In the univariate analysis, Barcelona Clinic Liver Cancer (BCLC) stage (p = 0.097),
tumor location (p = 0.086), treatment before ablation (p < 0.001), baseline lymphocyte counts
(p = 0.024), baseline monocyte count (p = 0.034), TNF-α (p = 0.050) and ALBI (p = 0.064)
were taken into multivariate Cox models for LTP. As shown in Table 3, receiving treatment
before ablation (HR 4.37, 95% CI, 1.44, 13.32) and baseline ALBI (HR 4.31, 95% CI, 1.17,
15.92) independently predicted the LTPt. As shown in Table 4, treatment before ablation
was associated with RFS (p = 0.003) and was verified as an independent predictor for RFS
by multivariate analysis (HR 3.41, 95% CI, 1.49, 7.81).
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Table 3. Univariable and multivariable predictors of LTP.

Characteristics
Univariate Analysis Multivariate Analysis

HR (95% CI) p Value HR (95% CI) p Value

age 0.99 (0.96, 1.02) 0.571
Sex

male 1.00 (Ref) 0.146
female 0.50 (0.19, 1.28)

Hepatic Cirrhosis
yes 1.00 (Ref) 0.166
no 1.68 (0.81, 3.52)

Diabetes
yes 1.00 (Ref) 0.455
no 0.75 (0.35, 1.60)

Hypertension
yes 1.00 (Ref) 0.638
no 1.20 (0.56, 2.54)

HBV
yes 1.00 (Ref) 0.845
no 0.92 (0.38, 2.22)

Tumor diameter (mm) 1.01 (0.97, 1.04) 0.768
BCLC

A 1.00 (Ref) 0.097 1.00 (Ref) 0.845
B 1.96 (0.89, 4.33) 1.11 (0.40, 3.04)

Tumor location
special location 1.00 (Ref) 0.086 1.00 (Ref) 0.181

traditional location 0.53 (0.25, 1.10) 0.55 (0.23, 1.32)
Tumor number

Single 1.00 (Ref)
Multiple 1.46 (0.68, 3.14) 0.332

Treatment before ablation
no 1.00 (Ref) <0.001 1.00 (Ref) 0.009
yes 4.77 (2.05, 11.07) 4.37 (1.44, 13.32)

Baseline AFP (ng/mL) 1.00 (1.00, 1.00) 0.564
Baseline Lymphocytes (×109/L) 0.47 (0.24, 0.90) 0.024 1.32 (0.52, 3.39) 0.561

Baseline Monocytes (×109/L) 0.10 (0.01, 0.84) 0.034 0.07 (0.00, 1.45) 0.086
Baseline ALB (g/L) 0.93 (0.85, 1.03) 0.167
Baseline ALT (U/L) 0.99 (0.97, 1.02) 0.489
Baseline AST (U/L) 1.00 (0.97, 1.02) 0.732
Baseline rGT (U/L) 1.00 (0.99, 1.01) 0.798
Baseline LDH (U/L) 1.01 (0.99, 1.01) 0.19

CD4/CD8 0.89 (0.66, 1.20) 0.444
IL-6 (pg/mL) 0.98 (0.92, 1.04) 0.448

TNF-α (pg/mL) 1.03 (1.00, 1.06) 0.05 1.03 (0.99, 1.05) 0.071
Baseline ALBI 2.57 (0.95, 6.95) 0.064 4.31 (1.17, 15.92) 0.028

Baseline CRP (mg/L) 0.98 (0.94, 1.03) 0.984

Median with standard deviation are shown for quantitative variables and counts with proportions shown for
categorical variables. Tumor special location including tumor nodule in the position such as hepatic subcap-
sular and near large vessels, diaphragm or gallbladder. Abbreviations: Ref-Reference; HBV-Hepatitis B Virus
infection; AFP-alpha-fetoprotein; ALB-albumin; ALT-alanine transaminase; AST-aspartate aminotransferase;
γGT-γ-glutamyltranspeptidase; LDH-lactate dehydrogenase; ALBI-albumin–bilirubin; CRP-c-reactive protein.
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Table 4. Univariable and multivariable predictors of RFS.

Characteristics
Univariate Analysis Multivariate Analysis

HR (95% CI) p Value HR (95% CI) p Value

age 0.98 (0.95, 1.01) 0.139
Sex

male 1.00 (Ref) 0.121
female 1.99 (0.83, 4.76)

Hepatic Cirrhosis
yes 1.00 (Ref) 0.755
no 1.12 (0.55, 2.30)

Diabetes
yes 1.00 (Ref) 0.455
no 0.75 (0.36, 1.59)

Hypertension
yes 1.00 (Ref) 0.162
no 1.70 (0.81, 3.59)

HBV
yes 1.00 (Ref) 0.734
no 1.16 (0.49, 2.78)

Tumor diameter (mm) 0.98 (0.95, 1.02) 0.38
BCLC

A 1.00 (Ref) 0.373
B 1.42 (0.66, 3.09)

Tumor location
special location 1.00 (Ref) 0.705

traditional location 0.87 (0.44, 1.76)
Tumor number

single 1.00 (Ref) 0.802
multiple 1.10 (0.52, 2.31)

Treatment before ablation
no 1.00 (Ref) 0.003 1.00 (Ref) 0.004
yes 3.10 (1.47, 6.54) 3.41 (1.49, 7.81)

Baseline AFP (ng/mL) 1.00 (1.00, 1.00) 0.425
Baseline Lymphocytes (×109/L) 0.57 (0.31, 1.05) 0.07 0.95 (0.43, 2.11) 0.896

Baseline Monocytes (×109/L) 0.16 (0.02, 1.13) 0.067 0.21 (0.02, 2.51) 0.219
Baseline ALB (g/L) 0.97 (0.88, 1.06) 0.447
Baseline ALT (U/L) 1.00 (0.98, 1.03) 0.809
Baseline AST (U/L) 1.00 (0.98, 1.02) 0.904
Baseline rGT (U/L) 1.00 (0.99, 1.01) 0.430
Baseline LDH (U/L) 1.00 (0.99, 1.01) 0.984

CD4/CD8 0.86 (0.59, 1.26) 0.447
IL-6 (pg/mL) 0.98 (0.92, 1.04) 0.491

TNF-α (pg/mL) 1.02 (0.99, 1.04) 0.295
Baseline ALBI 1.86 (0.73, 4.79) 0.196

Baseline CRP (mg/L) 0.98 (0.93, 1.03) 0.435

Median with standard deviation are shown for quantitative variables and counts with proportions shown for
categorical variables. Tumor special location including tumor nodule in the position such as hepatic subcap-
sular, near large vessels, diaphragm and gallbladder. Abbreviations: Ref-Reference; HBV-Hepatitis B Virus
infection; AFP-alpha-fetoprotein; ALB-albumin; ALT-alanine transaminase; AST-aspartate aminotransferase;
γGT-γ-glutamyltranspeptidase; LDH-lactate dehydrogenase; ALBI-albumin–bilirubin; CRP-c-reactive protein.

3.4. Subgroup Analysis

In the subgroup analysis, 29/66 (43.9%) and 24/66 (36.4%) of patients had been
treated with TACE or traditional surgery, respectively, at least one month before ablation.
The univariate analysis showed that TACE (p < 0.003 and p = 0.001, respectively) and
radiotherapy (p < 0.001) were associated with LTP and RFS. In the multivariate analysis,
TACE (HR 3.92, 95% CI, 1.72, 8.93) and radiotherapy (HR 17.95 95% CI, 4.10, 78.71) were
independent predictors of LTP. The risk factors for RFS were antiangiogenic therapy (HR
2.54, 95% CI, 0.99, 8.93) and radiotherapy (HR 8.41, 95% CI, 2.29, 30.89) (Table 5).
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Table 5. Subgroup analysis of the treatment before ablation [N/(%)].

Method LTP PFS
Number HR (95% CI) p Value HR (95% CI) p Value

Univariate Analysis
TACE 29 (43.9%) 4.56 (2.14, 9.75) <0.001 2.27 (1.18, 4.35) 0.014

Thermal ablation 17 (25.8%) 1.43 (0.98, 2.08 0.063 1.73 (0.86, 3.48) 0.124
Antiangiogenic therapy 7 (10.6%) 2.19 (1.38, 3.46) 0.001 3.54 (1.45, 8.62) 0.005

Surgery 24 (36.4%) 1.05 (0.75, 1.47) 0.775 1.10 (0.58, 2.09) 0.765
Radiotherapy 3 (4.5%) 4.08 (1.98, 8.41) <0.001 8.33 (2.27, 30.54) 0.001

Multivariate Analysis
TACE 29 (43.9%) 3.92 (1.72, 8.93) 0.001 1.96 (1.00, 3.88) 0.053

Thermal ablation 17 (25.8%) 1.05 (0.43, 2.58) 0.912 —— ——
Antiangiogenic therapy 7 (10.6%) 2.59 (0.93, 7.23) 0.068 2.54 (0.99, 6.44) 0.049

Radiotherapy 3 (4.5%) 17.95 (4.10, 78.71) <0.001 8.41 (2.29, 30.89) 0.001

Only the variables found to be p ≤ 0.1 in the univariate analyses were taken into Multivariate Cox regression models.

The rate of LTP and RFS was compared between the MWA and MWA plus TACE
group after propensity score matching. As depicted in Supplemental Table S1, for mLTPt
(p = 0.945) and mRFS (p = 0.28), there were still no significant differences between the two
groups after balancing the variables.

4. Discussion

In the present study, we demonstrated that recurrence and major complication rates
of the MWA group were similar to the MWA combined with TACE group, meeting the
Milan criteria in terms of LTP and RFS. Furthermore, treatment before ablation in particular
with TACE, antiangiogenic therapy and radiotherapy were independent risk factors for
tumor recurrence.

MWA is a promising thermal technique because of its efficacy and safety. A meta-
analysis proved that MWA had a relative risk of 0.93 (95% CI, 0.78, 1.14) compared to RFA
for 1-year LTP in early HCC [25]. In previous research, 729 patients with HCC within the
Milan criteria undergoing MWA or surgical resection (SR) were analyzed retrospectively.
They identified that MWA achieved comparable long-term oncologic outcomes such as
LTP or disease-free survival (DFS) with SR for ≤4 cm HCC [7]. A randomized controlled
trial that screened 278 patients with 3–5 cm HCC reported that the one-year recurrence
rates in the TACE combined with MWA group was significantly lower than the MWA or
TACE groups [26]. However, TACE was followed by MWA after 15 days in this study.
TACE combined with simultaneous DynaCT-guided MWA was reported as an outstanding
method for the treatment of <5 cm HCC in contrast to TACE [27]. With this method, the
mean PFS was 28.22 months longer than the TACE group. Furthermore, a single tumor
less than 3 cm showed a prolonged PFS and OS when performed by the TACE combined
with MWA [15]. To our knowledge, the recurrence outcome of MWA with or without
simultaneous TACE has yet to be researched in depth. Moreover, few studies have focused
on all HCCs meeting the Milan criteria.

In the current study, the mLTPt was greater than in another recent study (20.10 vs.
9.60 months) [28], which is of note particularly because we did not exclude patients who
relapsed after receiving other antitumor therapies before ablation. Univariate and multi-
variate analyses revealed that treatment before ablation was a significant risk factor for LTP
and RFS. As shown in the subgroup analysis, patients with TACE, antiangiogenic therapy
or radiotherapy demonstrated earlier relapse. As described in a previous study, TACE was
an independent risk factor for worse PFS when used to treat HCC 5 cm or smaller [29,30].
Moreover, Salas et al. found that radiotherapy was a key factor influencing the incidence of
local recurrence in solitary fibrous tumors [31]. To the best of our knowledge, the present
study is the first to explore occurrence outcomes of HCC treated with MWA with or with-
out TACE. Patients who received treatment before ablation tended to possess poor tumor
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characteristics, and treatment such as radiotherapy may increase VEGF/plt level, which is
associated with poor outcomes [32]. This may explain the recurrence of LTP and RFS.

The treatment of MWA combined with TACE seemed to have a similar result to
MWA with regard to LTP and RFS in our results. For LTP and RFS at two years, the
late relapse rate of the combined therapy group was significantly worse than the MWA
group. However, there were differences in the baseline variables relating to tumor size,
nodule number, lymphocyte counts and ALBI. Tumor size is one of the critical factors
for complete ablation and survival. For a single tumor nodule ≤3 cm, priority should be
given to MWA over treatment with TACE [29]. However, for lesions in the range 3.1–5 cm,
this study demonstrated that MWA had similar effects as TACE in OS. A multicenter
observational study demonstrated that tumor size and number were crucial prognostic
factors for HCC with TACE [33]. Another study has also shown that lymphocyte counts
and ALBI play an important role in the carcinogenesis and progression of HCC. In our
research, the combination therapy group had larger and more numerous tumor nodules;
moreover, lymphocyte counts and ALBI were higher than in the MWA group [34,35]. This
appears to suggest that the combination treatment was superior for the prevention of tumor
recurrence. However, after balancing the variables, this was not validated. This may have
been due to the small sample size. Further studies are required to explore the possibility.
Howsoever, MWA will be effective in HCC within Milan criteria and the single procedure
doesn’t meet an early relapse.

No serious adverse events (Grade 4) were recorded for the entire follow-up period.
However, 18.2% patients suffered Grade 3 events; all of them recovered with symptomatic
treatment. This indicated that both treatment methods were safe for patients.

Some limitations were identified in the study. First, it was a single center retrospective
study with a small sample, and the two groups differed significantly on some variables.
Selection bias is inescapable; however, we used the propensity matching score to lessen
the effect. Second, 87.9% of our study cohort had an HBV infection; different etiologies
may influence tumor characteristics. Thirdly, ultrasound was used to ensure complete
ablation in the study. However, post-ablation ultrasound images may be affected by gas or
inflammatory edema around the ablation site. Three dimensional digital subtraction and an-
giography technology may eliminate the influence as previous study have reported [15,27].
This deserves further exploration. Finally, the difference of intraoperative medications
and procedures in MWA and TACE may have affected the outcome of treatment. To
minimize the differences, all procedures were performed by the same team. Therefore,
further research with a large stratified multicenter patient cohort is necessary to validate
our results.

5. Conclusions

In short, the LTP and RFS in the MWA group were comparable to that in the group
treated with MWA combined with TACE. In our results, for HCC meeting the Milan criteria,
priority should be given to MWA when making treatment choices between MWA and
MWA combined with TACE. The approach possesses further relevant advantages such
as the decrease of patient discomfort and cost savings due to unnecessary TACE is not
required. Moreover, receiving treatment before ablation was an independent risk factor
for recurrence. When patients receive prior treatment, more rigorous surveillance should
be taken to closely observe them for recurrence. Besides, further prospective studies with
larger samples are required to clarify the distinction between various treatments for HCC.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/medicina58081016/s1, Table S1. The analysis of mean LTPt and
RFS around propensity score matching. Figure S1. The procedures of TACE combined with MWA for
a 54-years-old male with HCC. (a): Preoperative CE-MRI found a tumor nodule in the subscapular of
right lobe. (b): Angiography demonstrated the location of the tumor and tumor-supplying arteries.
(c): The puncture was inserted through the tumor and performed the MWA. (d): The embolization of
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tumor-feeding branch and angiography shown that tumor staining disappeared. (e) After 1 month of
treatment, CE-MRI displayed tumor necrosis.
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Abstract: Aim: Parathyroid carcinoma (PC) is a rare endocrine malignancy that represents 0.005% of
all malignant tumors. Associated PC and differentiated thyroid carcinoma (DTC) is an exceptionally
rare condition, and the preoperative diagnostics and proper treatment are challenging. Almost all
PCs and the majority of DTCs are diagnosed postoperatively, making correct surgical treatment
questionable. Specific guidelines for parathyroid and thyroid carcinomas association treatment
are lacking. The purposes of our study were to identify the association between parathyroid and
thyroid carcinomas, to analyze the available published data, and to evaluate the possible relation-
ship between preoperative diagnostic and surgical decision-making, and outcome-related issues.
Material and methods: We performed a literature review of several databases from the earliest
records to March 2022, using controlled vocabulary and keywords to search for records on the topic
of PC and WDTC pathological association. The reference lists from the initially identified articles
were analyzed to obtain more references. Results: We identified 25 cases of PC and DTC association,
14 more than the latest review from 2021. The mean age of patients was 55, with a female to male
ratio of about 3:1. Exposure to external radiation was identified in only one patient, although it is
considered a risk factor the development of both PC and DTC. The preoperative suspicion of PC was
stated by the authors in only 25% of cases, but suspicion based on clinical, laboratory, ultrasound (US),
and fine needle aspiration (FNA) criteria could have been justified in more than 50% of them. With
neck ultrasound, 40% of patients presented suspicious features both for PC and thyroid carcinoma.
Intra-operatory descriptions of the lesions revealed the highest suspicion (83.3%) of PC, but en bloc
resection was recommended and probably performed in only about 50% of the cases. Histopathologi-
cal examinations of the thyroid revealed different forms of papillary thyroid carcinoma (PTC) in most
cases. Postoperative normocalcemia was achieved in 72% of patients, but follow-up data was missing
in about 25% of cases. Conclusion: Associated PC and DTC is an exceptionally rare condition, and the
preoperative diagnostic and treatment of the patients is a challenge. However, in most cases pre- and
intraoperative suspicious features are present for identification by a highly specialized multidisciplinary
endocrine team, who can thus perform the optimal treatment to achieve curability.

Keywords: parathyroid carcinoma; well differentiated thyroid cancers; tumor association;
preoperatory suspicion; en bloc resection

1. Background/Introduction

Parathyroid carcinoma is a cause of primary hyperparathyroidism (PHPT), PA (parathy-
roid adenoma), and PH (parathyroid hyperplasia), but less than 1% of PHPT cases are
due to PC [1,2]. The peak incidence of PC occurs in the fifth decade of life, and there is
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no gender predilection [3]. DTCs arising from thyroid follicular epithelial cells are by far
the most frequent thyroid cancers. PTC accounts for approximately 80–85% of DTC cases,
while FTC accounts for approximately 12% [4]. In recent years, an increase in the incidence
of thyroid carcinoma, in particular mPTC [5] has been observed, more marked among
middle-aged women (aged 35–64 years) [6]. The incidence rates of DTC increased sharply
in women during reproductive age, then declined and equalized with men by 85 years of
age [7]. The reported female to male ratio was 2.9:1 [5,8].

Association of parathyroid and thyroid carcinomas is extremely rare [9–11]. When it
occurs, PC is more likely to associate with DTC, mainly PTC [12]. Most PCs are sporadic,
but they can also occur in the context of genetic syndromes. While some authors considered
the combined occurrence of parathyroid and thyroid cancers a coincidence [13], others
identified hypercalcemia or factors like epithelial and insulin growth factor as having a
goitrogenic effect [14–16]. Sporadic PC and DTC have both been linked with exposure to
external radiation [17,18].

In terms of treatment recommendations, specific guidelines for synchronous parathy-
roid and thyroid carcinomas treatment are absent. To date, the only accepted curative
treatment for PC is en bloc resection of the affected parathyroid gland, with hemithyroidec-
tomy of the ipsilateral lobe and surrounding adherent tissue including enlarged lymph
nodes preoperatively diagnosed or identified during surgery [19–21]. DTC treatment is
also surgical, and the extent of resection is determined by the extent of local and regional
spread of the disease [22].

Almost all PCs and the majority of DTCs have been diagnosed postoperatively, mak-
ing proper surgical treatment questionable. Preoperative suspicion of PC is difficult and
rare, partly because clinical manifestations are often due to other causes of hyperparathy-
roidism [11,23,24]. DTC is often clinically silent, and half of all cases were found to present
as incidental findings during physical examination or on neck US, or as previously unsus-
pected histological findings [25].

No specific imaging method can differentiate PC from benign parathyroid disease [21],
but neck US has the greatest potential to raise both DTC and PC suspicion [26]. While FNA
is useful in DTC preoperative diagnosis, it should be avoided in parathyroid lesions [27,28].

Intra-operative findings have also been described that raise the suspicion of
PC [29,30]. However, a low percentage of patients were reported to have undergone
en bloc resection, most likely because their PCs were not identified either preoperatively or
even intraoperatively [31,32].

The extremely rare and problematic association between parathyroid and thyroid
carcinoma prompted us to perform an up-to-date literature review to identify a possible
relationship between preoperative diagnostic workup data, surgical decision-making, and
outcome related issues. Recent reviews by Lam-Chung et al. [9] in 2020 and De Falco et al.
in 2021 [10] documented confusing numbers of case reports (15 and 11 cases, respectively)
with only 10 of them being superimposable. Moreover, the cases and some of their data
were presented in the form of tables providing only partial data, for comparison with the
author’s case presentation.

Due to the rarity of parathyroid carcinoma and of the association with thyroid carci-
noma, there are neither guidelines nor standard recommendations, and there have been no
extensive randomized studies. Therefore, the aim of the study was to review the majority
of publications in this field and provide an overview of the most common diagnostic and
treatment strategies. This review can offer a comprehensive picture of the challenges faced
during preoperative diagnosis, intraoperative decision-making, proper treatment, and case
documentation, to enable improvement in future studies and patient treatments.

2. Methods

We performed a comprehensive search of databases including PubMed, Google Scholar,
and Web of Science, from the earliest records in 1979 to August 2022. The search was carried
out independently by two of the authors, using controlled vocabulary and keywords to search
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for records on the topic of PC and DTC pathological association. When the potentially eligible
papers were retrieved, the full text publications were evaluated for eligibility.

Our focus was on information regarding demographics, relevant signs and symptoms,
patients’ relevant medical and family history, preoperatory laboratory and imaging findings,
indications for surgery, intraoperative findings and descriptions, surgical treatment details,
final diagnostics, outcome, and follow-up. Exclusion criteria were a language other than
English, inaccessibility of the full text, no case presentation, and not enough data presented.
The workup of selecting eligible papers for our review is schematically presented in
Figure 1.

Figure 1. Workup for selecting relevant papers selected from the PubMed, Google Scholar, and Web
of Science databases.

Relevant data were independently retrieved by two of the authors, who are certified
endocrine surgeons, and then confronted and analyzed with additional input from two
more experts, i.e., an endocrinologist and a nuclear medicine physician.

3. Results

According to our literature review, 25 cases of parathyroid and thyroid carcinoma
association were identified and analyzed, see Table 1. Mean age of all the patients was
54.88 years (range: 21–89), with means of female and male patients at 56.37 (range: 29–89)
and 51 (range: 21–68), respectively, and 60% of the cases were over 50 years old. There was
a predominance of female cases (19 cases, 76%), compared with male (six cases, 24%).
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Different symptoms of hyperparathyroidism were present in 62.5% of the 24 cases
with clinical data available. Most patients had no irradiation history (92.86%), nor any
relevant family history or genetic syndrome data (94.44%). In 9 cases (36%) the genetic
syndromes were ruled out based on clinical, laboratory, and imagistic screening. Only one
case had genetic testing for relevant family syndrome genes.

We defined the patients as having “prolonged hypercalcemia” when a long-lasting
primary hyperparathyroidism (PHPT) history was stated, or when signs of possible long-
lasting hypercalcemia (severe bone disease, progressive long-standing renal impairment,
peptic ulcer disease, neurocognitive deficits) were described.

We defined as “data suspicious for PC” any signs and symptoms of severe hypercal-
cemia (nausea, vomiting, dehydration, polyuria, polydipsia, confusion, lethargy, consti-
pation, peptic ulcer, etc.) and/or severe bone disease (severe osteoporosis, osteitis fibrosa
cystica, pathologic fracture) and/or progressive renal impairment (chronic kidney disease,
nephrocalcinosis) and/or neurocognitive deficits and/or palpable hard neck mass. Clinical
data suspicious for PC was found in 16 patients (64%), while10 patients (36%) had no such
clinical suspicion. Of those with no suspicion, seven patients were asymptomatic and three
had only a neck mass palpable.

Suspicious elevated serum calcium levels (≥14 mg/dL) were found in nine patients
(39.13%), with 14 patients (60.87%) having elevated calcium levels but <14 mg/dL, and one
patient (4.35%) presenting normal values. Most of the patients (82.61%) presented highly
elevated PTH levels (≥5–10-fold normal value), suspicious for PC, while four cases (17.39%)
had elevated but non-suspicious PTH. One patient had no available data regarding calcium,
and two regarding PTH. Non-functioning PCs with normal or slightly elevated calcium
and PTH were mentioned in 4 cases.

In terms of bone disease in PC patients, parameters such as alkaline phosphatase, PO4,
and renal function parameters are missing from many reports, so we decided not to include
data referring to serum level creatinine or GFR.

Ultrasound (US) of the neck was not available in two cases (8%), and two patients had
undergone previous thyroidectomies. Parathyroid or thyroid lesions were not identified by
US in five case (21.47%) and one (4.76%) case, respectively. Parathyroid “suspicious lesions”
for carcinoma were heterogeneous cystic structures with irregular or ill-defined borders
and intra-nodular calcifications or signs of local invasion. Parathyroid lesions suspicious
for PC were described in 50% (9 patients) of the US- identified parathyroids, the other half
being diagnosed as possible Pas (18 patients in total). Associated or isolated thyroid lesions
were found in 20 patients, with suspicious features being present in 15 (75%) of them, all
without extrathyroidal or lymph node extension.

By US, concomitant parathyroid and thyroid lesions were identified in 15 (60%) pa-
tients, of whom six (40%) had suspicious features both for PC and thyroid carcinoma.

Fine needle aspiration (FNA) was performed on parathyroid glands for diagnostic
reasons on a total of four lesions (16%). Thyroid-nodule FNA was not performed or not
stated in 10 cases (40%). Of the other 15 cases which featured US suspicious thyroid nodules,
FNAs were performed in only 10. Papillary thyroid carcinoma (PTC) was diagnosed by
means of FNA in only three of these cases (30%), one of which was a double carcinoma.
The other thyroid-nodule FNAs (seven cases, 70%) were either benign or non-conclusive.

In 21 cases (84%), 99mTc scintigraphy with MIBI (Tc-99m methoxy–isobutyl–isonitrile)
(planar or SPECT/CT) was carried out to localize the affected parathyroid gland, and
17 glands (80.95%) presented radiotracer uptake. In three of these cases (17.65%) the gland
had not been identified by previous neck US. In four cases (19.05%) the examination was
unable to localize the affected parathyroid gland. In one case, neither 99mTc scintigraphy
nor neck US were able to identify the pathological parathyroid.

“Preoperatory PC suspicion” refers to the cases in which the authors took into consid-
eration and mentioned the PC diagnosis. A preoperative PC suspicion was mentioned in
24% (six out of 25) of the cases.
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We defined “possible preoperatory PC suspicion” as at least two cumulative suspicions
for PC based on available clinical-, laboratory-, US-, or FNA-based data. On these premises, in
56% of the cases (14 out of 25) the preoperatory suspicion for PC could have been justified.

“Intraoperatory PC suspicion” was based on the authors’ descriptions of suspicious
features for PC. Data was available in 72% of the cases and it revealed the highest suspicion
(83.3%) on PC. En bloc resection was performed and stated only in 52% of the cases
(13 out of 25). In the remaining 12 cases (48%), en bloc resection was either not performed
(including two cases with previous total thyroidectomies), or not mentioned.

There was a preponderance of left side parathyroid lesions (12 cases, 60%), of which
more than two thirds were inferior glands. Of note is one case with an ectopic left mediasti-
nal parathyroid gland that was diagnosed and treated in the recent past by concomitant
PC-NMTC operation (synchronous double PC).

Mean maximal diameter of recorded PC was 3.15 cm (range: 1.2–5 cm). Definitive PC
diagnosis was achieved through histopathological examination of the resected specimens,
and immune staining was additionally performed in seven cases (28%). PC-positive surgical
margins were present in two of the histopathological examinations. Micropapillary (mPTC)
and papillary thyroid carcinoma (PTC) were present in 23 of the 25 patients, while follicular
thyroid carcinoma (FTC) and Hurthle cell carcinoma (HCC) were identified in three patients
and one, respectively. Multiple DTCs were found in 52% of patients (13 out of 25 cases). Of
these, the majority were mPTC (five out of 11 cases), followed by mPTC associated with
PTC (three cases), and mPTC associated with FTC and with HCC (each with one case).

Isolated single-type DTCs were identified in 48% of patients (12 out of 25 cases) with
PTC and mPTC having equal shares (50% respectively).

Associated parathyroid disease was documented in five of the 25 cases, as two parathy-
roid adenomas (PA), two cases of parathyroid hyperplasia (PH), and one ectopic mediastinal
PC, see Table 2.

Table 2. Parathyroid diseases associated to PC.

Parathyroid Disease PA PH Ectopic PC

No./total (%) 2/5 (40) 2/5 (40) 1/5 (20)
Calcium levels mg/dL 13.8; 14.7 11.3; 12.1 16.2

PTH levels pg/mL 441; 318 197; 249 4211
Abbreviations: Parathyroid adenomas (PA) and parathyroid hyperplasia (PH). Ectopic parathyroid carcinoma (PC).

Postoperative outcomes showed normal serum calcium level achieved in 72% of the
patients (18 out of 25 cases). Persistent and recurrent disease were documented in a total of
seven patients. Persistent disease was present in three of the patients (12%) and recurrence
in four (16%).

Follow-up data was missing in about 25% of cases. The follow-up period was longer
than two years for 11 of the total 25 patients (44%). One of the three patients with less than
three months of follow-up died three weeks after surgery, due to uncontrolled hypercal-
cemic crisis.

There were no reported cases of postoperative hypocalcemia.

4. Discussion

The association of PC and DTC is an exceptionally rare clinical presentation, and no
guidelines for diagnostic and treatment strategy are currently available.

Our review identified a total of 29 cases of associations between PC and
DTC [9–12,21,33–52], but four of these we did not include in our analysis because they
were not detailed as case presentations [53–55], or we could not obtain a full text article [56].
Compared with the last published review by de Falco et al. [10] from 2021, we were able to
identify and analyze 14 more cases.

In our review, we identified that the mean age of patients was 54.88, but when we
compared it by gender, we found that female mean age was higher than male mean age
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(56.37 vs. 51). This was probably because in most cases PC was the condition that deter-
mined the patients to seek medical attendance, and not the associated DTC. The predomi-
nance of female compared to male patients (approximately 3:1), more in accordance with
DTC trends than with those of PC, is an intriguing feature of the pathological association.

4.1. Etiopathology of PC and DTC

The etiopathology of neither PC nor DTC is well-known. Most PCs are sporadic, but
they can also occur in the settings of genetic syndromes, such as hyperparathyroidism-jaw
tumor syndrome (HPT-JT), multiple endocrine neoplasia type 1 (MEN 1) and type 2A
(MEN 2A), or familial isolated hyperparathyroidism [57–59]. Genetic syndromes could
be suspected based on family history and on clinical, laboratory, or imagistic findings of
associated diseases. Definitive exclusion of syndromes should be based on genetic testing
of relevant genes such as CDC 73, CDKN1B, MEN 1, RET, etc. [34]. In 72% of the analyzed
cases, family history was mentioned, but only the case presented by Kern et al. [48] had
a possible relevant history, albeit without having been further investigated. Screening
by non-genetic means was carried out in 36% of the cases, and only the case from Edafe
et al. [34] was genetically tested by gene sequencing and dosage analysis. None of the cases
were stated to be syndromic.

Previous studies found an increased risk of benign parathyroid disease and concurrent
thyroid disease in patients who had been exposed to external radiation (especially of the
head and neck) [60,61]. Sporadic PC and DTC have both been linked with exposure to
external radiation [17,18], but only one case in our review was found to have had external
radiotherapy, 19 years before the diagnosis of associated PC and DTC.

Reports have also suggested that long-standing secondary HPT or end-stage renal
disease could be associated with increased risk of PC [17,24]. In our review, we did not
identify any patients with secondary HPT or end-stage renal disease. Instead, in 55% of the
cases we identified clues of possible long-standing hypercalcemia in the form of relevant
renal (e.g., nephrolithiasis, nephrocalcinosis, reduced renal parenchymal index) and/or
skeletal involvement (e.g., osteoporosis, osteitis fibrosa cystica, subperiosteal resorption,
“salt and pepper” skull, or pathologic fractures). Also, three of these patients had over
six-year long histories of hypercalcemia.

4.2. Clinical Manifestations

It is important to underline that these patients were not really asymptomatic: bone
markers, the level of calcium, and osteoporosis were important signs that in many cases
had been neglected for years. Meanwhile, patients with severe vitamin-D deficiency have
very high levels of PTH in the presence of serum calcium levels in the upper range, and
these levels were not been properly evaluated in order to rule out PHPT.

DTC is largely asymptomatic [25]. PC’s clinical manifestations are superimposable on
those of other causes of PHPT and typically display an indolent course [62]. Still, PC should
be suspected in all PHPT cases with fast onset or marked hypercalcemic symptoms or signs
(such as anxiety, depression, weakness, weight loss, bone and renal disease, abdominal
pain, nausea, pancreatitis, or peptic ulcer), hypercalcemic crisis, and/or a palpable neck
mass [63–65]. Also, entirely asymptomatic PC [66] and non-functioning PC have been
reported. Non-functioning PC usually presents at a more advanced stage with symptoms
of compression or invasion in adjacent structures, such as neck mass, and/or dysphagia,
hoarseness, or dyspnea [67].

In our review, seven patients (28%) were identified as asymptomatic, but three of them
had a palpable neck mass on physical examination, which proved to be the PC. Also, when
looking for combined clinical data (including patient family and pathological history) we
identified suspicious features for PC in 64% of the patients. There were no clinical data
suspicious for DTC.
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4.3. Biological Features

There are no specific tumor markers for PC, nor for DTC, but in the case of PC
malignancy it could be suspected in patients with severe hypercalcemia (>14 mg/dL or
3.5 mmol/L) and/or with marked PTH elevations (>5–10 times the upper normal limit
or absolute levels >500 mg/dL) [2,65]. Non-secreting PCs with normal PTH and calcium
levels have been reported in the literature [67–70]. In the cases reviewed in the current
work, more than 50% had unsuspicious levels of calcium, but more than 80% of them had
PTH-suggestive levels. As expected, there were no cases with suspicious elevated calcium
and non-suspicious elevated PTH, leading us to believe that PTH is the most valuable
laboratory finding for raising PC suspicion.

Alhough rare, non-functioning forms of PC may have normal [71] or minimally
increased calcium and PTH levels [24,58,63]. Less than 10% of PC cases are non-functioning
forms [24,42,72], and they are more likely to present as late-stage diseases, either due
to the lack of symptoms and subtle evolution of the disease, or due to more aggressive
tumor behavior [9,14]. Among the cases of associated parathyroid and thyroid carcinomas,
four non-functioning PC were reported [12,21,46,52]. While the first three were either
asymptomatic or without specific symptoms, the one described by D’Cruz et al. [12] had
severe hypercalcemia symptoms, thus leading us to believe that only 12% (three of the
25 cases analyzed) were non-functioning. Consequently, despite the rarity of the disease,
patients with slightly increased or even normal serum calcium and/or PTH should not be
neglected from a suspected diagnosis of PC, especially if they present suspicious clinical
features. The three non-functioning cases were not late-stage diseases, but that presented
by Dikmen et al. [21] was unique: a double PC with one of the tumors localized ectopically
in the thorax.

4.4. Imaging

Neck US, 99mTC-sestamibi, and high-resolution CT or MRI are valuable adjuvants
for preoperative localization of pathological parathyroids, and in the case of PC and DTC
for disease staging. Furthermore, careful thyroid imaging should represent a step of great
importance before any surgery performed for PHPT cases [45], seeing as most synchronous
parathyroid and thyroid carcinomas are diagnosed postoperatively [10].

Retrospective reviews of preoperative US indicate that PCs present features such
as larger mass size than PA, heterogeneous structure, evidence of degeneration (cystic
inclusions and/or calcifications), lobulated or irregular borders, and signs of local inva-
sion [36,51,65,73,74]. Also, studies have shown that high-volume endocrine surgeons who
perform systematic preoperative neck US are proficient in identifying enlarged parathyroid
glands [75,76], and have the greatest potential to identify suspicious features of both PC
and DTC.

Neck US is a highly sensitive method for the detection of thyroid nodules and for
the evaluation of morphological features of the nodule [77–79], which can suggest cancer
suspicion and consequently the indication of FNA [80,81] for possible cancer confirmation.

In the cases reviewed, neck US was able to identify enlarged parathyroid glands and
thyroid nodules in 78% and 95% of cases, respectively. PCs were quite large, with a mean
maximal diameter (during the operation) of 3.15 cm recorded, which may explain the high
percentage of US-identified lesions. Parathyroids suspicious for PC were described in only
half of US-identified glands, and suspicious thyroid nodules were present in three quarters
of patient. Concomitant parathyroid and thyroid lesions were seen in 60% of the patients
with concomitant identifiable lesions (15 patients), of whom 40% had suspicious features
both for PC and thyroid carcinoma. Therefore, neck US has a good potential not only to
localize the affected parathyroids and to identify concomitant thyroid nodules, but also to
raise the suspicion of both PC and thyroid carcinoma, thus making it a very useful tool for
determining preoperatory concomitant cancer suspicion.

When ultrasound localization fails to identify an abnormal parathyroid gland, 99mTc-
MIBI planar imaging or SPECT/CT may be performed to further aid preoperative local-
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ization [26], but they cannot differentiate PC from PA [82]. On the other hand, there have
been false-negative results from 99mTc subtraction imaging, attributed to small lesion size,
abnormal 99mTc uptake by the thyroid gland, and abnormal or absent 99mTc uptake by a
parathyroid adenoma [39,83]. Also, thyroid lesions can be sestamibi-avid, therefore ultra-
sound examination should always be used to increase detection of synchronous thyroid
carcinomas [58,84].

In 84% of the analyzed cases, 99mTc-MIBI scintigraphy was performed to localize
the source of hyperparathyroidism, and 80.95% of glands were found with increased
radiotracer uptake. In 17.65% of the cases, the scan was the only imagistic method able
to localize the affected parathyroid gland. In 19.05%, the examinations were unable to
localize the affected parathyroid gland. Of note is the case reported by Aljabri et al. [38],
in which neither the scan nor neck US were able to identify the pathological parathyroid,
but clinical and laboratory findings were suggestive of PC. Also to be mentioned is the
complete lack in all studies of hybrid imaging evaluation (positron emission tomography
with computed tomography—PET/CT or positron emission tomography with magnetic
resonance imaging—PET/MRI) which might increase sensitivity, and also the very limited
use of SPECT/CT (in just one case), a fact that would explain the relatively high number of
negative scans.

4.5. FNA

Fine-needle aspiration of suspected PC should be avoided [26], not only because
cytology cannot reliably differentiate between PA and PC, but more than that due to the
documented risk of tumor seeding due to violation of the parathyroid capsule [23,27].

FNA of the parathyroid glands was undertaken in four cases. Three of them were
thought to be parathyroid glands and one was a thyroid nodule, which on cytology showed
features (marked nuclear pleomorphism with prominent nucleoli) suspicious of PC [46]. Of
note, one FNA of the parathyroid gland by washout PTH was performed only to confirm
the US-derived suspicion [34].

Thyroid nodule FNAs were not performed in 40% of the cases, for various reasons,
some of which were obvious, including previous thyroidectomies (two cases) or no thyroid
nodules identified on US (one case). On the other hand, only 10 of the 15 cases which
featured US-suspicious thyroid nodules received FNA, and 70% of the cytology aspects
were either benign or non-conclusive. A possible explanation is that the sensitivity of
thyroid FNA can be affected by many factors including operational technique and the
experience of the ultrasound specialist, the nodule size (lesser accuracy in small nodules),
the sample retrieved (representative and adequate in cellularity), and the experience of the
pathologist [85–87]. In the cases reviewed, the size of the nodules (about half of which were
microcarcinomas) could have been the main source of failed FNA confirmation of cancer.
Regardless of FNA results, and bearing in mind the possible concomitant association of PC
and DTC, if US shows clear suspicious features of thyroid nodules on the contralateral side
of the possible PC, total thyroidectomy should be performed.

In the papers reviewed, a preoperative PC suspicion was described by the authors
in only 24% of cases. When we looked for possible preoperatory PC suspicion based on
available clinical—, laboratory-, US- and FNA-based data, the suspicion could have been
justified in 56% of the cases.

Specific guidelines for synchronous parathyroid and thyroid carcinoma treatment are
lacking. The only curative treatment for PC is en bloc resection of the affected parathyroid
gland with hemithyroidectomy of the ipsilateral lobe and surrounding adherent tissue or
enlarged lymph nodes identified during surgery or preoperatively diagnosed [19,20,88].
Preserving the integrity of the capsule during tumoral mass removal and complete resection
of affected tissues are crucial, given that recurrent PC cases have been described due to
secondary local seeding produced after rupture of the tumoral capsule and neoplastic
microinfiltrations in the adjacent structures [64,89]. Thus, to properly treat PC, it is helpful
for the surgeon, if possible, to form a high level of cancer suspicion before and during the
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operation [26]. Features such as white-greyish color, firm consistency, cystic components,
and foremost the adherence to surrounding structures (especially the thyroid gland) [29,30]
can aid the surgeon in raising a strong PC suspicion and performing the correct operation.
Intraoperatory description of lesions revealed the highest suspicion (83.3%) of PC, although,
initial en bloc resection was reported to be performed in as little as 12% of case series [26].

4.6. Treatment Considerations

In cases of synchronous DTC and PC there are no treatment guidelines; an appropriate
strategy would be radical surgery for PC and total thyroidectomy with resection of the
enlarged lymph nodes identified during surgery or preoperatively diagnosed.

En bloc resection though was performed and stated only in 52% of the cases, one of
them without any suspicion of a parathyroid pathology before or during the operation. In
the remaining 12 cases (48%), en bloc resection was either not performed or not mentioned,
making the 52% questionable in upper and lower directions. Two of the cases without en
bloc resection (Zakerkish et al. and Bednarek-Tupikowska et al.) [42,50] had previous total
thyroidectomies two and six years previously, respectively. Interestingly, the postoperative
outcome was in line with persistent disease in both.

The operative details of the reviewed cases also revealed a slight preponderance (60%)
of left-side PCs, more than two thirds of them affecting the inferior glands.

Even though PC can be pre– and intraoperatively suspected, definitive diagnosis can
only be established after complete histopathological examination [64,89–91]. This is based
on the Shantz and Castleman criteria, used since 1973, including a trabecular pattern of the
parenchymal cells, capsular and vessel invasion, high mitotic rates, nuclear atypia, and a
thick capsule [82,92]. Nevertheless, histopathological diagnosis of PC can sometimes be
difficult, and IHC analysis that includes parafibromin, APC, galectin-3, Cyclin D, Ki67, and
other markers can aid in PC diagnosis [93–97]. In 28% of cases reviewed, IHC staining was
additionally performed, but the reasons for performing it were not stated by the authors. Of
note is the case reported by Dikmen et al. [21] with an ectopic left mediastinal parathyroid
gland diagnosed and treated as concomitant PC-DTC (synchronous double PC).

Regarding the associated DTCs, histopathological examination revealed mPTC and
PTC in 84% of the cases, FTC in 12% of patients, and Hurthle cell carcinoma (HCC) in one,
which is in line with the common occurrence of the disease. PTC was additionally present
in associations with other histological forms in 8% of the cases. Double or multiple DTCs
were found in about half of patients, the majority being mPTC in their own association or
with PTCs. Of note is that one PTC excision was two years before the operation for PC and
concomitant mHHC, and also the case of a double FTC, the first excised five years before
the removal of the PC together with the second FTC. Associated parathyroid disease was
identified in 20% of the cases with equal PAs and PH, as well as one ectopic mediastinal
PC.

In addition to tumoral removal of the affected gland and other involved structures,
surgical treatment aims to obtain postoperative biochemical remission, with calcium and
PTH normalization [38]. No consensus on follow-up for patients with PC has been es-
tablished, but periodic, life-long monitoring of calcium and PTH is recommended [62,98].
Five-year survival rates vary between 85.5% [32,48] and 90.9% [53], while 10-year survival
rates are reported between 49.1% [32,48] and 77% [23]. The most important prognostic
factor is the successful resection of the parathyroid tumor at the time of the initial oper-
ation [58]. Postoperative normocalcemia was achieved in 72% of the patients with PC
and DTC in association. Follow-up data was missing in about 25% of cases, and only
three patients had a follow-up period of more than five years. The follow-up for DTC was
quite uniform, complete remission being defined by clinically negative status, negative
ultrasound, and negative whole body I-131 scan with nondetectable levels of thyroglobulin
and anti-thyroglobulin. Considering the mentioned synchronous cancers, efficient radical
treatment for DTC and facile and specific follow-up would permit the clear depiction of
the diseases in cases of persistence or recurrence.
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Persistent disease was present in three patients (12%), and recurrence in four (16%).
All three cases with persistent hypercalcemia and three of the four cases with recurrent
disease were not subjected to en bloc resection. The one case of recurrent disease with en
bloc resection [45] had recurrent hypercalcemia due to a PA missed during the operation.
One of the three patients with persistent disease died three weeks after surgery due to an
uncontrolled hypercalcemic crisis. This was the case reported by Zakerkish et al. [42], which
had some intriguing features, being the youngest age (21 years old) of all patients, with no
sestamibi uptake on scintigraphy, and two years previously total thyroidectomy for HCC
(the only such thyroid carcinoma variant present). Although two of the cases [39,41] had
positive surgical margins on histopathological examination, only one [41] had persistent
disease two years after surgery.

5. Conclusions

Associated PC and DTC is an exceptionally rare condition, and the preoperative
diagnostic and proper treatment of patients is a substantial challenge. In most cases, pre-
and intraoperative suspicious features are there to be identified. Neck US has the greatest
potential to raise both DTC and PC suspicion, especially if it is performed preoperatively
in a highly specialized endocrine tumor center by a multidisciplinary team. Preoperative
suspicion, combined with the expert’s intraoperative identification of suspicious features,
can lead to correct surgical treatment of the condition. To date, comprehensive follow-up
data and centralized documentation of these rare cases have been lacking, and are of great
importance to enable future studies and improvements in diagnosis and treatment.
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Abstract: Background and Objectives: Iron is an essential micronutrient for many biological functions
and has been found to be intimately linked to cancer biology. Although the effects of increased dietary
iron consumption in the development of CRC have been previously investigated in several cohort
studies, the available evidence on the involvement of iron deficiency in this process is relatively scarce.
Previously published papers did not analyze specific outcomes, such as the presence of biologically
aggressive histopathological characteristics, that are associated with the subtypes of iron deficiency.
The purpose of this study was to investigate the connection between the development of colorectal
cancer and the presence of functional iron deficiency (FID), which is defined as insufficient biological
availability of iron in the presence of adequate storage reserves, or absolute iron deficiency (AID),
which is defined as severely depleted iron storage levels. Materials and Methods: Our paper represents
a single center registry-based cohort study. Iron levels were routinely evaluated upon diagnosis
of CRC and the collected data were coupled with patient- and tumor-specific data (2018–2022).
Spearman’s correlation coefficient and the chi-squared test were used to analyze the association.
Results: Out of 129 patients, 75 (58.13%) were anemic. AID was identified in 26.35% of cases and FID
was encountered in 51.16% of cases. A statistically significant association between FID and lymphatic
invasion was encountered. An analysis of the correlation demonstrated a significant association
between anemia and right-sided tumor location. Conclusions: Functional iron deficiency seems to be
independently associated with lymphatic invasion. Although a statistically significant correlation
with the T or N stage was not demonstrated, the analysis suggested a potential positive relationship
between the presence of FID and more aggressive tumor characteristics.

Keywords: absolute iron deficiency; functional iron deficiency; colorectal cancer

1. Introduction

Colorectal cancer (CRC) is the third most frequently diagnosed and the second most
deadly malignant tumor, and the incidence of this disease is expected to increase in the near
future [1]. Although CRC is encountered more frequently in highly developed countries,
there is a rising incidence in developing nations due to the adoption of “western” dietary
habits [2]. In addition, an increased incidence in early-onset CRC has been observed
in recent years, possibly due to the widespread introduction of screening programs [3].
Despite recent advances in surgical techniques and the application of increasingly efficient
neoadjuvant treatment regimens, CRC continues to be associated with significant mortality
rates, especially in advanced stages [4]. The pathogenesis of intestinal malignancies is
multifactorial, with both environmental and genetic factors playing a significant role
in the development of this disease [5]. Among the multitude of factors implicated in
colorectal carcinogenicity, emerging evidence has demonstrated that reduced dietary iron
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availability and low systemic iron levels may influence colorectal tumorigenesis [6,7].
Although the effects of increased dietary iron consumption in the development of CRC
have been previously investigated in several cohort studies, the available evidence on the
involvement of iron deficiency in this process is relatively scarce [8–11]. Iron is an essential
micronutrient with a significant influence on various biological functions, several of which
are intimately connected to the development of malignant tumors [10,12]. Iron participates
in a wide variety of metabolic processes such as erythropoiesis, oxygen transportation,
deoxyribonucleic acid (DNA) synthesis, adenosine triphosphate generation, immunological
functions, and REDOX cycling. The catalytic form of iron mediates the production of
reactive oxygen species via the Fenton reaction and generates oxygen free radicals, resulting
in oxidative DNA damage and promoting malignant transformation [12]. Furthermore,
iron is necessary for appropriate immunological functions, potentially altering the tumor
microenvironment and influencing immune cell-mediated cancer surveillance, both of
which may promote tumor development [6]. Therefore, due to the complex interactions
of this essential element, a delicate balance of dietary iron must be maintained in order
to avoid the negative consequences associated with excessive or deficient intake on the
proliferation and development of malignant tumors.

An unexplained diagnosis of iron deficiency anemia (IDA) may be the first indicator
for an underlying malignancy in over 8% of cases, especially in the elderly population [13].
Colorectal cancer is frequently associated with the development of IDA, especially right-
sided tumors, which have been associated with an unfavorable prognosis. [14] Possible
causes of IDA in colorectal cancer include: continuous occult bleeding from the tumor
bed, reduced luminal absorption of iron and altered iron metabolism due to the presence
of chronic inflammation. Chronic intestinal bleeding results in a severe reduction in or
absence of iron reserves, which is defined as absolute iron deficiency (AID) [6]. Chronic
inflammation in the presence of malignant tumors leads to a reduction in biologically
available iron through an increased production of hepcidin, which causes reduced uptake
of iron from the intestine as well as impaired iron release from macrophages, thus resulting
in functional iron deficiency (FID) [15].

The purpose of this study was to investigate the correlation between the progression
of colorectal cancer and the presence of iron deficiency, either functional or absolute, for
a cohort of patients who underwent surgery in a single institution by determining the
characteristics of tumors as evidenced by postoperative histopathological analysis.

2. Materials and Methods

2.1. Patient Selection and Data Collection

Clinical data from 351 patients diagnosed with colon cancer who underwent open or
laparoscopic colon resections between January 2018 and April 2022 at the 1st Surgical Clinic,
Emergency County Clinical Hospital of Cluj-Napoca were extracted from the hospital
records and introduced into an electronic database. All patients with resectable tumors
located in the cecum, ascending colon, hepatic flexure, transverse colon, splenic flexure,
descending colon, or sigmoid colon were included in the analysis. Patients were excluded
from the study if they had received any blood product transfusions or iron administration
up to six months prior to diagnosis. In addition, patients that underwent surgery in
an emergency setting (tumor perforation or bowel obstruction) were also excluded from
the analysis.

Data retrieved from the hospital database included: demographical information;
location of the tumor; Union for International Cancer Control, Tumor Node Metastasis
(UICC TNM) staging classification according to the postoperative histopathological analysis
report; tumor grade; and number of positive lymph nodes. Tumor grade was defined as:
low grade or well differentiated (G1), intermediate grade or moderately differentiated (G2),
or high grade or poorly differentiated (G3). Patients with tumors located in the cecum,
ascending colon, or hepatic flexure of the transverse colon were classified in the right colon
category, while patients with tumors located in the splenic flexure, descending colon, and
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sigmoid colon were classified in the left colon category. Tumors located in the recto-sigmoid
junction were considered as superior rectal cancer and were excluded from the analysis.
Patients with appendiceal tumors were also excluded from the study.

Hemoglobin, ferritin, transferrin, and serum iron levels were recorded preoperatively
1 to 10 days prior to the surgical intervention. Transferrin saturation (TSAT) was calculated
according to the following formula [16]:

TSAT = (Serum iron concentration/Serum transferrin concentration) × 70.9

Anemia was defined according to the World Health Organization criteria as follows:
Hb < 13 g/dL (8.1 mmol/L) for adult males and Hb < 12 g/dL (7.4 mmol/L) for non-
pregnant adult females [17]. Iron deficiency was classified as AID if plasma ferritin lev-
els were <30 ng/mL and FID if plasma ferritin levels were ≥30 ng/mL and TSAT was
<20% [18]. The primary outcome was functional iron deficiency. Secondary outcomes were
absolute iron deficiency and anemia.

2.2. Statistical Analysis

Statistical analysis was performed using GraphPad Prism version 9.3.0 for Windows,
GraphPad Software, San Diego, CA, USA. Descriptive statistics were calculated as means
and percentages for continuous variables. Categorical variables were expressed as contin-
gency tables and an analysis was performed using chi-squared and Fisher’s exact tests to
compare differences between observed and expected frequencies. Spearman’s correlation
coefficient was used to measure the degree of correlation between independent variables.
The statistical significance level was set to 0.05 in this study.

3. Results

Data were imported from the hospital database on 351 patients who underwent
open or laparoscopic colon resections between January 2018 and April 2022. A total of
129 (36.75%) patients met the inclusion criteria and had complete data sets, and thus were
included for analysis.

The cohort included 75 (58%) male patients and 54 (42%) female patients. The mean
age of all included patients was 69 years old, ranging from 41 to 89 years old. The mean
age of patients according to the type of iron deficiency is presented in Table 1.

Table 1. Mean age of patients according to type of iron deficiency.

Type of Deficiency Mean ± SD (Years)

FID 68.20 ± 9.09
AID 70.15 ± 11.72

Anemia 69.00 ± 10.19
No anemia 70.22 ± 9.34

Overall 69.51 ± 9.82

The mean concentration of hemoglobin was 11.8 mg/dL (CI 95% 11.4–12.2); 58.13% (75)
of patients were anemic, while 41.87% (54) of patients had normal levels of hemoglobin.
The mean serum iron concentration was 47.4 μg/mL (CI 95% 41.5–53.3). The mean serum
ferritin value was 90.1 ng/mL (CI 95% 74.1–106). Absolute iron deficiency was identified
in 26.35% (34) of cases and corrected prior to the surgical intervention. Serum transferrin
levels had a mean of 255 mg/dl (CI 95% 245–265). The transferrin saturation coefficient was
calculated for each patient and had a mean value of 13.5% (CI 95% 11.8–15.2), ranging from
2.82% to 51.8%. Functional iron deficiency was encountered in 51.16% (66) of cases. The
tumor-specific pathological characteristics of the included cases are presented in Table 2.
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Table 2. Tumor-specific pathological characteristics of the cohort.

Variable Number of Cases (Percentage)

Location of tumor
Right colon 45 (34.88%)

Cecum 11 (8.52%)
Ascending 34 (26.35%)

Transverse colon 23 (17.82%)
Left colon 61 (47.28%)

Descending 23 (17.82%)
Sigmoid 38 (29.45%)

Differentiation
G1 46 (35.6%)
G2 69 (53.5%)
G3 14 (10.9%)

T stage
T1 3 (2.32%)
T2 24 (18.61%)
T3 79 (61.25%)
T4 23 (17.82%)

N stage
N0 79 (61.24%)
N1 29 (22.48%)
N2 21 (16.28%)

M stage
M0 118 (91.48%)
M1 11 (8.52%)

Lymphatic invasion
L0 90 (69.77%)
L1 39 (30.23%)

Venous invasion
V0 103 (79.85%)
V1 26 (20.15%)

Perineural invasion
Pn0 102 (79.07%)
Pn1 27 (20.93%)

Although the correlation analysis demonstrated a weak positive relationship between
the presence of FID and more aggressive tumor characteristics (advanced T stage—T4,
N stage—N2), the results were not statistically significant. The correlation analysis did not
demonstrate a significant association between FID or AID and tumor grade. The results of
the correlation matrix (Spearman’s correlation coefficient) are presented in Figures 1–3.

A contingency table analysis using chi-squared and Fisher’s exact tests showed a
statistically significant association between FID and lymphatic invasion (OR 2.364; CI
95% 1.019–5.172; p-value 0.0451). None of the other investigated parameters demonstrated
a statistically significant association with FID.

The correlation analysis showed a significant association between anemia and right-
sided tumor location (Spearman’s r coefficient 0.37; p = 0.00002; CI 95% 0.2026–0.5117). In
addition, anemia was associated with absolute iron deficiency (Spearman r coefficient 0.328;
p = 0.0001; CI 95% 0.1600–0.4784). The correlation matrix for this analysis is presented in
Figure 4.
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(a) (b) 

Figure 1. Comparison between FID and AID: (a) correlation matrix for FID and T stage; (b) correlation
matrix for AID and T stage.

  
(a) (b) 

Figure 2. Comparison between FID and AID: (a) correlation matrix for FID and N stage; (b) correlation
matrix for AID and N stage.

  
(a) (b) 

Figure 3. Comparison between FID and AID: (a) correlation matrix for FID and tumor grade;
(b) correlation matrix for AID and tumor grade.
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Figure 4. Analysis of correlation between anemia, FID, and AID.

4. Discussion

The present study included 66 (51.16%) patients with functional iron deficiency and
34 (26.35%) patients with absolute iron deficiency. While FID is determined by insufficient
iron availability for incorporation into erythroid precursors despite the availability of
sufficient reserves, AID is determined by severely reduced iron deposits in the bone
marrow, liver, and spleen [19]. The principal cause of FID in cancer is the release of pro-
inflammatory cytokines such as IL-6, IL-1, TNF-α, and IFN-γ, which amplify hepcidin
synthesis and thereby reduce the quantity of iron released into the circulation [7,20,21].
The increased incidence of FID in our cohort could suggest an important inflammatory
component that may influence, or be caused by, carcinogenesis and tumor proliferation.

The practical importance of differentiating between AID and FID concerns the way
in which iron supplementation is administered in each case [22]. The treatment of AID
requires immediate iron administration regardless of the presence of anemia. Conversely,
iron supplementation is recommended in the treatment of FID only in symptomatic patients
with anemia and should be withheld in patients with elevated ferritin levels [23]. The choice
of oral versus intravenous iron therapy is also significant, since oral absorption of iron is
reduced in FID through inflammation-related, IL-6-increased hepcidin production in the
duodenum, and therefore the effectiveness of this administration method is reduced [24].

Although anemia is a well-known complication of malignant tumors and has been ex-
tensively studied, the prevalence of iron deficiency in malignant tumors has been relatively
overlooked in the literature [9,10,23,24]. In our study, anemia was identified in 63.2% of pa-
tients with FID and 84% of patients with AID. In line with previous studies, a multivariate
analysis demonstrated a significant association between tumor location (cecum, ascending
colon, and hepatic flexure) and anemia [25–27]. Although the sample size for our cohort
was relatively small, a statistically significant association was established between anemia
and AID. This could be due to occult blood loss, which is more frequent in right-sided
colon cancer. Interestingly, FID appeared to have a lesser influence on anemia despite the
fact that the number of cases with FID in our cohort was almost double compared to the
number of cases with AID.

Previous studies have demonstrated that solid tumors were more frequently associ-
ated with both functional and absolute iron deficiency in comparison with hematological
malignancies [28,29]. An observational study by Ludwig et al. conducted on 1528 patients
with various types of malignant tumors reported an increased incidence of iron deficiency
in pancreatic (63.2%), colorectal (51.9%), and pulmonary (50.7%) cancers. Furthermore,
the prevalence of ID was significantly associated with cancer stage (p = 0.001) and disease
status (p = 0.001) [23]. Several studies demonstrated that ID with or without anemia was
associated with a poorer prognosis, lower disease-free survival, and a reduced response
to oncological treatment [7,18,30]. However, to the best of our knowledge, the majority
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of previously published papers did not analyze specific outcomes associated with AID
and FID.

Although our results did not show a statistically significant correlation with either the
T stage or N stage, most likely due to the relatively small sample size of the cohort, this
finding might be explained by an increased inflammatory response in the presence of a
significantly increased tumor burden. However, in our cohort, functional iron deficiency
was independently associated with the presence of lymphatic invasion. This association
suggests that patients with functional iron deficiency and colon cancer may develop alter-
ations in the immunosurveillance mechanisms and immune cell differentiation processes,
which ultimately lead to unfavorable responses to treatment and a poorer prognosis for
these patients.

The main strength of the present study was the fact that complete sets of data were
available for all cases included in the analysis. The primary limitation of the study was
the sample size. Therefore, in assessing the correlations between absolute/functional iron
deficiency and tumor-specific pathological factors, the small sample size did not allow us
to draw firm conclusions on associations. Despite this fact, our findings suggested that
lymphatic invasion seems to be independently associated with functional iron deficiency.
Further studies based on a larger number of cases are required in order to further clarify
these issues.

5. Conclusions

Iron deficiency was highly prevalent in our cohort of patients diagnosed with CRC.
Anemia was more frequently encountered in patients with right-sided tumor locations.
Functional iron deficiency was significantly associated with higher odds for lymphatic
invasion. A large proportion of patients with a normal hemoglobin level were also found
to be iron deficient. Further studies on functional and absolute iron deficiency are required
in order to more accurately assess possible correlations with colorectal cancer.
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Abstract: Background and Objectives: Acute hematologic malignancies are a group of heterogeneous
blood diseases with a high mortality rate, mostly due to acute respiratory failure (ARF). Acute respira-
tory distress syndrome (ARDS) is one form of ARF which represents a challenging clinical condition.
The paper aims to review current knowledge regarding the variable pathogenic mechanisms, as
well as therapeutic options for ARDS in acute hematologic malignancy patients. Data collection: We
provide an overview of ARDS in patients with acute hematologic malignancy, from an etiologic
perspective. We searched databases such as PubMed or Google Scholar, including articles published
until June 2022, using the following keywords: ARDS in hematologic malignancy, pneumonia in
hematologic malignancy, drug-induced ARDS, leukostasis, pulmonary leukemic infiltration, pul-
monary lysis syndrome, engraftment syndrome, diffuse alveolar hemorrhage, TRALI in hematologic
malignancy, hematopoietic stem cell transplant ARDS, radiation pneumonitis. We included relevant
research articles, case reports, and reviews published in the last 18 years. Results: The main causes of
ARDS in acute hematologic malignancy are: pneumonia-associated ARDS, leukostasis, leukemic infil-
tration of the lung, pulmonary lysis syndrome, drug-induced ARDS, radiotherapy-induced ARDS,
diffuse alveolar hemorrhage, peri-engraftment respiratory distress syndrome, hematopoietic stem
cell transplantation-related ARDS, transfusion-related acute lung injury. Conclusions: The short-term
prognosis of ARDS in acute hematologic malignancy relies on prompt diagnosis and treatment. Due
to its etiological heterogeneity, precision-based strategies should be used to improve overall survival.
Future studies should focus on identifying the relevance of such etiologic-based diagnostic strategies
in ARDS secondary to acute hematologic malignancy.

Keywords: acute hematologic malignancy; acute respiratory distress syndrome; pneumonia; leukostasis;
diffuse alveolar hemorrhage; engraftment syndrome; radiation recall pneumonitis; transfusion-related
acute lung injury

1. Introduction

Hematologic malignancies are a diverse group of pathologies, which affect an esti-
mated 548.8 per 100,000 people, comprising roughly 20% of all types of neoplasia [1,2].
They can be divided, according to the most common subtypes, into leukemias, Hodgkin’s
lymphomas, non-Hodgkin’s lymphomas, multiple myeloma, myelodysplastic syndromes,
and myeloproliferative disorders, each with its origin, pathogenic mechanisms, incidence,
burden on health, and mortality. In 2018, leukemia had an incidence of 407,000 cases and
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claimed 309,000 lives [3]. There is a marked heterogeneity even within this subpopulation.
For example, the age-standardized incidence rate (ASIR) of leukemia as a whole decreased
by approximately 9% between 1990 and 2017, mostly due to reductions in acute lympho-
cytic leukemia and chronic myeloid leukemia, whereas the values for chronic lymphocytic
leukemia and acute myeloid leukemia increased [3].

The therapeutic options for hematologic malignancies can be divided into chemother-
apy, radiotherapy, immunotherapy, targeted therapy, and hematopoietic stem cell trans-
plantation (HSCT) [4–6]. Immunotherapy uses compounds that augment the natural
defense capabilities of the organism, such as increasing interferon production or enhanc-
ing antibody-dependent cellular cytotoxicity [5]. Targeted therapy refers to drugs which
disrupt the metabolic pathways specific to the cancer cell and its genetic abnormalities,
discriminately targeting rapidly dividing cells [4].

The most common cause for ICU admission among patients with hematologic ma-
lignancies is acute respiratory failure (ARF), which also accounts for most non-relapse
deaths in such cases [2]. Furthermore, acute hematologic malignancies are particularly
prone to developing respiratory complications [1]. According to the literature, the main
causes of ARF could be related to the injury of the lung parenchyma, pneumonia with
opportunistic agents, chemo- or radiotherapy-induced ARF, transfusion-related acute lung
injury, leukemic infiltration of the lung, tumor lysis pneumopathy, pulmonary alveolar
proteinosis, and diffuse alveolar hemorrhage or engraftment syndrome. Other causes
include chest wall and pleura damage, thromboembolic events, or neuromuscular origin
(paraneoplastic syndromes, metabolic encephalopathy, sedative-induced) [2].

Acute respiratory distress syndrome (ARDS) is a particularly relevant entity, due to
its high mortality. ARDS is defined, according to the Berlin criteria, by the presence of:
(i) hypoxemia (PaO2/FiO2 ≤ 300 mmHg with PEEP or CPAP ≥ 5 cm H2O), (ii) respiratory
failure not completely attributable to cardiac failure or fluid overload, (iii) onset within one
week of exposure to a known risk factor, and (iv) bilateral opacities on chest X-ray or CT
scan which cannot be fully explained by atelectasis, nodules, or pleural effusions [7]. In
patients with hematologic malignancy, ARDS can result from either direct or indirect lung
injury. Both mechanisms follow, however, a similar pattern. First, damage to pulmonary
epithelial and endothelial cells leads to inflammation, apoptosis, and necrosis of alveolar
type I and II cells, and to increased permeability of the alveolar-capillary membrane,
causing fluid exudation and hemorrhage in the alveoli [7,8]. Then, during the proliferative
phase, the barrier’s integrity is reestablished, and the excess fluid is reabsorbed [7,8]. Lastly,
as an optional occurrence, fibrotic tissue begins to appear in the lung, with unfavorable
consequences in terms of mortality or recovery (Figure 1) [7,8].

ARDS management is largely supportive [7]. Most of the ARDS therapies target
optimizing mechanical ventilation and obtaining an appropriate end-expiratory pressure,
to prevent alveolar atelectrauma and additional fluid buildup in the alveoli, while simul-
taneously keeping plateau pressure at acceptable levels, to avoid barotrauma [7]. Main-
taining a minimal change in flow variability between respiratory cycles could prevent
ergotrauma [9,10]. Regarding the positive end-expiratory pressure (PEEP), meta-analyses
have come up with conflicting results in terms of the effectiveness of higher PEEP compared
to lower values, with discernible benefits only in selected patient subgroups [11–13]. One
therapeutic intervention widely accepted is ventilation using low tidal volumes (4–6 mL/kg
predicted body weight), which appears to be effective regardless of the putative ARDS
triggering factor, accompanied by reduced circulating interleukin-6 levels [7,11–13]. The
use of prone positioning aims to improve matching between ventilation and perfusion by
taking advantage of gravity and intrathoracic organ repositioning, with promising results
in severe ARDS in terms of oxygenation, and reduced mortality [7,14,15]. Neuromuscular
blocking agents administered for short periods also improve oxygenation, while reducing
mortality, barotrauma, and overall requirement for mechanical ventilation in severe ARDS
cases [16]. These drugs also reduce the level of circulating inflammatory mediators [7,17].
Other specialized interventions have presented some promising results and are subject to
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further research, such as inhaled prostaglandins or nitric oxide, CO2 removal strategies
such as CO2 removal filters attached to dialysis machines, and venovenous extracorporeal
membrane oxygenation [18–21].

 

Figure 1. The progression of histopathological findings in acute respiratory distress
syndrome (ARDS).

Studies attempting to prove the potential usefulness of targeted therapeutic measures
in reducing mortality have largely come up with negative results [17,22–24]. With the
dawn of personalized medicine, this has been attributed to the heterogeneity of ARDS, in
terms of its clinical, physiologic, biochemical, and radiologic features, which also leads to
variable responses to different therapeutic options, especially in patients with hematologic
malignancy [25–27].

When referring to clinical classification, differences were noted when determining
the cause of thoracic stiffness, with direct ARDS causing increased elastance in the lung
parenchyma, whereas indirect ARDS exhibits higher elastance in the chest wall [26]. Within
the broad group of indirect risk factors, higher mortality rates were noted in sepsis- vs.
non-sepsis ARDS, further supporting the idea of a need to tailor the management to each
individual case, instead of applying a cookie-cutter treatment to all patients [25]. A higher
mortality rate was also noticed in cases of late onset ARDS (days 3–4 after the triggering
injury), while early-onset patients exhibited higher plasma levels of biomarkers, suggestive
alveolar–endothelial barrier disruption [26].

Biochemical inhomogeneity in ARDS patients stems from the blood and bronchoalve-
olar lavage fluid (BALF) profiles of various inflammatory endothelial and epithelial
markers [26,28]. The main biochemical changes in ARDS are displayed in Figure 2.

The phenotypes most relevant and potentially useful for clinical practice are the
so-called “hyperinflammatory” and “hypoinflammatory” phenotypes. The hyperinflam-
matory phenotype exhibits higher levels of circulating proinflammatory interleukins (IL-6,
IL-8, IL-10), PAI-1, soluble receptors for TNF-α and advanced glycation end-products, and
lower levels of plasma C protein and surfactant proteins in the BALF (Figure 2) [25,28].
This classification is relevant to clinical practice in terms of estimating patient mortality
and therapeutic strategy. Thus, a study by Famous et al. found that hyperinflammatory
phenotype cases benefit from a liberal fluid therapy strategy, while hypoinflammatory
ARDS patients had a lower mortality when assigned to a fluid-conservative approach [29].
Additionally, treatment plans might be influenced by which phenotype the patient fits
in. The HARP-2 trial observed that those with a hyperinflammatory phenotype had a
better 28-day survival when receiving 80 mg Simvastatin [30]. The same could not be
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said about a 40 mg loading/20 mg maintenance dose of Rosuvastatin. This could come
down to differences in drug bioavailability and intracellular concentrations [30]. Moreover,
tailoring ARDS management according to the patients’ inflammatory phenotype in hema-
tologic malignancy is challenging due to the malignant cellular clones’ abnormal response
to inflammation.

Figure 2. Biochemical changes in acute respiratory distress syndrome (ARDS)-damaged lung tissue.

From a radiological standpoint, ARDS can be divided into focal or non-focal [25].
Non-focal ARDS appears on thoracic CT scans as diffuse alveolar opacity, and is correlated
with higher mortality, while focal ARDS have patches of parenchyma with loss of aeration,
particularly in the lower lobes and dependent regions [25,26]. This dichotomy influences
therapeutic management and expected mortality. In cases of focal ARDS, resorting to a
low PEEP and normal tidal volume strategy, combined with prone positioning to optimize
ventilation/perfusion ratio, might have beneficial effects [25,26]. This observation relies
on the idea that using high PEEP in lungs with inhomogeneous compliance would lead to
overdistension of already compliant areas, while the damaged zones would not benefit from
the greater pressure [25,26]. On the other hand, non-focal ARDS benefits from recruitment
maneuvers, meant to expand the collapsed alveoli, combined with higher PEEP to keep
them open [25,26].

This review focuses on the main causes of ARDS in hematologic patients, considering
the challenges of a precision-based approach in associated blood malignancy.

2. Data Collection

We used, for the narrative review, articles appearing in various databases such as
PubMed or Google Scholar until June 2022. We used as key words ARDS in hematologic
malignancy, pneumonia in hematologic malignancy, drug induced ARDS, leukostasis, pul-
monary leukemic infiltration, pulmonary lysis syndrome, engraftment syndrome, diffuse
alveolar hemorrhage, TRALI in hematologic malignancy, hematopoietic stem cell transplant
ARDS, radiation pneumonitis, providing a total number of 11,261 articles. We included
research articles, case reports and reviews referring to various respiratory complications in
hematologic malignancy. We added relevant articles published in the last 19 years.

3. ARDS in Acute Hematologic Malignancy-Specific Causes

3.1. Pneumonia-Associated ARDS

Owing to the disease itself, as well as its therapeutic options, patients with acute
hematologic malignancy find themselves immunosuppressed, particularly neutropenic
(<500 neutrophiles/mm3) [31]. Febrile neutropenia patients suffer most often from pul-
monary complications, with a rate of 15–20% [31]. Pneumonia occurs in 13–31% of patients
undergoing induction chemotherapy and up to 80% of those receiving hematopoietic stem

56



Medicina 2022, 58, 1215

cell transplants [31]. Other studies revealed that ARDS secondary to pneumonia is the
main reason for ICU admission in cancer patients [32,33]. The study by Azoulay et al.
also noted that, of all cases of pneumonia-induced ARDS, 58.16% were of bacterial origin
and 32.18% were fungal, with 9.67% of infections caused by Pneumocystis jirovecii [32].
A review by Evans and Ost found that mortality among leukemia patients ranges between
25 and 80%, standing at 90% in the case of stem cell transplantation patients [33]. While
most patients with hematologic malignancy tend to have frequent contact with hospitals,
one must remember the possibility of community-acquired pneumonia in neutropenic
individuals. Commonly incriminated bacterial agents are Streptococcus pneumoniae (es-
pecially in patients with dysfunctional humoral immunity) and pyogenes, Staphylococcus
aureus, Pseudomonas spp., non-fermentative Gram-negative bacilli (including Moraxella and
Stenotrophomonas), meningococcus, and atypical germs, such as Mycoplasma, Chlamydophila,
and Legionella [2,33]. Influenza, parainfluenza, and adenoviruses represent the bulk of viral
community-acquired pneumonia [2,33]. Nosocomial pneumonia (healthcare-associated,
hospital-acquired, and ventilator-associated, with similar causative microbes) is most often
produced by multidrug resistant bacteria, along with Enterobacteriaceae, Nocardia spp., and
Mycobacteria—both M. tuberculosis and atypical [33]. Other etiological agents are fungi
(mostly Aspergillus spp., with mucormycosis on the rise in recent years), Pneumocystis, and
viruses (respiratory syncytial virus, metapneumovirus, varicella zoster and human herpes
virus, cytomegalovirus, SARS-CoV-2) [32,33]. A secondary analysis of the Global Initiative
for MRSA Pneumonia (GLIMP) database discovered that hematological malignancies were
significantly more often associated with community-acquired pneumonia caused by fungi
and non-influenza viruses [34].

Cytomegalovirus is a member of the herpesvirus family, and its prevalence in the gen-
eral population exceeds 80% in Europe and North America, being close to omnipresent in
Africa and Asia, owing to its multiple transmission paths (blood, saliva, breast milk, sexual
contact) and the persistent infection it causes [35]. Cytomegalovirus uses macrophages
and CD34+ cells, which include hematopoietic stem cells as reservoirs [35,36]. CD34+
cells include those cells used in stem cell transplant procedures [36]. Infection reactivation
and progression to clinical disease depends on the proper reconstitution of the various
T-cell subtypes following HSCT [36]. Unfortunately, the fact that the process is dependent
on proper thymus function, which is impaired in hematologic malignancies, means that
physiological proportions of T-cell subtypes (mainly the CD4:CD8 ratio) cannot be reached,
leading to compromised anti-cytomegalovirus protection [36].

Aspergillus can disseminate in the lungs either through the blood vessels, causing in-
farction in the surrounding tissues, or by way of the airways, being frequently incriminated
in patients with hematological malignancies [37]. However, the prevalence of infection
does not strictly correlate with the depth of the immune dysfunction, which suggests that
a genetic component might also be involved [38]. Multiple studies have investigated the
effects which the single-nucleotide polymorphisms (SNP) in genes coding for components
of the immune system have on the risk of developing invasive pulmonary aspergillosis.
While many of the investigated polymorphisms had no statistically significant impact on
invasive aspergillosis rates in the investigated stem cell transplant recipients, there were
some which had deleterious consequences on the host’s defensive capabilities, such as:
(1) Toll-like receptor (TLR) 1, 3, 4, 5, and 6; (2) IL-4 receptor; (3) Plasminogen; (4) Vascular
endothelial growth factor (VEGF); and (5) IL-8 [38–44]. TLR-4 and 5 were unexpected
results, since they bind lipopolysaccharides, usually found in bacterial walls, and of which
Aspergillus has none [38]. The IL-4 receptor polymorphism (rs2107356) has also been
associated with multiple myeloma, gastric cancer, thymoma-associated myasthenia gravis,
and graft dysfunction after kidney transplantation [45,46]. Plasminogen bound to As-
pergillus active conidia, potentially facilitating its entry in the organism and enhancing
tissue damage [42]. The relationship between angiogenesis and aspergillosis appeared to be
bidirectional—VEGF inhibition increases the susceptibility to the disease, with the fungus
producing toxins capable of inhibiting angiogenesis [43,44]. However, the products of some
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SNPs had favorable interactions with Aspergillus, presenting protective effects against
the infection. SNP-induced interferon-γ overproduction enhances fungicidal capabilities
in macrophages [39]. IL-23 receptor hinders Aspergillus clearance by neutrophils and
leads to chronic inflammation due to the IL-23/Th17 pathway [47]. IL-17 promotes fungal
germination through its inhibition of indoleamine 2,3-dioxygenase, which also plays a
role in subverting the function of T-helper type 1 cells [40,47]. T-helper type 1 cells are
responsible for the production of interferon-γ. Thus, decreasing IL-17 production through
the mutant IL-23 receptor leads to a lower likelihood of invasion by Aspergillus, as well
as to protection against graft-versus-host disease (GVHD) in stem cell transplant recipi-
ents [40,47,48]. Lower levels of the anti-inflammatory IL-10 lead to resistance to invasive
aspergillosis [49]. Finally, IL-12 has also a protective effect, by involving the T-helper type 1
response [49].

Over the past 2 years, SARS-CoV-2 has proven to be a serious challenge to healthcare
systems worldwide, having infected over 270 million people and claiming 5.3 million
lives worldwide by the end of 2021 [50]. Thus, it became unavoidable that some of the
hematologic malignancy patients would contract it as well. A small observational study in
China comparing COVID-19 rates among healthcare providers and hospitalized patients
with hematological malignancy found no difference. However, ARDS rates were higher,
as was mortality, among patients with hematologic neoplasia [51]. This finding is in
accordance with the “cytokine storm” theory of COVID-19 pathogenesis, wherein the virus
potently activates T-helper type 1 lymphocytes, leading to increased production of IL-6,
one of the inflammatory markers incriminated in the onset of ARDS [52]. However, Suárez-
Garcia et al. have shown that immunosuppression tends to be paradoxically associated
with worse outcomes in COVID-19 pneumonia (ARDS, ICU admission, death) [53]. When
compared to other viruses, such as influenza, SARS-CoV-2 appears to be more capable
of inducing potentially fatal severe inflammatory responses in hematological malignancy
patients [54].

Pneumonia-induced ARDS management includes, beyond standard ARDS supportive
measures, antimicrobial therapy with the goal of eradicating the causative agent. The most
recent ECIL guidelines recommend an escalation/de-escalation empirical approach. The
choice of antimicrobials should be based on the risk of the patient having contracted a
resistant germ, as well as the resistance profile of the commonly encountered microbes in
the local healthcare setting [55]. For patients without prior resistant pathogen infection
or risk of complicated disease evolution, empiric therapy consists of initial monotherapy
(piperacillin/tazobactam 4/0.5 g IV q6h or ceftazidime 2 g IV q8h or cefepime 2 g IV q8h or
q12h), for a duration of 7–8 days [55,56]. Should this prove ineffective, with deteriorating
patient status or proven microbial resistance, the regimen should be changed. The recom-
mended antibiotic regimen must provide broader coverage: carbapenems (meropenem
1 g IV q8h or imipenem 500 mg IV q6h) or antipseudomonal beta-lactams combined with
aminoglycosides (e.g., ceftazidime 2 g IV q8h + amikacin 20 mg/kg IV q24h) or with
colistin (e.g., ceftazidime 2 g IV q8h + colistin 9 million UI IV loading dose, then 3 million
UI IV q8h) [55,56]. Vancomycin should be added if the hospital reports high rates of
methicillin-resistant S. aureus [55,56]. De-escalation strategies follow the inverse steps and
are recommended when bacteriological results are available, in case the patient had been
infected or colonized with resistant germs, exhibits signs of unfavorable evolution (hypoten-
sion, shock), or if the healthcare center often deals with multidrug-resistant germs [55]. For
de-escalation, the course of antibiotic treatment lasts for 14 days [55]. Should the patient
suffer from Legionella pneumonia, treatment choice is 500 mg levofloxacin IV q12h for
21 days [2,56].

In case of viral pneumonia, etiological treatment is available for influenza viruses,
adenoviruses, respiratory syncytial virus, and cytomegalovirus. Influenza virus often
responds to oseltamivir 75 mg p.o. q12h or, alternatively, zanamivir [2]. For adenovirus,
the treatment of choice is cidofovir in varying reported doses, mostly 5 mg/kg IV weekly
for 3 weeks, or 1 mg/kg IV 3 times weekly for 3 weeks in patients with underlying renal
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dysfunction [57]. For respiratory syncytial virus, available treatment options include rib-
avirin (aerosols 2 g over 2 h q8h, or 6 g over 18 h, 7–10 days) and RSV immunoglobulins [2].
For cytomegalovirus, ganciclovir 5 mg/kg IV q12h or foscarnet 60 mg/kg IV q8h are
recommended [2].

For fungal lung infections, the regimens vary based on the causative agent. Invasive
pulmonary aspergillosis requires voriconazole 6 mg/kg i.v. on day 1, then 4 mg/kg q12h
(p.o. if renal dysfunction) or amphotericin B (1 mg/kg qd if deoxycholate or 3 mg/kg qd if li-
posomal, depending on kidney function), in case of no response to voriconazole [2,58]. Mu-
cormycosis exhibits reduced susceptibility to voriconazole [2]. Amphotericin B 5–10 mg/kg
qd should be administered until resolution of either clinical or radiologic features, or of
the immunosuppression [2]. Trimethoprim-sulfamethoxazole 5 mg/kg i.v. or p.o. (nearly
100% bioavailability) q8h or 3.75 mg/kg q6h for 21 days is the treatment of choice for
Pneumocystis jirovecii [2]. Alternatively, clindamycin/primaquine or pentamidine can be
used for severe cases [2,58]. Additionally, patients infected with P. jirovecii are prone to de-
veloping pneumothorax and pneumomediastinum, which is challenging for mechanically
ventilated patients [59,60].

3.2. Leukostasis, Leukemic Infiltration of the Lung, Pulmonary Lysis Syndrome

Leukostasis is mostly a complication of myeloid leukemias (acute myelomonocytic or
monocytic, and chronic during the blast crisis), especially those with leukocyte counts over
50,000/mm3, although the degree of hyperleukocytosis does not necessarily correlate with
the severity of the symptoms [61,62]. Leukostasis consists of white blood cell build-up
inside small vessels, not only in the lungs, but also brain and heart, among other places,
which explains the symptoms associated with this condition (acute respiratory failure, acute
myocardial infarction, right ventricular overload, headaches, dizziness, tinnitus, coma,
intracranial bleeding, peripheral ischemia, mesenteric infarction, priapism etc.) [61,63,64].
Leukostasis occurs not just due to increased viscosity and low flow in the pulmonary circu-
lation, but also because of cytokines (mostly IL-1 and TNF-α) released by the pathologic
cells [61,64]. The cytokine buildup leads to increased expression of adhesion molecules on
endothelial cells (such as selectins and ICAM-1), leukocyte aggregation and activation, and
secretion of matrix metalloproteinases, causing endothelial damage, increased vascular per-
meability, and subsequent extravasation of fluid, blood, and leukemic cells [61,64,65]. This
migration from the intravascular to the interstitial and alveolar spaces is the basis for the ra-
diologic opacities and the hypoxic respiratory failure that constitute hallmarks of ARDS [64].
However, the aforementioned hypoxemia has yet another causative mechanism—the occlu-
sion of pulmonary capillary vessels, mimicking a pulmonary embolism, which explains
how patients with histologically diagnosed leukostasis can be hypoxemic, yet show no
abnormalities on chest X-rays [64].

Leukemic infiltration of the lung entails blasts building up in the pulmonary extravas-
cular space, without any other discernible causes (infectious, hydrostatic, or otherwise) [66].
Leukostasis causes migration of leukemic cells into the interstitium. Thus, leukostasis
and leukemic pulmonary infiltration are not two separate entities, but rather two sides of
the same coin [64]. The two seem to occur more often in myeloid leukemia patients, but
infiltration, unlike leukostasis, is even less correlated with hyperleukocytosis. However,
it should be suspected in patients with a blast ratio exceeding 40% of total peripheral
blood leukocytes [61,67]. The symptomatology is rather sparse, with the patient usually
complaining about cough, fever, and dyspnea [61]. Imagistic findings include thickening
of the interlobular septa or the bronchovascular bundles, as well as non-systematized
“ground-glass” opacities [61,64,66].

Management of ARDS in the case of leukostasis and leukemic infiltration includes,
beyond general supportive measures, therapies meant to reduce blood viscosity and deplete
the number of leukocytes in the pulmonary vasculature and parenchyma [61]. Thus,
patients should receive generous infusions of isotonic intravenous solutions, while avoiding
blood transfusions for as long as the patient’s clinical status does not call for urgent
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action [61]. For leukodepletion, clinicians can resort to either chemotherapy, in the shape
of hydroxyurea, or leukapheresis, a process in which the patient’s blood is run through
a device containing a centrifuge, which mechanically separates cellular elements from
plasma, before being fed back into the blood vessels [61,68]. In case of rapid degradation
of clinical status, leukapheresis should be the preferred option, as it leads to a quicker
drop in leukocyte levels [68]. However, in promyelocytic leukemia, this procedure should
not be used, for two reasons: due to the disseminated intravascular coagulation which
contraindicates apheresis, and because of the usually lower than normal white blood cell
count [68,69]. Leukapheresis does not influence the long-term survival [68,70–74].

Hydroxyurea has been used as the mainstay of leukodepletion therapy for many
decades, as it effectively lowers the number of leukocytes, with a low occurrence of acute
tumor lysis syndrome, albeit over a longer period of time (24–48 h after initiation of
therapy) [61,75]. Some studies have proven its usefulness in preventing short-term mor-
tality [61,68,76]. Hydroxyurea acts by inhibiting ribonucleotide reductase, preventing the
synthesis of deoxyribonucleotides, and halting the cell cycle in the S phase [77].

Due to the involvement of cytokines in leukostasis, corticosteroids have proven them-
selves useful in reducing leukemic pulmonary infiltration, mortality, and relapse incidence,
as well as improving overall and disease-free survival [62,78]. Corticoids act by binding to
cytoplasmic glucocorticoid receptors, which then relocate to the nucleus, exerting effects
predominantly by induction of gene transcription (selective acetylation of histones) and
increasing the expression of anti-inflammatory products such as IL-10 and IκB-α (inhibitor
of NFκB) [79,80]. Conversely, they also bind and inhibit other proteins that act as histone
acetyltransferases and activators, but for proinflammatory genes, thus switching them
off [79]. Another mechanism relies on destabilization of mRNA molecules that encode for
inflammatory proteins [77].

Pulmonary lysis syndrome, also known as acute lysis pneumopathy, occurs after
initiation of cytostatic treatment [61,67]. However, it does not owe its effects to its direct
mechanism of action, but rather to the massive destruction of tumor cells, which release
their cytotoxic contents, producing diffuse alveolar damage or lung hemorrhage [61,67].
The incriminated components include reactive oxygen species, enzymes, and damage-
associated molecular patterns (cellular components such as DNA, histones, heat shock
proteins, uric acid) [61,81]. White blood cell count appears inconsequential, as cases have
been reported in patients with fewer than 50,000 leukocytes per mm3 [61]. The clinical
presentation is typical for acute respiratory failure, while imaging typically shows bilateral
“ground-glass” opacities [74]. Manifestations usually appear within 48 h of induction of
therapy, but exceptions were noted by studies by both Azoulay et al. and Kunitomo et al.,
at 15 and 14 days, respectively [82,83]. Management of pulmonary lysis syndrome-induced
ARDS includes corticosteroids and supportive therapy. There has been some debate
regarding the usefulness of chemotherapy cessation [2,61,74].

3.3. Drug-Induced ARDS

Drugs administered in the treatment of hematological malignancy could lead to ARDS
not only through their intrinsic action towards the lung, but also by way of their interaction
with the neoplastic cells. The incidence varies from 0.1 to 15% [84].

The pathophysiology of drug-induced ARDS is complex, with incriminated mecha-
nisms ranging from idiosyncratic reactions to anaphylaxis, capillary leak syndrome, or
reactive oxygen species and inflammatory cytokine production [85]. The relevant drugs
incriminated in lung damage leading to ARDS are: bleomycin, mitomycin-C, cyclophos-
phamide, gemcitabine, cytarabine, GM-CSF, and vinca alkaloids [86–89]. Bleomycin and
mitomycin-C increase reactive oxygen species production [86,87]. Gemcitabine increases
cytokine release [86,87]. Cytarabine has a direct toxic effect [88]. GM-CSF increases neu-
trophil adhesion to lung endothelium, due to higher expression of glycoproteins, and
superoxide production [88]. Vinca alkaloids cause endothelial dysfunction by disrupting
the organization of tubulin [89].
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Of particular interest is all-trans retinoic acid (ATRA), which is used in acute promye-
locytic leukemia, where a chromosomal translocation leads to a change in the function of
the retinoic acid receptor [90]. Consequently, the gene responsible for cell maturation and
differentiation no longer responds to physiological ATRA doses [90]. Thus, the myeloid
cells remain trapped in their promyelocyte stage [90]. Another drug used in acute promye-
locytic leukemia is arsenic trioxide, which increases degradation of the mutant receptor in
the lysosome [91]. The administration of either of these drugs could lead to retinoic acid
syndrome, a particular type of drug-induced ARDS. This is an entity which appears in
2 to 31% of patients treated with such drugs, mostly when treatment consists of these alone,
during the induction phase, usually 10 days after the initiation of the treatment [92]. When
ATRA binds to the retinoic acid receptor, immature cells are forced to differentiate. This
changes the profile of secreted cytokines (IL-1β, IL-6, IL-8), increasing expression of lym-
phocyte function-associated antigen 1 (a molecule involved in the migration of leukocytes),
intercellular adhesion molecule 1, matrix metalloproteinase 9, and cathepsin G [93,94].
These changes increase the vascular permeability and facilitate lung infiltration [93,94].
Some of the cytokines are also involved in altering hemostasis [92,93]. Thus, retinoic acid
syndrome-associated ARDS manifests itself as leukemic infiltration of the lung and alveolar
hemorrhage. Management of this pathology consists of intravenous dexamethasone (10 mg
i.v. q12h), stopping the administration of the incriminated drug, and the addition of a
different cytostatic agent in cases of leukocytosis [93].

3.4. Radiotherapy-Induced ARDS

Management options for hematologic malignancies go beyond pharmacological means.
Radiation therapy is also useful, especially in lymphomas, where irradiating affected lymph
nodes in selected patients leads to excellent 5-year survival and relapse rates [95]. Its use
also extends to leukemia, but more as prophylactic, post-chemotherapy, or palliative
therapy [95]. However, body tissues are also susceptible to radiation damage, with the
lungs being the most sensitive of the thoracic organs and radiation pneumonitis occurring
at doses as low as 15–16 Gy [95]. The radiation-induced death of endo- and epithelial cells
leads to a vicious circle of inflammation, increased vascular permeability, and cytokine
release, while infiltrating macrophages amplify tissue damage by producing reactive
oxygen and nitrogen species and cytokines [96]. The cytokine milieu varies with the time
elapsed since the pulmonary injury [96]. The first 2 weeks are characterized by high levels
of TNF-α, IL-1 and -6, fibroblastic and platelet-derived growth factors. On a tissular level,
this stage is characterized by vascular congestion and intra-alveolar edema, leukocyte
infiltration, and pneumocyte apoptosis [96]. In later stages (about 6–8 weeks after the
original insult), TGF-β1 expression increases, while vascular and alveolar linings begin
to detach, leading to capillary lumen reduction and thrombi formation, and to alveolar
collapse with associated fibrin exudation and hyaline membranes, respectively [96].

Radiation pneumonitis could occur months, even years, after radiotherapy [97,98]. In
such patients, the triggering factor was proven to be a round of chemotherapy, although
cases have been reported where immunotherapy was incriminated instead [96,99]. The
mechanisms involved in radiation recall pneumonitis are still being investigated. How-
ever, postulated theories include: (1) constant subliminal inflammatory cytokine secretion;
(2) changes in local stem cell function, either increased turnover (which increases their
susceptibility to antineoplastic agents) or reduced proliferation; (3) accumulation of the
anticancer drug due to local changes in angiogenesis and vascular permeability [98,99]. The
severity of symptoms does not appear to be correlated with the time elapsed between radio-
and chemotherapy [96]. One could mistake radiation recall for chemotherapy-induced lung
damage; however, in the case of radiation recall pneumonitis, the ground-glass opacities
and infiltrates conform to the shape of the previously irradiated areas [98].

Treatment of ARDS induced by radiation therapy consists mainly of intravenous
corticosteroids [96]. Furthermore, some prophylactic options exist, which dampen the
effects radiation has on the lung tissue: pentoxifylline, with its TNF-α and IL-1 suppressing
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action leading to an improvement in symptoms, and amifostine, which acts by scavenging
free radicals and by inducing tissular hypoxia, with protective effects [96,100].

3.5. Hematopoietic Stem Cell Transplantation-Related ARDS

While chemo- and radiotherapy have remission and symptom control as their goals,
stem cell transplantation has been used with curative effects [101]. There are multiple types
of transplantation, but the two most widely used are autologous and allogeneic.

Autologous transplant involves harvesting stem cells from the patient, either directly
from the bone marrow or from the blood after marrow stimulation [102]. Then the patient
undergoes myeloablative therapy, which destroys the malignant cells, along with their own
hematopoietic cells, and has the harvested stem cells reimplanted, in hope that they would
resume their function [102]. While considered a curative therapy option, relapse rates
remain high, mostly due to the stem cell harvest contamination by neoplastic cells [103].

Allogenic HSCT requires a donor, related to the patient or not, with HLA antigen
matching [104]. While the complications and non-relapse mortality rate of allogenic HSCT
is worse than that of the autologous one, lower relapse rates offset the difference, leading
to similar long-term survival [104]. The benefit of allogenic grafts is an immune reaction
mediated by minor histocompatibility antigens, which prevents the subsequent growth
of leukemic cells [105]. The minor histocompatibility antigen is usually expressed on cells
belonging to the immune system, including the malignant ones [105]. However, the donor
cells sometimes react with epithelial cells, which also express such antigens, leading to
graft vs. host disease [105]. GVHD occurs due to pre-existent damage to the host tissues,
through the underlying disease or the preconditioning chemotherapy, which leads to an
elevated state of inflammation in the body, culminating in ARDS [106]. Of note is the
occurrence of GVHD in autologous stem cell transplant recipients, in spite of the complete
cellular antigen matching [107,108]. The putative mechanism is the loss of self-reactive
cell suppression, either through direct regulatory T cell expression inhibition (caused by
specific agents, such as thalidomide derivatives), or through poor thymus function owing
to cytotoxic therapy [107].

Other mechanisms related to hematopoietic SCT, which led to ARDS, are diffuse alveo-
lar hemorrhage, peri-engraftment respiratory distress syndrome (PERDS), and cryptogenic
organizing pneumonia [37].

Diffuse alveolar hemorrhage is an exclusion diagnosis, being defined as lung hemorrhage-
induced ARDS in the absence of any infection within 1 week after hematopoietic stem
cell transplantation [107]. The diffuse alveolar hemorrhage can last between 1 week and
1 month, during the engraftment period, when neutrophil production increases, caus-
ing them to flow towards the pulmonary vasculature [37]. To establish the diagnosis,
bronchoalveolar lavages must be performed [109]. The bronchoalveolar lavage must ap-
pear increasingly bloody as time passes or contain macrophages which are loaded with
hemosiderin in proportion higher than 20% [109]. The initial pulmonary lesion is caused
by high-dose radiotherapy, releasing host antigens into the circulation, which are then
recognized by donor T cells, in the case of allogeneic stem cell transplants, leading to their
activation and inflammatory cytokine production [109].

Diffuse alveolar hemorrhage can also occur in autologous transplant recipients [107,109].
The T cells might be activated by compounds such as lipopolysaccharides, which end
up in the bloodstream following gastrointestinal epithelium damage, as is the case in
mucositis (caused by melphalan, a drug used in the treatment of multiple myeloma) or
GVHD [107,109]. GVHD leads to alveolitis, manifesting as alveolar hemorrhage and in-
creased counts of alveolar leukocytes, regardless of post-transplantation leukopenia [110].
Consequently, the endothelial swelling and medial hyperplasia leads to narrower vessel
lumina, increasing the extravasation of erythrocytes into the lung parenchyma [110]. Out-
comes for diffuse alveolar hemorrhage appear remarkably poor, with reported mortality
rates between 64 and 100% [109,110]. Supportive therapy includes platelet transfusions,
clotting factor (recombinant factor VIIa) or antifibrinolytic drug intake, and ventilatory
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support, while corticosteroids are largely unhelpful [109,110]. The recombinant factor VIIa,
particularly when administered locally, through bronchoscopy, overcomes any preexisting
tissue factor pathway inhibitors and leads to bleeding control [110].

Engraftment syndrome (ES) occurs at a reported rate of 7–90% in patients receiving
HSCT, most often after autologous HSCTs [111]. ES occurs within 4 days of engraftment,
which is defined as the first of 3 consecutive days when neutrophil levels maintain them-
selves at over 500/mm3, and it is caused by the engrafted neutrophils’ production of in-
flammatory cytokines and degranulation, leading to systemic endothelial damage [112,113].
A particular manifestation of ES is periengraftment respiratory distress syndrome, whose
reported incidence rates vary from 2.5 to 25% [109]. The risk factors for PERDS are fe-
male gender, a quick immune function recovery, autologous HSCT, less intensive pre-
conditioning therapy or GM-CSF instead of G-CSF, and the need of preengraftment platelet
transfusions [109,114]. PERDS has a very similar clinical presentation to that of acute
GVHD and, while self-limited, can be severe enough to warrant corticosteroid therapy
(3 days of 1–2 mg/kg iv methylprednisolone q12h), along with supportive therapy [37,109].

3.6. TRALI in Patients with Acute Hematologic Malignancy

Since bone marrow suppression in hematological malignancies is either a consequence
of the disease itself, or a desired effect of medication (as is the case in myeloablative therapy),
cytopenia in at least one blood cell line occurs in almost all patients [115]. Once the levels
of a particular component reach a critically low value, blood product transfusions should
be performed [116,117]. The transfusion threshold for hemoglobin and platelets is 7 g
hemoglobin/100 mL whole blood and 10 × 103 platelets/mm3 whole blood, respectively
(numbers apply in the absence of active bleeding) [116,117]. While their usefulness cannot
be understated, transfusions are plagued by side effects, with transfusion-related acute
lung injury (TRALI) being one of the most important issues when evaluating the prognosis
of these patients.

TRALI is defined as pulmonary edema occurring within 6 h post-transfusion, in the
absence of other ARDS-precipitating factors or evidence of circulatory overload [118].
It occurs in roughly 1 in every 1000 blood product recipients, with the incidence being
50 to 80 times higher in intensive care settings [118]. However, patients with hematologic
malignancy develop this complication less frequently than other patient categories, most
likely due to the associated neutropenia [118]. Mortality stands at approximately 10%,
while mechanical ventilation requirement occurs in 70 to 90% of cases [119]. Risk factors
associated with TRALI are the total number of administered blood products, previously
pregnant donors, chronic alcohol and tobacco use, pretransfusion shock, and positive fluid
balance [118,119]. The occurrence of TRALI can most often be attributed to the presence
of leukocyte antibodies in the plasma contained in blood products [118]. The antibodies
bind their corresponding recipient antigens and trigger an immune reaction culminating in
resident neutrophil activation, capillary leak, and lung injury [118].

TRALI in neutropenic patients might occur due to antibodies binding directly to
endothelial cells, which are then damaged by reactive oxygen species produced through
the activation of the complement cascade or monocytes [118]. It has been proven that
even platelets are capable of secreting proinflammatory mediators, while also migrating
into alveolae, augmenting leukocytic infiltration [118]. Finally, erythrocyte transfusion
bags might carry significant amounts of proinflammatory factors (reactive oxygen species,
cytokines, etc.), which can trigger acute lung injury in the recipient [118,119].

TRALI is self-limited, with patients recovering within 3 to 4 days. In some cases,
corticosteroids or diuretic therapy might prove useful [2]. In order to reduce the occurrence
rate, mitigation strategies have been implemented: collecting plasma-rich products only
from male donors or nulliparous females, antibody screening in female thrombocyte
apheresis donors (since this product contains a significant amount of plasma), or pooling
together plasma and platelets from multiple donors, to dilute or neutralize any residual
antibodies [119].
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4. Conclusions

ARDS in acute hematologic malignancy represents a real therapeutic challenge, mainly
due to the etiological heterogeneity. Moreover, the short-term prognosis relies on prompt
diagnosis and treatment. Further precision-based strategies aiming to overcome this
heterogeneity should be developed, in the hope of aiding clinicians establishing a diagnosis
more accurately and rapidly. Future studies should focus on identifying the relevance of
such approaches in ARDS secondary to acute hematologic malignancy.
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Abstract: Background and Objectives: FK506 binding protein like (FKBPL) is a member of the im-
munophilin family, with anti-angiogenic effects capable of inhibiting the migration of endothelial
cells and blood vessel formation. Its role as an inhibitor of tumor growth and angiogenesis has
previously been shown in studies with breast and ovarian cancer. The role of FKBPL in angiogenesis,
growth, and carcinogenesis of endometrioid endometrial carcinoma (EEC) is still largely unknown.
The aim of this study was to examine the expression of FKBPL in EEC and benign endometrial
hyperplasia (BEH) and its correlation with the expression of vascular endothelial factor-A (VEGF-A)
and estrogen receptor alpha (ERα). Materials and Methods: Specimens from 89 patients with EEC and
40 patients with BEH, as well as histological, clinical, and demographic data, were obtained from the
Clinical Hospital Centre Zemun, Belgrade, Serbia over a 10-year period (2010–2020). Immunohisto-
chemical staining of the tissue was performed for FKBPL, VEGF-A, and ERα. Slides were analyzed
blind by two pathologists, who measured the intensity of FKBPL and VEGF-A expression and used
the Allred score to determine the level of ERα expression. Results: Immunohistochemical analysis
showed moderate to high intensity of FKBPL expression in 97.5% (n = 39) of samples of BEH, and low
or no expression in 93.3% (n = 83) of cases of EEC. FKBPL staining showed a high positive predictive
value (98.8%) and a high negative predictive value for malignant diagnosis (86.7%). The difference in
FKBPL expression between EEC and BEH was statistically significant (p < 0.001), showing a decrease
in intensity and loss of expression in malignant tissues of the endometrium. FKBPL expression was
positively correlated with ERα expression (intensity, percentage and high Allred score values) and
negatively correlated with the expression of VEGF-A (p < 0.05 for all). Conclusions: FKBPL protein
expression demonstrated a significant decrease in FKBPL in EEC in comparison to BEH tissue, with
a high predictive value for malignancy. FKBPL might be emerging as a significant protein with
antiangiogenic and antineoplastic effects, showing great promise for the diagnostic and therapeutic
applications of its therapeutic derivatives in gynecological oncology.

Keywords: FKBPL; endometrioid endometrial carcinoma; angiogenesis; VEGF-A; estrogen receptor
alpha

1. Introduction

Endometrial carcinoma (EC) is the most common gynecological malignant tumor and
the fourth most common malignancy in women in the United States, with a rising inci-
dence and mortality rate [1]. The highest incidence of EC is observed in post-menopausal
women, although nearly 20% of women are diagnosed before menopause, and approx-
imately 5% of women are diagnosed before the age of 40. In addition to EC, the most
frequently found hyperplastic change of the endometrium is endometrial hyperplasia

Medicina 2022, 58, 1330. https://doi.org/10.3390/medicina58101330 https://www.mdpi.com/journal/medicina
71



Medicina 2022, 58, 1330

without atypia/benign endometrial hyperplasia (BEH). BEH is a hormonally induced
change of the endometrium with a 1–3% risk of developing EC. The main risk factors for
the development of EC are high levels of circulating estrogens, exposure to exogenous
estrogens, obesity, late menopause, nulliparity, a history of polycystic ovary syndrome,
tamoxifen therapy, and Lynch’s syndrome. Histologically, EC is classified as endometrioid,
serous, clear cell, undifferentiated, dedifferentiated, mixed carcinoma, and carcinosarcoma
of the uterine corpus [2–6]. Endometrioid endometrial carcinoma (EEC) accounts for 85%
of cases. EEC is a highly estrogen-dependent tumor, with a plethora of evidence supporting
estrogen stimulation unopposed by progesterone as one of the central mechanisms in its
carcinogenesis. Estrogen receptor alpha (ERα) is the main factor through which estrogens
stimulate mitogenic and proliferative activity in healthy endometrium and EEC [7]. It is
shown that estradiol (E2) stimulates the proliferation and migration of endometrial cancer
stem cells (CSC) through ERα. Paradoxically, the presence of ERα positivity in EECs is
shown to be a positive prognostic marker, as opposed to ERα negative EECs that are more
aggressive tumors with poorer prognoses, which might be due to the dedifferentiation of
tumor cells [8].

The growth of EEC, before the tumor exceeds a volume of 2 mm3, is independent
of vascularization, obtaining nutrients and oxygen by diffusion, but for further growth
formation of new blood vessels, it is necessary to support the metabolic requirements of
neoplastic tissue [9]. Blood vessel growth occurs in the form of vasculogenesis and angio-
genesis. Vasculogenesis occurs via the differentiation of angioblasts, and it is characteristic
of embryonal development, while angiogenesis is growth from previously existing blood
vessels. Angiogenesis is a physiologically highly regulated process, mainly stimulated by
tissue hypoxia. Tumor growth is characterized by a loss of control over angiogenesis by the
constant production of pro-angiogenic and decrease in anti-angiogenic factors, resulting in
the rapid formation of the blood vessels, called the “angiogenic switch” [9].

The vascular endothelial growth factor (VEGF) family is a group of pro-angiogenic
ligands that establish their effects through specific receptors. VEGFs have a central role in
the process of physiological and pathological angiogenesis. VEGF-A is the most prominent
and frequently studied angiogenic factor, shown to have increased expression in EC follow-
ing the dedifferentiation of tumor cells. Increased VEGF-A expression in EC is a marker
of a worse prognosis. Estrogen stimulates angiogenesis through VEGF-A expression in
EC [9–11].

FK506 binding protein like—FKBPL—is a divergent member of the immunophilin
family. It is a well-established anti-angiogenic protein, exhibiting its effects by targeting
the cell surface receptor, CD44, on actively migrating endothelial cells, thus inhibiting
migration and blood vessel formation. FKBPL’s role as a negative regulator of tumor
growth, metastasis, and angiogenesis is established in studies of breast cancer (BC), where
FKBPL’s high expression has been associated with a better prognosis of BC. FKBPL and its
peptide derivative, ALM201, are shown to decrease the migration and invasion of breast
cancer stem cells (CSC) and inhibit the growth of mammospheres of endocrine therapy-
resistant breast CSC [12,13]. FKBPL is a part of the HSP90/ERα co-chaperone complex.
A stable overexpression of FKBPL in breast CSCs is followed by an increased estrogen
dependence on growth and by a higher sensitivity to tamoxifen therapy. A high expression
of FKBPL is followed by a decrease in protein levels of ERα in breast CSCs [14]. Studies
on ovarian cancer have shown that FKBPL therapeutic peptide derivatives stimulate
the differentiation of ovarian CSCs and decrease their numbers while delaying tumor
initiation and the growth of highly vascularized xenografts, in conclusion, establishing
their antitumor effect through the disruption of angiogenesis [15]. On the other hand,
reports on FKBPL’s role in EC are lacking. In a single study examining the genetic profile
of EC, it was reported that the expression of FKBPL was observed in stromal cells [16].
According to available data, the expression of FKBPL was found in the epithelium of
endometrial glands showing moderate and high intensities of cytoplasmic, membranous,
and nuclear expression, with typically pronounced luminal positivity; no expression was
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reported in stromal cells [17]. In EEC tumor cells, data showed expression varying from
none to low and rarely of moderate intensity, whereas the information on FKBPL expression
within stromal cells of EEC was not reported [18]. The aim of this study was to examine
the expression of FKBPL and its correlation with the expression of VEGFR and ERα in BEH
and EEC.

2. Materials and Methods

2.1. Collection of Samples and Data

Samples were obtained from the Clinical Hospital Centre Zemun, Belgrade, Serbia,
over a 10-year period (2010–2020). The study enrolled a total of 89 patients undergoing hys-
terectomy who were diagnosed with EEC and 40 patients undergoing explorative curettage
with a diagnosis of BEH. Inclusion criteria for patients diagnosed with EC included: per-
formed hysterectomy, the availability of clinical staging data, and the availability of paraffin
blocks containing tumor tissue covering at least 5 mm2. Exclusion criteria included: other
histological types of EC, an insufficient amount of tumor tissue for immunohistochemical
staining and analysis, other malignant diseases, and previous oncologic therapy. Additional
parameters analyzed for patients with EEC were: histological tumor grade, tumor stage
(according to Tumor-Node-Metastases (TNM)–based staging and International Federation
of Gynecology and Obstetrics (FIGO) classification), depth of myometrial invasion (DMI),
and the presence of lymphovascular invasion (LVI). The ethics committee of the Clinical
Hospital Centre Zemun approved this study (reference number: 12/1, 29 April 2021).

2.2. Immunohistochemical Staining

Tissue sections (4 μm thick) were deparaffinized and dehydrated. Antigen retrieval
was performed using Tris-buffer pH 9.0 for FKBPL, and citrate buffer pH 6.0 for VEGF
and ER, in a water bath for 30 min at 95 ◦C. In order to block endogenous peroxidase,
slides were treated with a solution containing 3% hydrogen peroxide in phosphate-buffered
saline (PBS) for 10 min, and non-specific antigen binding was blocked using a 1% bovine
albumin serum (BSA) solution in PBS for 30 min. The primary antibodies used were:
rabbit-polyclonal anti-FKBPL (catalog number: 10060-1-AP, Proteintech, 1:800), mouse
monoclonal anti-VEGF (VG-1, Santa Cruz, Dallas, TX, USA, 1:100), and mouse monoclonal
anti-estrogen receptor α (clone 6F11, Novocastra, Newcastle upon Tyne, UK, 1:100) for a
1 h incubation period at room temperature. After incubation, the slides were washed with
PBS, and then streptavidin-horseradish peroxidase (HRP) was applied for 30 min. EnVision
Detection System (DAKO, Jena, Germany) was applied, using 3,3′-diaminobenzidine as
a substrate chromogen and counterstained with hematoxylin. Negative controls were
treated by the same protocol, with a difference of using 1% BSA in PBS instead of a primary
antibody. For positive external control for FKBPL, we used thyroid tissue.

2.3. Histopathological Evaluation

An analysis of immunohistochemical staining of FKBPL and VEGF-A was performed
on 5 fields of magnification 100× and intensity was graded 0–3: 0—negative, 1—low,
2—moderate, 3—high intensity [11,12]. ERα expression was assessed through the Allred
score, a well-established method for the quantification of ER in breast cancer, and suggested
as a useful predictive factor in EC [19]. The Allred score was obtained as the sum of
average intensity of stained nuclei, graded 0–3 (0—negative, 1—low, 2—moderate, 3—high
intensity) and as the proportion of positive stained nuclei, graded 0–5 (0—negative, 1—less
than 1%, 2—1–10%, 3—11–33%, 4—34–66% and 5—67–100% positive nuclei). The total
value of the Allred score was in the range of 0–8, with an established cut-off value for
positivity at a score value of 3. All slides had a blind analysis performed by two pathologists
with 10 and 25 years of experience in the pathology of the female reproductive system
(D.D.O. and D.M.O.).

73



Medicina 2022, 58, 1330

2.4. Statistical Analysis

Numerical data are expressed as mean with standard deviation or as median with
interquartile range. Categorical data are presented by absolute numbers with percentages
and analyzed using a Chi-square test and Fisher exact test. For continuous variables, the
Student t-test or the Mann–Whitney U test was used. The reliability of double-blinded read-
ings was assessed by the Cronbach alpha coefficient. Measures of the diagnostic accuracy
of FKBPL in discriminating between benign hyperplasia and endometrial carcinoma were
determined by the receiver operating characteristic (ROC) analysis, and the cutoff level was
determined. Sensitivity was defined as the % of patients with endometrial carcinoma who
have no or low FKBPL expression (lower than the cut-off) (FKBPL no or low expression
carcinoma patients/number of all carcinoma patients). Specificity was defined as the %
of patients with hyperplasia who have FKBPL moderate or high expression levels (higher
than the cut-off) (FKBPL moderate and high expression hyperplasia patients/number of
hyperplasia patients). The positive predictive value was defined as the % of no or low
FKBPL expression patients who have carcinoma (FKBPL no or low expression carcinoma
patients/number of all FKBPL no or low expression patients). A negative predictive value
was defined as the % of FKBPL moderate or high expression patients who have hyperplasia
(FKBPL moderate or high expression hyperplasia patients/number of all FKBPL moder-
ate or high expression patients). Correlations were examined by correlation coefficients
according to the data scale used in the analyses (nominal by nominal, nominal by ordinal,
and ordinal by scale). In all tests, p < 0.05 was considered statistically significant. Statistical
analysis was performed using IBM SPSS statistical software (SPSS for Windows, release
25.0, SPSS, Chicago, IL, USA).

3. Results

3.1. Study Population

Clinical and histological data of cancer patients are presented in Table 1. The mean age
of patients diagnosed with EC was 65.58 ± 8.59 years, and 45.23 ± 5.79 years for patients
with BEH. Most patients with EEC were G1 and G2 (95.6%) and were diagnosed at an
early-stage T1 (69.7%). EECs were predominantly limited to and did not extend beyond
the uterus (89.9%).

Table 1. Clinical and histological data of cancer patients.

Variable EEC (n = 89)

Grade (%)

G1 40.4 (n = 36)

G2 55.1 (n = 49)

G3 4.5 (n = 4)

TNM stage (%)

T1A 33.7 (n = 30)

T1B 36 (n = 32)

T2 20.2 (n = 18)

T3 10.1 (n = 9)

FIGO stage (%)

IA 31.5 (n = 28)

IB 36 (n = 32)

II 20.2 (n = 18)

III 11.2 (n = 10)

IV 1.1 (n = 1)

Myometrial invasion depth (%)
Less than half 37.1 (n = 33)

One half or more 62 (n = 56)
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Table 1. Cont.

Variable EEC (n = 89)

Lymphovascular invasion (%)
Yes 33.7 (n = 30)

No 66.3 (n = 59)
Tumor-Node-Metastases (TNM)–based staging, International Federation of Gynecology and Obstetrics (FIGO)
staging system.

3.2. Expression of FKBPL, VEGF-A and ERα in EEC and BEH
3.2.1. Reliability of Double-Blind Reading

Chronbach’s alpha coefficient presented a high level of agreement between results
obtained by a double-blind reading of immunohistochemical staining for FKBPL, ERα, and
VEGF-A (Table 2).

Table 2. Reliability of double-blind reading.

Variable Cronbach’s Alpha Internal Consistency

FKBPL 0.994 Excellent

ERα (intensity) 0.997 Excellent

ERα (percentage) 0.987 Excellent

Allred score 0.996 Excellent

VEGF-A 0.970 Excellent
FK506-binding protein-like (FKBPL), vascular endothelial growth factor-A (VEGF-A), estrogen receptor al-
pha (ERα).

3.2.2. Difference of FKBPL Expression in EEC and BEH

There was a significant difference in FKBPL expression between EEC and BEH
(p < 0.001), which demonstrated a decrease in intensity and loss of expression within
the tissue sections with malignant changes of the endometrium (Table 3, Figure 1).

Table 3. Expression of FKBPL, VEGF-A, and ERα in BEH and EEC.

Variable
Benign

Endometrial
Hyperplasia n = 40

Endometrioid
Endometrial

Carcinoma n = 89

Significance
(p)

FKBPL
0/1 2.5% (n = 1) 93.3% (n = 83)

<0.001
2/3 97.5% (n = 39) 6.7% (n = 6)

ERα

Intensity
1 0% (n = 0) 46.1% (n = 41)

<0.001
2/3 100% (n = 40) 53.9% (n = 48)

Percentage
<5 (≤66%) 20.0 (n = 8) 78.7% (n = 70)

<0.001
5 (67–100%) 80.0 (n = 32) 21.3% (n = 19)

Allred
Score

<7 10% (n = 4) 71.9% (n = 64) *
<0.001

7/8 90% (n = 36) 28.1% (n = 25)

VEGF-A
0 95% (n = 38) 57.3% (n = 51)

<0.001
1/2 5% (n = 2) 42.7% (n = 38)

Benign endometrial hyperplasia (BEH), endometrial endometrioid carcinoma (EEC). * 1 sample of endometrioid
endometrial carcinoma had Allred score <3.
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Figure 1. Immunohistochemical staining for FKBPL in endometrioid endometrial carcinoma showing
no expression—0 (A), low expression—1 (B), moderate expression—2 (C), and immunohistochemical
staining for FKBPL in benign endometrial hyperplasia showing high expression—3 (D). Magnifica-
tion ×200.

There was no significant correlation between FKBPL expression and the histological
grade or clinical stage of the tumor or depth of myometrial invasion, or lymphovascular
invasion (p > 0.05).

3.2.3. Measures of Diagnostic Accuracy for FKBPL Expression

Immunohistochemical analysis showed a moderate to high intensity of FKBPL expres-
sion in 97.5% (n = 39) of the samples of BEH, and low or no expression in 93.3% (n = 83) of
the cases of EEC. FKBPL staining showed a high positive predictive value (98.8%), and a
high negative predictive value for malignant diagnosis (86.7%) (Table 4).

Table 4. Measures of diagnostic accuracy for FKBPL expression.

Variable Sensitivity
Positive

Predictive Value
Specificity

Negative
Predictive Value

Accuracy

FKBPL 93.3% 98.8% 97.5% 86.7% 94.6%

3.2.4. Expression of ERα in EEC and BEH

ERα expression was found to be of moderate to high intensity in all samples of BEH,
showing high values for the Allred score in 90% (n = 36) of the cases. ERα positivity in the
EEC samples was determined to be of low intensity in 46.1% (n = 41), moderate intensity in
26.95% (n = 24), and high intensity in 26.95% (n = 24). In the group of patients with EEC,
78.7% (n = 70) showed expression of ERα in less than 66% of tumor glands, while 21.3%
(n = 19) showed positive reaction in over 67% of tumor glands. High Allred score values
were seen in 28.1% (n = 25), while moderate score values were observed in 68.6% (n = 61)
of the EEC samples, whereas 2.2% (n = 2) showed low score values. Overall, there was
a significant decrease (p < 0.001) in ERα expression between the EEC and BEH samples
(Figure 2, Table 3).
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Figure 2. Immunohistochemical staining for ERα in endometrioid endometrial carcinoma showing
low expression—1 (A), moderate expression—2 (B), high expression—3 (C), and immunohisto-
chemical staining for ERα in benign endometrial hyperplasia showing high expression—3 (D).
Magnification ×200.

The intensity of FKBPL expression, observed on the complete sample set from BEH
and EEC patients, was in moderate positive correlation (p < 0.05) with the parameters
of ERα expression (intensity, percentage and high Allred score values). The Allred score
showed the strongest correlation.

3.2.5. Expression of VEGF-A in EEC and BEH

Immunohistochemical expression of VEGF-A was not demonstrated in 95% (n = 38)
of BEHs, whereas a low and moderate intensity of expression was determined in 42.7%
(n = 38) of EECs (Figure 3, Table 3).

 

Figure 3. Immunohistochemical staining for VEGF-A in endometrioid endometrial carcinoma show-
ing no expression—0 (A), low expression—1 (B), moderate expression—2 (C), and immunohisto-
chemical staining for VEGF-A in benign endometrial hyperplasia showing no expression—0 (D).
Magnification ×200.
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The intensity of FKBPL expression, observed on the complete sample set of BEHs
and EECs, was in moderate negative correlation (p < 0.05) with the intensity of expression
of VEGF-A.

4. Discussion

4.1. Expression of FKBPL in EEC and BEH

This study demonstrates the presence of low intensity or loss of expression of FKBPL
in 93.3% of ECs, and a moderate to high intensity of expression in 97.5% of BEHs, sug-
gesting that the intensity of FKBPL expression could be considered as a potential di-
agnostic biomarker in routine endometrial curettage examination with high positive
and negative predictive value, differentiating between benign and malignant changes
of the endometrium.

These findings are in accordance with studies analyzing the expression of FKBPL in a
medium of healthy cell culture and in cell culture of BC, where FKBPL was detected in the
medium of healthy cell lines and was absent in the medium of BC culture unless it was
experimentally overexpressed. The study concluded that FKBPL is an endogenous secreted
antiangiogenic protein, whose downregulation in neoplastic cells allows uncontrolled
tumor growth potential. The same study showed that the administration of purified
recombinant FKBPL and its peptide derivative, AD-01, inhibited the migration of tumor
cells [20]. A similar study reported a low level of secretion of FKBPL in the BC cell line
when compared with human microvascular endothelial cells (HMEC-1), and a decreased
secretion of FKBPL by HMEC-1 when cultivated under hypoxic conditions. Part of this
study examined tumor growth in a FKBPL knockdown mouse model, confirming increased
vascular sprouting and tumor growth [21]. In our study, we showed no or low expression
of FKBPL in EECs, which was substantially lower than in BEHs and in agreement with
previously reported data. The lack of correlation of FKBPL with tumor grade, clinical stage,
DMI, and LVI, might be due to limiting factors of the study, including that most of the
EECs were of low grade (grade 1 and 2) and stage I, producing a group of biologically
similar tumors. These limitations correspond to usual practice circumstances, since the vast
majority of EEC cases are diagnosed at an early stage due to a typical symptom of abnormal
uterine bleeding that warrants further examination of patients and timely diagnosis. The
clinical and biological similarity of this experimental group is also influenced by the FIGO
grading system, classifying ECs as: well, moderately, and poorly differentiated (grades 1, 2,
and 3), which are grouped as low grade (grade 1 and 2) and high grade (grade 3) in cases
of EEC [6]. In addition, this distinction is aligned to the traditional classification of ECs
according to Bokhman as type I, low-grade endometrioid, dominantly estrogen-dependent,
with more favorable prognosis, and type II, endometrial carcinomas of non-endometrioid
morphology, including undifferentiated and dedifferentiated ECs [3–5].

4.2. Expression of ERα and FKBPL

Our findings showed a decrease in ERα expression in EECs compared with BEHs
(p < 0.001). In addition, there was a moderate positive correlation between the intensity of
the expression of FKBPL and ERα when BEHs and EECs were combined. These findings are
interesting given that the previous reports showed FKBPL downregulating ERα expression
in BC, leading to decreasing phosphorylation of ERα, and increasing sensitivity to tamox-
ifen; in addition, FKBPL expression was upregulated by estrogen treatment [14]. Therefore,
FKBPL and ERα expression are expected to be negatively correlated. A possible explana-
tion for these differences might be due to the fact that FKBPL expression is stimulated by
estrogen, whereas in our study, most of our patients were of postmenopausal age, with
likely lower circulating estrogen levels. Limitations of our study include the lack of data
on the potential use of estrogen replacement therapy, body mass index, and the inability
to stratify patients according to the low/high ERα expression in the EECs group due to
the large percentage of ERα positive tumors. Further findings might be obtained from a
larger group containing more ERα negative EECs. In addition, it has been reported that the
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effects of ERα antagonists, including tamoxifen, a known risk factor for the development
of EEC, are tissue-specific, differing between EEC and BC by inhibiting the growth of BC
cells and stimulating the growth of EECs [22]. Our findings correspond to two known
dilemmas surrounding EECs. The first is that estrogen stimulation of the endometrium
unopposed by progesterone plays an important role in the carcinogenesis of EEC; however,
EECs predominantly occur in postmenopausal women who have lower levels of circulating
estrogens. This is called “the endometrial carcinoma paradox”. The second dilemma to
which our findings are aligned is the increased incidence of EECs in women treated with
tamoxifen, which occurs in parallel to the inhibition of BC cells, despite the fact that both
EEC and BC are highly estrogen-dependent tumors. Therefore, the role of ERα in EEC is
still not fully understood and is somewhat contradictory. Hence, future studies should
focus on elucidating this mechanism further.

4.3. Expression of VEGF-A and FKBPL

In this study, we showed an increase in VEGF-A expression in EECs compared with
BEHs. In addition, when the complete sample set of BEHs and EECs was analyzed, we
found a moderate negative correlation between the expression of FKBPL and VEGF-A
(p < 0.05). Previous studies have shown that VEGF does not affect FKBPL expression, which
was experimentally demonstrated ex vivo using an aortic ring assay following treatment
with VEGF, where increased sprouting was indicative of increased angiogenesis from both
wild-type and heterozygous FKBPL knockdown murine aortas, suggesting that FKBPL and
VEGF affect angiogenesis through different pathways [21]. In light of these reports, the
negative correlation that we have reported between FKBPL and VEGF-A might indicate an
indirect interaction or two independent changes that complement each other as part of a
pro-angiogenic switch in EEC. Also considering that previously published data relate both
FKBPL and VEGF-A to estrogen and ERα [10,14], there could be a potential crosslink in the
regulation of the balance between these two proteins with contrasting angiogenic effects.
Several therapeutic approaches have been developed showing favorable results in blocking
VEGF action, including blocking antibodies, decoy receptors, and small interfering RNA
targeted at VEGF-A mRNA. However, anti-angiogenic therapy is still limited to small
specific groups of patients, is associated with adverse effects, and many initially responsive
patients develop resistance over time, creating a need for further understanding of the
mechanisms and factors involved in the angiogenic process of EC [9,10]. An FKBPL peptide
derivative, ALM-201, completed a phase I first-in-human clinical trial for ovarian cancer
and other advanced solid tumors, which included two patients with EC in the safety trial
group. Subsequently, ALM-201 was designated as an orphan drug for ovarian cancer
by the Food and Drug Administration [23]. Further studies investigating FKBPL and its
therapeutic peptide-derivative use in patients with EEC are needed in order to confirm
the results obtained in our study. Considering that EEC is an evolving disease with a
heterogeneous presentation and unelucidated mechanisms of carcinogenesis, there is a
need for the pursuit of novel diagnostic and therapeutic approaches, which could include
FKBPL-based markers and therapies that harness this emerging mechanism in EECs.

5. Conclusions

To our knowledge, we present the first comprehensive study on the immunohistochem-
ical expression of FKBPL in EEC, showing a significant decrease in FKBPL in comparison
to BEH with a high predictive value of malignancy. In addition, the study gives insight into
the correlation between FKBPL expression and ERα as a known effector of endometrial
proliferation, and VEGF-A as one of the central pro-angiogenic factors and target proteins
for anti-angiogenic therapy in EEC patients.
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Abstract: Background and Objectives: To assess the efficacy and safety of hepatic arterial infusion
chemotherapy (HAIC) with oxaliplatin plus raltitrexed (HAICROX) as an alternative treatment
option for advanced hepatocellular carcinoma (HCC) patients who are ineligible for, or failed,
the transarterial chemoembolization (TACE) treatment. Materials and Methods: From July 2020 to
November 2021, a total of 35 HCC patients were enrolled and received HAIC with oxaliplatin plus
raltitrexed. The overall survival (OS) and time to progression (TTP) were primary and secondary
endpoints, respectively. The tumor response was assessed by the modified response evaluation
criteria in solid tumors (mRECIST), and the adverse events were investigated using the common
terminology criteria for adverse events version 5.0 (CTCAE 5.0). Results: The median OS and TTP
were 10 months (95% confidence interval (CI): 5.5–14.6) and 3.5 months (95% CI: 2.3–4.7), respectively.
By means of multivariate analysis, anti-programmed cell death protein 1 (anti-PD-1) immunotherapy
was found to be an independent prognostic factor for better survival. No patients experienced toxicity-
related death. Thrombocytopenia, alanine aminotransferase (ALT), and aspartate aminotransferase
(AST) elevation were the most common toxicities. No grade 3 or higher adverse events related to
HAICROX were observed. Conclusion: HAICROX showed valuable efficacy and tolerable toxicity
in advanced HCC patients who progressed on TACE or were ineligible for TACE. HAICROX is a
promising treatment for advanced-stage HCC patients with TACE failure or ineligibility.

Keywords: hepatic arterial infusion chemotherapy; hepatocellular carcinoma; transarterial
chemoembolization; treatment failure; unsuitability

1. Introduction

Hepatocellular carcinoma (HCC) is one of the most common malignancies and the
fourth leading cause of cancer-related death worldwide [1]. HCC is also the third most
common cause of cancer-related deaths in China [2]. As HCC is often asymptomatic, most
patients are already in the intermediate and advanced stages when first diagnosed. The
prognosis is dismal, with a median untreated survival time of 7–9 months [3]. Although
tyrosine kinase inhibitors (TKIs) and immune checkpoint inhibitors are regarded as pre-
ferred treatments [4], TACE is currently recognized as the most commonly used method for
the non-surgical treatment of advanced liver cancer [5–7]. However, TACE is not suitable
for patients with diffuse HCC, an arterioportal/arteriovenous shunt, or main portal vein
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tumor thrombosis [5], who are considered as TACE-ineligible. Meanwhile, some patients
are classified as TACE-refractory, defined as having refractoriness to TACE after more than
two TACE procedures within 6 months [8]. However, there are currently no consistent
conclusions on later-line treatments with TACE-refractory or -ineligible patients.

Hepatic arterial infusion chemotherapy (HAIC) is a method of local treatment with a
high drug concentration in the liver and few systemic adverse reactions. Several studies
have shown that the combination therapy of sorafenib (SORA) plus FOLFOX4-HAIC (the
infusion of 5-fluorouracil, leucovorin, and oxaliplatin) showed better survival benefits
compared with SORA alone [9–11]. In addition, Hsu found that HAIC with FOLFOX4 also
showed acceptable outcomes in advanced HCC patients who failed, or were unsuitable
for, TACE; the overall survival (OS) and progression-free survival (PFS) were 9.0 months
(95% CI: 7.6–10.4) and 3.7 months (95% CI: 3.1–4.3), respectively.

However, the transarterial infusion of 5-fluorouracil needs approximately 44–48 h
because 5-fluorouracil is a time-dependent chemotherapy drug. Prolonged arterial in-
fusion is inconvenient and increases the risk of intrahepatic catheter thrombosis and
displacement [12]. Conversely, raltitrexed is another thymidylate synthase inhibitor with
a longer half-life than 5-Fu, reaching 198 h, and can exert a stable anti-tumor effect over
a long period of time [13]. It was regarded as a better candidate for HAIC in HCC. A
retrospective study showed that hepatic arterial infusion with a low dose of raltitrexed plus
oxaliplatin (HAICROX) was effective in patients with advanced HCC with MPVTT; the me-
dian survival time was 8.7 months [14]. A phase II prospective study performed HAICROX
in patients with intermediate and advanced-stage HCC; the ORR was 18 (51.4%) out of
35 patients, the DCR was 31 (79.5%) out of 35 patients, the median TTP was 6.7 months
(95% CI: 4.6–8.8), and no treatment-related grade 3 or 4 toxicities or deaths were found [15].
However, the efficacy and safety of HAICROX treatment for TACE-refractory or -ineligible
advanced HCC patients remain unknown.

Here, we carried out this study to investigate the efficacy and safety of HAICROX for
advanced HCC patients with TACE failure or ineligibility.

2. Materials and Methods

2.1. Patients

The inclusion criteria were: (1) pathologically or radiologically (contrast-enhanced
magnetic resonance imaging (MRI) or computed tomography (CT)) confirmed advanced
HCC based on the American Association for the Study of Liver Disease criteria. (2) TACE
refractoriness/failure, defined as disease progression after more than two TACE sessions
(The Japan Society of Hepatology (JSH) defines refractoriness to TACE as a failure to control
target lesions or the appearance of new lesions, even after two or more consecutive TACE
sessions). TACE ineligibility was defined as diffuse HCC, with major portal vein cancer
metastasis, a severe arterioportal/arteriovenous shunt on angiography, tumor thrombosis
in the inferior vena cava or right atrium, having received TACE treatment at least once.
(3) Patients had at least one measurable lesion. (4) Patients had a Child–Pugh score of ≤6
and an Eastern Cooperative Oncology Group (ECOG) performance status of ≤ 1.

The exclusion criteria were: uncontrollable infection; hepatic encephalopathy; gastroin-
testinal bleeding; refractory ascites; serum bilirubin levels > 3.0 mg/dL; ALT and AST more
than 3 times the upper normal limit; albumin levels < 2.5 g/dL; platelet count < 50 × 109/L;
and serum creatinine levels > 1.5 mg/dL. This study was approved by the ethical review
board of our institution. Informed consent was waived for all patients. Between July 2020
and November 2021, a total of 35 patients with advanced-stage HCC, confirmed as being
TACE-refractory or -ineligible and treated with HAICROX, were included. The demo-
graphic, clinical, and survival information was extracted from electronic medical records.

2.2. HAIC Procedures

For the HAIC with the oxaliplatin plus raltitrexed procedure, the Seldinger technique
was performed through the femoral artery or the radial artery, and a catheter and a coax-
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ial microcatheter were inserted into the feeding hepatic artery. The following regimens
of ROX were administered: oxaliplatin (67–75 mg/m2 continuous infusion for 4 h) and
raltitrexed (2 mg/m2 continuous infusion for 1 h). After priming chemotherapy, we re-
moved the catheter and microcatheter, performed the treatment every 3–4 weeks, and then
discontinued the treatment, as previously defined [15].

2.3. Assessment and Follow-Up

Liver function tests; routine blood tests; and determinations of cytokine, alpha-
fetoprotein (AFP), and prothrombin (induced by vitamin K absence-II (PIVKA-II)) levels
were performed before every treatment period, and contrast-enhanced CT or MRI of the
upper abdomen was performed every 2–3 cycles of HAIC therapy to assess the treatment
outcome, according to the modified response evaluation criteria in solid tumors (mRECIST).
A further examination was performed if patients had suspected extrahepatic spread. As in a
previous study [16], the albumin–bilirubin (ALBI) score was calculated using the following
formula: ALBI score = (0.66 × log10 total bilirubin (μmol/L)) + (−0.085 × serum albumin
(g/L)). The last follow-up date was 13 March 2022.

The ORR was defined as the number of patients who achieved either a partial response
(PR) or a complete response (CR). Additionally, the disease control (DCR) was calculated as
the sum of the CR, PR, and stable disease (SD). The primary endpoint of our study was OS,
and the secondary endpoint was TTP. In this study, the OS was defined as the period from
the initiation of HAIC treatment to death or the last known follow-up, and the TTP was
defined as the time from the start of HAIC therapy to disease progression (a radiological or
clinical evaluation by mRECIST).

The grade of toxicity was recorded and graded according to the National Cancer
Institute’s common terminology criteria for adverse events (CTCAE, version 5.0).

2.4. Statistical Analysis

For baseline characteristics, the categorical variables are described as frequencies and
percentages, while continuous variables are presented as the mean ± standard deviation
(SD). The Kaplan–Meier method was used to estimate the TTP and OS. Univariate analyses
were performed using the log-rank test. For the univariate analysis results, variables with
a p < 0.05 were entered into the multivariate analysis. The multivariate Cox model was
applied to identify independent risk factors. All statistical tests were 2-sided, and p < 0.05
was considered statistically significant. SPSS software (SPSS version 22.0; SPSS, Chicago,
IL, USA) was used to perform the statistical analyses.

3. Results

3.1. Patients Characteristics

In total, between July 2020 and November 2021, 35 HCC patients with either TACE
unsuitability or refractoriness received HAICROX treatment and were enrolled in this
study. The baseline demographics and characteristics of enrolled patients are shown in
Table 1.

Table 1. Clinical characteristics of 35 advanced HCC patients with TACE refractoriness or ineligibility.

Characteristic n= 35

Age 1 53.0 ± 11.7
Gender

Male 33 (94.3%)
Female 2 (5.7%)

HBV
Negative 5 (14.3%)
Positive 30 (85.7%)

HCV
Negative 33 (94.3%)
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Table 1. Cont.

Characteristic n= 35

Positive 2 (5.7 %)
HBV + HCV coinfection 1 (2.9%)

Child–Pugh
A 34 (97.1%)
B 1 (2.9%)

ECOG
0 15 (42.9%)
1 20 (57.1%)

Tumor size (mm) 1 83.8 ± 44.8
Tumor number

≤3 10 (28.6%)
>3 25 (71.4%)

Tumor thrombosis
None 14 (40%)

Inferior vena cava (IVC) 7 (20%)
Main portal vein 3 (8.6%)

Branch of the portal vein 9 (25.7%)
Distant branch of portal vein 2 (5.7%)

Extrahepatic metastasis
Yes 19 (54.3%)
No 16 (45.7%)

Number of HAIC treatments 2.3 ± 1.1
Number of previous TACE treatments 2.7 ± 2.3

Previous TKI lines
1st 22 (62.9%)

≥2nd 13 (37.1%)
Later-line treatment

Anti-PD-1 22 (62.9%)
TACE 10 (28.6%)

TBIL (μmol/L) 2 12.2 (8.5–19.2)
ALT (U/L) 2 36 (22–48)
AST (U/L) 2 44 (35–68)

Albumin (g/L) 1 40.3 ± 5.2
ALP (U/L) 2 127 (92–198.5)
GGT (U/L) 2 160 (78–207)

WBC (×109/L) 2 5.76 (4.01–6.74)
Neu (×109/L) 2 3.5 (2.1–4.6)
PLT (×109/L) 2 161 (101–192)

L (×109/L) 2 1.1 (0.8–1.6)
NLR 2 2.8 (1.8–5.1)
PLR 2 128.1 (91.8–151.5)

IL-6 (pg/mL) 2 10.4 (5.9–18.6)
IL-8 (pg/mL) 2 36.95 (17.75–63.73)
TNF (pg/mL) 2 8 (6.7–14.7)
IL-2R(U/mL) 2 557.5 (340–927)

ALBI (grade1/grade2/grade3) 21 (60%)/14 (40%)/0
AFP (ng/mL) 2 457.2 (75.3–4917)

PIVKA-II (mAU/mL) 2 4139 (703–28,798)
TBIL, total bilirubin; ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase;
GGT, γ-glutamyl transpeptidase; WBC, white blood cell count; Neu, neutrophil cell count; PLT, platelet count; L,
lymphocyte cell count; NLR, neutrophil–lymphocyte ratio; PLR, platelet–lymphocyte ratio; IL-6, interleukin-6;
IL-8, interleukin-8; TNF, tumor necrosis factor; IL-2R, interleukin-2R; ALBI, albumin–bilirubin grade; AFP, alpha-
fetoprotein; PIVKA-II, prothrombin induced by vitamin K absence II. 1 Data are presented as the mean ± SD.
2 Data are presented as the median (interquartile range).

All patients received TKI treatments; among them, 30 patients were refractory to
TACE and 5 patients were ineligible for TACE because of major vascular tumor thrombosis.
The average age of patients was 53 ± 11.7 years, and the median follow-up period was
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10 months (range: 2–17.2). Most patients with an advanced stage of HCC were male (33/35,
94.3%) and had hepatitis B (30/35, 85.7%), a small number of patients had hepatitis C (2/35,
5.7%), and just one patient (2.9%) had an HBV and HCV co-infection. Most patients (34/35,
97.1%) belonged to Child–Pugh class A, and 21 (60%) and 14 (40%) patients had liver
functions of ALBI grade 1 and grade 2, respectively. Twenty (57.1%) patients had ECOG 1.
Twenty-five (86.7%) patients had more than three tumors. In total, 21 (60%) patients had
portal vein thrombosis (PVTT), while 7 (20%) patients had tumor thrombosis in the inferior
vena cava. Nineteen (54.3%) patients had extrahepatic metastasis, including four (11.4%)
patients with pulmonary metastasis, four (11.4%) patients with bone metastasis, seven (20%)
patients with lymph node metastasis, three (8.6%) patients with abdominal metastasis,
and one (2.9%) patient with gallbladder invasion. The median number of previous TACE
sessions was 2.7 ± 2.3. Meanwhile, 13 (37.1%) patients had received more than the second
line of TKI treatment and 22 (62.9%) patients had received anti-PD-1 immunotherapy.

3.2. Efficacy and Safety
3.2.1. Tumor Response

The mean number of HAIC treatments was 2.3 (range: 1–5). At 2 months after HAIC
treatment, 4 (11.4%) patients had a PR, 16 (45.7%) patients had an SD and 15 (42.9%)
patients had a PD. Accordingly, the ORR was 11.4% and the DCR was 57.1%. Table 2 lists
the treatment outcome details.

Table 2. Tumor response assessed according to mRECIST after two months of HAIC treatment.

Tumor Responses n = 35 (%)

CR 0
PR 4 (11.4%)
SD 16 (45.7%)
PD 15 (42.9%)

ORR 4 (11.4%)
DCR 20 (57.1%)

CR, complete response; PR, partial response; SD, stable disease; PD, progressive disease; ORR, objective response
rate; DCR, disease control rate.

3.2.2. Survival Outcome

In total, 21 out of 35 (60%) patients had died at the end of follow-up (March 2022).
The mean follow-up time was 10 months (range: 2–17.2). The median OS and TTP were
10 months (95% CI: 5.5–14.6) and 3.5 months (95% CI: 2.3–4.7), respectively (Figure 1).
The median OS for patients who achieved a response (PR) to HAIC treatment was not
reached, and the median OS for patients with SD and PD (non-respondents) was 8.6 months
(95% CI: 5.5–11.8). Patients who achieved clinical benefits (CR + PR + SD) showed a longer
OS and TTP compared with people without clinical benefits (median OS, not reached vs.
6.8 months, p = 0.014; median TTP, 6.5 months vs. 2.6 months, p = 0.023) (Figure 2). These
results show that achieving a clinical benefit could predict the patients’ survival. In addition,
patients with anti-PD-1 combination therapy showed better OS and TTP than without anti-
PD-1 immunotherapy (median OS, 15.8 months (95% CI 7.4–24.2) vs. 6.7 months (95% CI
3.7–9.8), p = 0.01; median TTP, 6.5 months (95% CI 1.6–11.4) vs. 2.1 months (95% CI 1.1–3.0),
p = 0.043) (Figure 3).
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(a) (b) 

Figure 1. Kaplan–Meier curves for overall survival (OS) (a) and time to progression (TTP) (b) in
35 patients undergoing HAIC with oxaliplatin plus raltitrexed (HAICROX).

(a) (b) 

Figure 2. Kaplan–Meier curves for overall survival (OS) (a) and TTP (b) for patients with clinical
benefits (CR + PR + SD) and without clinical benefits (PD) in HCC patients treated with HAICROX,
who experienced TACE treatment failure or unsuitability.

3.2.3. Safety and Toxicity

No treatment-related deaths occurred, and no patients experienced grade 3 or 4 toxici-
ties. The most common toxicities associated with HAIC included AST and ALT elevation
(both 34.3%), thrombocytopenia (17.1%), bilirubin elevation (8.6%), general weakness
(8.6%), dyspepsia/anorexia (2.9%), nausea/vomiting (2.9%), gastrointestinal (GI) bleeding
(2.9%), hyponatremia (2.9%), ascites aggravation (2.9%), and hepatic encephalopathy (2.9%).
HAIC-related toxicities are detailed in Table 3.
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(a) 

 
(b) 

Figure 3. Kaplan–Meier curves for OS (a) and TTP (b) in patients, stratified by treatment with or
without anti-PD-1 immunotherapy.

Table 3. HAICROX associated with adverse events in 35 HCC patients.

Adverse Event
Grades I

n (%)
Grades II

n (%)
Grades III

n (%)
Grades IV

n (%)

Thrombocytopenia 4 (11.4%) 2 (5.7%) 0 0
Dyspepsia/anorexia 1 (2.9%) 0 0 0

Nausea/vomiting 1 (2.9%) 0 0 0
GI bleeding 0 1 (2.9%) 0 0

Fatigue 3 (2.9%) 0 0 0
General weakness 3 (8.6%) 0 0 0

AST elevation 11 (31.4%) 1 (2.9%) 0 0
ALT elevation 11 (31.4%) 1 (2.9%) 0 0

Bilirubin elevation 3 (8.6%) 0 0 0
Hyponatremia 1 (2.9%) 0 0 0

Ascites aggravation 1 (2.9%) 0 0 0
Hepatic encephalopathy 1 (2.9%) 0 0 0

GI bleeding, gastrointestinal bleeding; AST, aspartate aminotransferase; ALT, alanine aminotransferase.

3.3. Prognostic Factors

In the univariate analysis, tumor size, total bilirubin (TBIL), albumin (ALB), ALBI-
grade, AST, GGT, IL-8, PIVKA-II, and treatment with anti-PD-1 immunotherapy were sig-
nificantly associated with OS. Multivariate Cox analysis demonstrated that treatment with
anti-PD-1 immunotherapy was an independent prognostic factor for OS (details are pre-
sented in Table 4). In the univariate analysis, AST and receiving later-line TACE or anti-PD-1
treatment were significantly associated with TTP. However, according to multivariate Cox
analysis, there were no independent prognostic factors for TTP (Supplementary Table S1).
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Table 4. Prognostic factors associated with overall survival in 35 patients (* p < 0.05 is considered
statistically significant).

Univariate Analysis Multivariate Analysis

HR 95% CI p Value HR 95% CI p Value

Gender (M/F) 0.545 0.21–1.414 0.212
Age (<50 vs. ≥50) 0.61 0.257–1.452 0.081

Etiology (HBC vs. HCV vs. unknown) 0.128 0.013–1.286 0.173
TB (μmol/L) 1.066 1.014–1.121 0.007 * 1.076 0.978–1.185 0.134

Albumin (g/L) 0.879 0.800–0.966 0.013 * 1.013 0.822–1.248 0.905
ALBI-grade 2.71 1.105–6.647 0.029 * 2.982 0.259–33.046 0.385
ALT (U/L) 1.024 0.999–1.049 0.059
AST (U/L) 1.018 1.009–1.026 <0.001 * 1.019 0.998–1.040 0.082
ALP (U/L) 1.008 1.003–1.014 0.093
GGT (U/L) 1.004 1.001–1.008 0.027 * 0.997 0.988–1.007 0.554

WBC (×109/L) 0.996 0.795–1.248 0.971
PLT (×109/L) 0.997 0.989–1.005 0.437
Neu (×109/L) 1.094 0.791–1.512 0.558

L (×109/L) 0.541 0.391–1.637 0.113
NLR 1.094 0.853–1.403 0.48
PLR 0.999 0.993–1.006 0.867
IL-6 1.01 0.985–1.035 0.444
IL-8 1.008 1.002–1.014 0.007 * 0.998 0.986–1.009 0.689

IL-2R 1.001 1–1.002 0.142
TNF 1.004 0.996–1.013 0.284

AFP (<400 mg/L, ≥400 mg/L) 2.242 0.924–5.439 0.741
PIVKA-II (<400 mAU/mL,

≥400 mAU/mL) 2.286 0.668–7.828 0.001 * 0.554 0.095–3.236 0.512

Tumor size (mm) 1.01 1–1.02 0.04 * 1.01 0.992–1.028 0.28
Tumor number (1–3/>3) 1.739 0.634–4.766 0.282

Tumor thrombosis (yes, no) 1.15 0.469–2.819 0.759
Extrahepatic metastasis 1.2 0.508–2.837 0.677
TACE times (1–2/>2) 1.115 0.461–2.696 0.809
TKIs lines (1st/>2nd) 1.395 0.590–3.3 0.449

ECOG (0/1) 0.632 0.268–1.491 0.295
Child–Pugh class (A/B) 3.318 0.404–27.279 0.264
Times of HAIC (1, 2/>2) 0.722 0.449–1.161 0.179

Later-line treatment
TACE (0, ≥1) 1.395 0.590–3.300 0.449

Anti-PD-1 (yes, no) 0.329 0.135–0.802 0.014 * 0.267 0.075–0.953 0.042 *

TBIL, total bilirubin; ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase;
GGT, γ-glutamyl transpeptidase; WBC, white blood cell count; Neu, neutrophil cell count; PLT, platelet count; L,
lymphocyte cell count; NLR, neutrophil–lymphocyte ratio; PLR, platelet–lymphocyte ratio; IL-6, interleukin-6;
IL-8, interleukin-8; TNF, tumor necrosis factor; IL-2R, interleukin-2R; ALBI, albumin–bilirubin grade; AFP, alpha-
fetoprotein; PIVKA-II, prothrombin induced by vitamin K absence-II; TACE, transarterial chemoembolization;
TKIs, tyrosine kinase inhibitors; ECOG, Eastern Cooperative Oncology Group; HAIC, hepatic arterial infusion
chemotherapy; anti-PD-1, anti-programmed cell death protein 1 immunotherapy.

4. Discussion

TACE still represents a mainstay of treatment and is often the first-line therapy in
patients with advanced HCC, but TACE failure or ineligibility remains a challenge for
clinicians. This study provides a later-line option for advanced HCC patients with TACE
refractoriness/failure or ineligibility. In this study, all patients received TKI treatment and
belonged to the TACE-failure or -ineligible advanced HCC group. The median OS and TTP
were 10 months (95% CI: 5.5–14.6) and 3.5 months (95% CI: 2.3–4.7), respectively, similar to
previous studies [9].

Although TKI- and anti-PD-1-based treatments are regarded as basal therapies for
advanced HCC according to many international HCC guidelines, TACE is the most fre-
quently utilized treatment [7,17]. SHARP and Oriental studies showed that sorafenib
could delay advanced HCC tumor progress (median TTP, 2.8–5.5 months) and prolong
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patient survival (median OS, 6.5–10.7 months) [18,19]. Meanwhile, lenvatinib was not
inferior to sorafenib in advanced HCC (median OS, 13.6 months vs. 12.3 months) [20].
Additionally, some studies showed that the survival time of TACE treatment was compa-
rable to sorafenib alone [21,22]. Moreover, some reviews have demonstrated that TACE
plus sorafenib/lenvatinib was more effective than sorafenib/lenvatinib or TACE alone
in advanced HCC patients [23–26]. In addition, patients with diffuse HCC, portal vein
tumor thrombosis, or an arterioportal/arteriovenous shunt are not suitable for TACE.
Furthermore, some HCC patients became TACE-refractory after repeatedly undergoing
TACE treatment. More importantly, multiple TACE treatments may cause liver function
abnormalities. For these patients, switching to other TKIs or PD-1 inhibitor treatments
may be a good choice, such as using sorafenib [27], lenvatinib [28], and apatinib [29,30].
However, some patients may not withstand TKI treatment, and the treatment efficacy
was poor (only prolonging OS by 3–6 months). Other TKIs, for example, regorafenib [31],
apatinib [32], and cabozantinib [33], may also be selected for advanced HCC. However,
the treatment effects were also limited, and the ORR was 2–18.8% [34]. Although several
PD-1/PD-L1 inhibitors served as second-line treatments for unresectable HCC patients
with a median OS of 13.9–15.6 months [35–37], they are not suitable for patients with a high
tumor burden and a short life expectancy of less than 3 months.

HAIC has been used classically for unresectable colorectal liver metastases [38], and is
also widely performed in HCC patients. Some studies showed that HAIC with FOLFOX4
is superior to sorafenib for advanced HCC patients [39,40]. JSH consensus statements
proposed that HAIC is another choice for patients with a liver function of Child–Pugh class
B or worse at the time of TACE failure/refractoriness [41]. In the present study, instead of
5-FU, raltitrexed was used in the treatment of HAIC, which shortened the infusion time,
improved patient comfort, and reduced hospitalization hours. A phase II prospective study
showed that raltitrexed-plus-oxaliplatin-based HAIC led to a higher ORR (51.4%, 18 of
35 patients) and was considered safe and tolerable in patients with unresectable HCC [15].
Another retrospective study highlighted the efficacy of low-dose continuous HAICROX for
advanced HCC patients with MPVTT, where the median survival time was 8.7 months [14].
However, the survival benefits of HAICROX treatments as a later-line therapy in TACE-
TKI-failed or -refractory HCC remain unknown. In this study, we treated TACE-failed or
-ineligible advanced HCC patients with HAIC with raltitrexed plus oxaliplatin. Taking the
patient’s liver function and physical strength into consideration, the dosage of raltitrexed
and oxaliplatin was reduced by one-third compared to the dosage in previous HAICROX
studies [15]. The ORR and DCR were significantly lower in our study compared to previous
results (ORR, 51.4%, 18 of 35 patients; DCR, 88.6%, 31 of 35 patients) [15], but our patients
belonged to a less favorable subset of clinical baseline characteristics, such as a greater
tumor burden (71.4% of patients with more than three tumors) and they were at a later
BCLC stage (all of them were BCLC stage cases, 60% of patients had vascular invasion, and
54.3% of patients with extrahepatic metastasis). In fact, all of our patients were classified as
TACE-failed (85.7% of patients) or TACE-unsuitable (14.3% of patients) and had received
first or second lines of TKI therapy. However, our survival outcomes, including OS and
TTP, were 10.0 months (95% CI: 5.5–14.6) and 3.5 months, respectively (95% CI: 2.3–4.7),
comparable to those receiving HAIC with modified FOLFOX, as reported by Hsu SJ [9]. Of
note, the patients in our study who received clinical benefits from HAICROX had improved
OS and TTP compared to non-responders (median OS, not reached vs. 6.8 months, p = 0.014;
median TTP, 6.5 months vs. 2.6 months, p = 0.023).

The results from the Check Mate 459 [42] and KEYNOTE-240 [36] trials show that
anti-PD-1 immunotherapy with nivolumab or pembrolizumab as a single agent did not
meet the setting primary endpoints (OS). However, in this study, anti-PD-1 treatment
combination therapy was identified as an independent prognostic factor, and the patients
who accepted anti-PD-1 immunotherapy and HAICROX plus TKI treatments achieved
better survival outcomes; the median OS was 15.8 vs. 6.7 months (p = 0.01; HR = 0.329; 95%
CI: 0.135–0.802) and the median TTP was 6.5 vs. 2.1 months (p = 0.043; HR 0.324; 95% CI:
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0.113–0.926), which implied that the combination therapy may be a valuable choice and
should be verified in our future studies. Consistent with another study, HAIC combined
with anti-PD-1 immunotherapy (HAICAP) was superior to HAIC treatment alone for
advanced hepatocellular carcinoma [43]. The potential mechanism may be that HAIC can
improve anti-tumor immunity by releasing the neoplasm antigens from killed liver tumor
cells [44] and increase PD-1/PD-L1 expression in the tumor microenvironment (TME). The
combination of anti-PD1 therapy and locoregional therapy may also reduce the proportion
of Tregs and the aggregation of myeloid-derived suppressor cells (MDSCs) [45].

Compared to previous research [14,15], HAICROX in TACE-refractory or -failed ad-
vanced HCC showed good tolerance and safety in our study. The most frequent adverse
events were thrombocytopenia (17.1%), alanine aminotransferase (ALT), and aspartate
aminotransferase (AST) elevation (34.29%, both), which can be managed and alleviated
through dose reduction. Overall, these results show that HAICROX is a promising treat-
ment for advanced HCC patients who failed or are unsuited to TACE combined with
TKI treatments, and the subsequent HAICROX therapy prolonged the OS and TTP of
advanced-stage HCC patients to some extent.

However, this study has several limitations. Firstly, this is a retrospective study, and
all clinical data were obtained from a single medical center. Secondly, the categories of PD-1
inhibitors varied, which might influence the uniformity of the treatment procedure. Thirdly,
our study was a single-arm study, and the sample size was small. Thus, more randomized
controlled trials are required to verify the efficacy of HAICROX in this clinical setting.

In conclusion, this result highlighted that HAICROX largely prolonged the OS and
TTP of advanced HCC patients who progressed on TACE-based treatment or were unsuit-
able/ineligible for TACE. The results provide a promising option for the later-line treatment
for the majority of advanced HCC patients with TACE failure or ineligibility.

5. Conclusions

HAICROX showed valuable efficacy and tolerable toxicity, and it is an alternative
option for advanced-stage HCC patients with TACE failure or ineligibility.
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Abstract: Background and Objectives: Triple-negative breast cancer (TNBC) is a highly heterogeneous
subtype that is associated with unresponsiveness to therapy and hence with high mortality rates.
In this study we aimed to investigate the prognostic role of the rs822336 G>C and rs822337 T>A
polymorphisms of the PD-L1 (Programmed Death-Ligand 1) in TNBC patients. Materials and meth-
ods: Formalin-fixed paraffin-embedded tissues from 114 TNBC patients and blood samples from
124 healthy donors were genotyped, and subsequently extensive statistical analysis was performed in
order to investigate the clinical value of these polymorphism in TNBC. Results: Regarding rs822336
G>C, we found that the CG genotype was the most common among women that harbored Stage
IV breast tumors (81.8%; p = 0.022), recurred (38.9%; p = 0.02) and died (66.7%; p = 0.04). Similarly,
the rs822337 T>A genotype AA is associated with worse prognosis, since it was the most common
genotype among stage IV tumors (72.7%; p = 0.04) and in TNBC patients that relapsed (75%; p = 0.021)
and died (81.5%; p = 0.004). Our statistical analysis revealed that the rs822336 G>C genotype CG and
the rs822337 T>A allele AA are strongly associated with inferior DFS and OS intervals. Moreover,
it was revealed that women harboring mutated genotypes of both SNPs had shorter disease-free
(Kaplan–Meier; p = 0.037, Cox analysis; p = 0.04) and overall (Kaplan–Meier; p = 0.025, Cox analysis;
p = 0.03) survival compared to patients having normal genotype of at least one SNP. Multivariate
analysis also showed that the presence of mutated genotypes of both SNPs is a strong and indepen-
dent marker for predicting shorter DFS (p = 0.02) and OS (p = 0.008). Conclusion: Our study revealed
that PD-L1 rs822336 G>C and rs822337 T>A polymorphisms were differentially expressed in our
cohort of TNBC patients, and that this distribution was associated with markers of unfavorable
prognosis and worse survival.

Keywords: breast cancer; breast cancer prognosis; immune checkpoints; molecular tumor markers;
PD-L1; polymorphisms
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1. Introduction

The strong interaction between the immune system and malignant transformation is
a recently recognized aspect of cancer pathogenesis that opened new horizons in cancer
patients’ management, since new opportunities have arisen regarding the recognition of
novel immuno-oncological biomarkers and therapeutic targets. Already, many immunolog-
ical concepts have been successfully translated into novel clinical treatment strategies that
have radically changed the therapeutic landscape of many cancer types, including breast
cancer. For example, the recent FDA approvals of the monoclonal antibody pembrolizumab
and the antibody-drug conjugate acituzumab govitecan for the treatment of triple nega-
tive breast cancer (TNBC), were considered important milestones in the management of
these patients [1,2].

TNBC is the most aggressive breast cancer subtype and often is associated with unre-
sponsiveness to therapy and hence with high rates of mortality [3]. It is now accepted that
the heterogeneity of TNBC renders the current therapeutic approaches inadequate as they
are unable to target the different molecular pathways that are implicated in TNBC pathogen-
esis. Mounting evidence suggests that different degrees of immunogenic activity contribute
to the phenotypic and clinical heterogeneity of TNBC [4–6]. This subtype exhibits the
highest tumor immunogenicity of all breast cancer subtypes [7–11] and nowadays ongoing
research efforts are focused on the thorough characterization of TNBC immune-associated
features so that immune signatures can be incorporated into the established molecular sub-
typing, refining thus the routine prognostic and therapeutic-decision approaches. Hereto,
several independent groups have studied the immune-landscape of TNBC along with
the expression of immune-related genes and the results support the notion that TNBC
can be subclassified in distinct subtypes according to their immunogenomic profile. This
separation of strongly immunogenic tumors from the weakly ones hold promises for a
more personalized prognosis and treatment in terms of immunotherapy [12–17].

Programmed death ligand-1 (PD-L1) is one of the molecules that is steadily included
in the majority of these studies. The PD-L1 is an immune checkpoint molecule that is
at the forefront of breast cancer research since it seems that not only it contributes to
breast neoplastic transformation, but is also a clinically useful biomarker. More specifi-
cally PD-L1 expression influences TNBC prognosis [18–21], a potential that was clearly
shown by the accelerated FDA approval of the immune checkpoint inhibitor atezolizumab,
despite its 2021 withdrawal due to the failure of a subsequent clinical trial [22]. PD-L1
is encoded by the CD274 gene that is located in chromosome 9p24.1 [23]. The advent
of high-throughput sequencing technologies facilitated the recognition of several single
nucleotide polymorphisms in PD-L1 and paved the way for the identification of potential,
novel cancer biomarkers. A recent study suggested that the SNPs rs4143815 and rs2282055
may serve as useful biomarkers for the efficacy of nivolumab in NSCLC patients [24].
Moreover it has been found that certain SNPs of PD-L1 are associated with NSCLC out-
come [24], whereas other data suggest that some SNPs of PD-L1 have clinical value in
gastric adenocarcinoma [25] and NSCLC [26].

By the virtue of (1) the significant role of PD-L1 in prognosis and in guiding optimal
treatment decisions of TNBC patients and (2) the fruitful results regarding the potential
value of SNPs of PD-L1 as prognostic and predictive markers, we aimed to examine the
presence of the rs822336 G>C and rs822337 T>A in 114 FFPE (formalin-fixed paraffin-
embedded) tissues obtained from TNBC patients and to correlate the SNP status with
established clinicopathological parameters and the survival of the patients.

2. Materials and Methods

2.1. Clinical Characteristics of the Patients

The study cohort consisted of 114 FFPEs obtained from women with TNBC patients as
well as of 124 blood samples from healthy donors. Detailed medical history, demographic
data, clinicopathologic characteristics and follow-up survival information were collected
for each patient, for statistical analysis (Table 1).
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Table 1. Clinicopathological characteristics of triple-negative breast cancer patients (n = 114).

Variant Number of Patients Variant Number of Patients

Age Ki-67 Index
≥57 57 (50.0%) Positive 58 (50.9%)
<57 56 (49.1%) Negative 15 (13.1%)

Unknown 1(0.9%) Unknown 41 (36.0%)
TNM Stage Grade

I 20 (17.5%) I 2 (1.7%)
II 41 (35.9%) II 10 (8.8%)
III 24 (21.1%) III 95 (83.4%)
IV 22 (19.4%) Unknown 7 (6.1%)

Unknown 7 (6.1%)
Tumor Type Lymph nodes

Ductal 87 (76.3%) N0 66 (57.9%)
Lobular 10 (8.8%) N1 13 (11.4%)
Medular 8 (7%) N2 9 (7.9%)

Other 9 (7.9%) N3 19 (16.7%)
Unknown 0 (0%) Unknown 7 (6.1%)

Disease Progression Death
Yes 24 (21.1%) Yes 21 (18.4%)
No 90 (78.9%) No 93 (81.6%)

Unknown 0 (0%) Unknown 0 (0%)

The current study was designed according to the most recent guidelines for reporting
tumor biomarkers and was approved by the ethical committee of the “Hippokration”,
University Hospital of Athens. Informed consent was obtained from all study participants.
Moreover, research procedures of the study comply with the ethical standards of the World
Medical Association Declaration of Helsinki.

2.2. Genotyping

DNA from paraffin-embedded breast tissues of patients and DNA from the blood of
healthy controls was extracted from samples using the commercial Nucleopsin Tissue kit
(Macherey-Nagel, Germany) according to the manufacturer’s instructions. Genotyping was
performed using allele-specific PCR (polymerase chain reaction). We used the primers (5′-
ACTCTCAGTCATGCAGAAAAC-3′ and 5′-ACTCTCAGTCATGCAGAAAAG-3′) with the
last nucleotide complementary to the allelic variant substitution base on the point mutation
in question of the gene, and a common primer (5′-AAGATGGAGTCAAACAGGG-3′).
The amplified PCR products of 239 bp were then digested using restriction enzymes and
analyzed by 2% agarose gel electrophoresis in the presence of FastGene 100 bp DNA ladder
(NIPPON Genetics Europe, 52349 Düren, Germany) using ethidium bromide staining and
ultraviolet visualization.

2.3. Statistical Analysis

Genotype frequencies were analyzed with the x2 test with Yate’s correction using
S-Plus (v.6.2 Insightful, Seattle, WA, USA) software. Odds ratios (ORs) and 95% confidence
intervals (95% CIs) were calculated using GraphPad (version 300, GraphPad Software,
San Diego, CA, USA). All p values were two-sided and p values < 0.05 were considered
significant. The survival curves were constructed using the Kaplan-Meier method and
comparison of two survival curves was performed using the log-rank test. The influence of
each variable on survival was analyzed by the multivariate analysis of Cox proportional
hazard model. The comparisons were performed using GraphPad version 3.00 (GraphPad
Software Inc., San Diego, CA, USA).
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3. Results

3.1. Differential Distribution of rs822336 G>C and rs822337 T>A between TNBC Patients and
Healthy Controls

Initially, we compared the distribution of rs822336 G>C and rs822337 T>A genotypes
in 114 TNBC patients and 124 healthy controls. Regarding rs822336 G>C, it was found that
the GG genotype was the most common both in patients (48.2%) and in healthy controls
(55.6%). In the patients’ cohort, the second most abundant genotype was the CG (44.7%),
whereas the CC genotype was the less common (7%). The same pattern was observed
in the group of healthy donors and the corresponding percentages for the CG and CC
genotype were 34.7% and 9.7%, respectively (Figure 1A). Likewise, the distribution of
rs822337 T>A genotypes among patients and healthy controls was similar. Briefly, the
most abundant genotype in both groups was the AA (patients: 53.5%, controls: 46%),
following the AT (patients: 36.8%, controls: 41.1%) and the TT genotypes (patients: 9.6%,
controls: 12.9%) (Figure 1B). However, the comparison of the differential presentation
of the rs822336 G>C and rs822337 T>A genotypes among patients and controls, using
the chi-square test, revealed no statistically significant difference (rs822336 G>C, p = 0.27;
rs822337 T>A, p = 0.47).

 

Figure 1. Distribution of the GG/CG/CC (rs822336 G>C) (A) and AA/AT/TT (rs822337 T>A)
(B) alleles among TNBC patients and healthy controls.

3.2. Association of rs822336 G>C and rs822337 T>A with Patients’ Clinical Variables

According to our statistical analysis, both of the studied PD-L1 SNPs demonstrated
significant association with TNM stage (rs822336 G>C, p = 0.022; rs822337 T>A, p = 0.04),
DFS (rs822336 G>C, p = 0.02; rs822337 T>A, p = 0.021) and OS (rs822336 G>C, p = 0.04;
rs822337 T>A, p = 0.004) status. Specifically, regarding the rs822336 G>C, we found that the
majority of patients with CG genotype harbored Stage IV breast tumors (81.8%) (Figure 2A).
Moreover, this genotype was the most common among the women that recurred (38.9%)
and died (66.7%) (Figure 2B and 2C, respectively). Similarly, we found that the rs822337
T>A genotype AA was associated with worse prognosis since it was the most common
genotype among stage IV tumors (72.7%) (Figure 3A) as well as in TNBC patients that
relapsed (75%) and died (81.5%) (Figure 3B and 3C, respectively).
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Figure 2. Distribution of the rs822336 G>C according to TNM Stage (A), DFS (B) and OS Status (C).

Figure 3. Distribution of the rs822337 T>A according to TNM Stage (A), DFS (B) and OS Status (C).

3.3. Survival Analysis and Prognostic Significance of rs822336 G>C and rs822337 T>A in TNBC
Patients

Survival analysis was performed by Kaplan–Meier analysis and Cox proportional
hazards regression models. Disease-free and overall survival information was available
for 114 and 108 TNBC patients, respectively, and among them 24 women relapsed (21.1%)
and 27 patients died (23.7%). Kaplan–Meier analysis corroborated the abovementioned
chi-square test results, since it disclosed that the rs822336 G>C genotype CG was strongly

101



Medicina 2022, 58, 1399

associated with inferior DFS (p = 0.002) and OS (p = 0.009) intervals compared to the others
genotypes (Figure 4).

Figure 4. Kaplan–Meier disease-free (A) and overall (B) survival curves. p values were calculated by
log-rank test.

Univariate and multivariate Cox regression analysis confirmed that the rs822336 G>C
genotype CG is a marker of unfavorable prognosis in TNBC, since it was found that it is
associated with increased risk of relapse (HR = 4.06, 9% CI = 1.51–4.88, p = 0.005) and death
(HR = 2.74, 95% CI = 1.18–6.32, p = 0.018). Indeed, women harboring the CG allele were
4.06 and 2.74 time more likely to relapse and die, respectively (Table 2).

Table 2. Cox univariate regression analysis of rs822336 G>C for the prediction of disease-free (DFS)
and overall survival (OS).

Disease-Free Survival (DFS) (n = 114)

Variable HR a 95% CI b p Value

rs822336
GG 1.00

0.005CG 4.06 1.51–4.88
CC 0.00 0.00

Overall Survival (OS) (n = 108)

Variable HR a 95% CI b p Value

rs822336
GG 1.00

0.018CG 2.74 1.18–6.32
CC 0.00 0.00

a Hazard Ratio, b Confidence interval of the estimated HR. Bold value indicates statistical significance

By performing the same statistical analysis, we found that rs822337 T>A allele AA
was associated with worse survival in terms of DFS and OS. Briefly, Kaplan–Meier analysis
demonstrated that women with AA genotype are characterized by shorter DFS (p = 0.024)
and OS (p = 0.004) (Figure 5). In concordance with the abovementioned results, Cox
regression analysis showed that the rs822337 T>A genotype AA was correlated with high
risk of recurrence (HR = 1.02, 95% CI = 0.30–2.45, p = 0.04) and death (HR = 4.04, 95% CI =
0.54–3.24, p = 0.01) (Table 3).
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Figure 5. Kaplan–Meier disease-free (A) and overall (B) survival curves. p values were calculated by
log-rank test.

Table 3. Cox univariate regression analysis of rs822337 T>A for the prediction of disease-free (DFS)
and Overall survival (OS).

Disease-Free Survival (DFS) (n = 107)

Variable HR a 95% CI b p Value

rs822337
TT 1.00

0.04AT 0.22 0.04–1.08
AA 1.02 0.30–2.45

Overall Survival (OS) (n = 108)

Variable HR a 95% CI b p Value

rs822337
TT 1.00

0.01AT 0.87 0.10–2.75
AA 4.04 0.54–3.24

a Hazard Ratio, b Confidence interval of the estimated HR. Bold value indicates statistical significance

Based on these results we deemed it interesting to assess the prognostic value of the
studied PD-L1 SNPs, after patient categorization based on the combination of the rs822336
G>C and rs822337 T>A genotypes (Table 4). The Kaplan-Meier analysis showed that the
combination of the CG and AA genotypes are significantly associated with inferior DFS (p
= 0.002) and OS (p = 0.002) intervals (Figure 6). The same conclusion was drawn from the
Cox regression analysis, according to which TNBC patients harboring both the CG and AA
genotypes demonstrated worse prognosis in terms of DFS (HR = 5.89, 95% CI = 1.35–8.65,
p = 0.018) and OS (HR = 2.78, 95% CI = 1.02–7.65, p = 0.04). Indeed, these women were
characterized by almost 6- and 3-times higher risk of relapse and death, respectively.

We then investigated the prognostic performance of the rs822336 G>C and rs822337
T>A after the following patients’ categorization: Group I/II/III/VI (Group A) and Group
IV/V/VII/VIII (Group B). According to Kaplan–Meier curves, women belonging to group
B and harboring mutated genotypes of both SNPs (i.e., CG+AA/CG+AT/CC+AA/CC+AT)
had shorter disease-free (p = 0.037) (Figure 6C) and overall (p = 0.025) (Figure 6D) survival
compared to patients having a normal genotype of at least one SNP.
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Table 4. Patient stratification based on the combination of the rs822336 G>C and rs822337 T>A
genotypes.

Group
rs822336

Genotype
rs822337

Genotype
Total Recurrence Death

I GG AA 21 2 (9.5%) 6 (28.6%)
II GG AT 24 2 (8.3%) 2 (8.3%)
III GG TT 7 1 (14.3%) 1 (14.3%)
IV CG AA 36 16 (44.4%) 16 (44.4%)
V CG AT 14 1 (7.1%) 2 (14.2%)
VI CG TT 4 2 (50%) 0
VII CC AA 4 0 0
VIII CC AT 4 0 0
IX CC TT - - -

Figure 6. Kaplan–Meier disease-free (A,C) and overall (B,D) survival curves, after patients’ stratifica-
tion. p values were calculated by log-rank test.

Cox univariate analysis confirmed these results since patients belonging to Group
B exhibited inferior DFS compared to those belonging to Group A (HR = 2.45, 95%CI =
1.03–5.98, p = 0.04) (Table 5). Taking a step further, we evaluated the independence of the
studied SNPs in predicting unfavorable outcomes in TNBC patients by developing a Cox
multivariate proportional-hazard regression model adjusted for the combination of the
rs822336 G>C and rs822337 T>A genotypes, tumor grade, patients’ age, lymph node status
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and histological type. According to this model, the presence of mutated genotypes of both
SNPs was a strong and independent marker of worse prognosis in terms of DFS (HR =
2.89, 95% CI = 1.13–7.87, p = 0.02) (Table 5). A similar analysis for the association of the
presence of mutated genotypes of both SNPs with patients’ overall survival demonstrated
that patients belonging to Group B exhibited shorter OS compared to those belonging to
Group A (HR = 2.52, 95% CI = 1.09–5.80, p = 0.03) (Table 6). Moreover, the presence of
mutated genotypes of both SNPs was a strong and independent marker for predicting
shorter OS (HR = 3.44, 95% CI = 1.37–8.61, p = 0.008) (Table 6).

Table 5. Cox univariate and multivariate regression analysis for the prediction of disease-free survival
(DFS) after stratification of study cohort according to combination of the rs822336 G>C and rs822337
T>A genotypes.

Univariate Analysis (n = 107)

Variable HR a 95% CI b p Value

Group
A 1.00

0.04B 2.45 1.03–5.98

Multivariate Analysis (n = 98)

Variable HR a 95% CI b p Value

Group
A 1.00

0.02B 2.89 1.13–7.87
Grade 1.37 0.37–5.11 0.63
Age 0.63 0.26–1.50 0.29

Lymph node status 1.35 0.96–1.90 0.07
Histology 1.15 0.75–1.76 0.52

a Hazard Ratio, b Confidence interval of the estimated HR. Bold value indicates statistical significance.

Table 6. Cox univariate and multivariate regression analysis for the prediction of overall survival
(OS) after stratification of study cohort according to combination of the rs822336 G>C and rs822337
T>A genotypes.

Univariate Analysis (n = 108)

Variable HR a 95% CI b p Value

Group
A 1.00

0.03B 2.52 1.09–5.80

Multivariate Analysis (n = 98)

Variable HR a 95% CI b p Value

Group
A 1.00

0.008B 3.44 1.37–8.61
Grade 0.94 0.28–3.10 0.92
Age 1.88 0.79–4.45 0.15

Lymph node status 1.63 1.19–2.22 0.002
Histology 0.86 0.55–1.34 0.51

a Hazard Ratio, b Confidence interval of the estimated HR. Bold value indicates statistical significance.

4. Discussion

The advent of high-throughput genomic technologies inaugurated a new era of molec-
ular genetics, where previously unnoticed genome elements, such as SNPs, represent a
new route to assess the etiology of cancer. The possible causative role of SNPs in cancer
fueled much interest in recognizing novel cancer biomarkers and therapeutic targets in
this class of genetic polymorphisms. Specifically, for TNBC, several studies suggest that
SNPs can be used as therapeutic targets and/or prognostic/predictive markers [10,27,28].
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As the PD-1/PD-L1 axis has crucial mechanisms as well as a clinical role in TNBC, PD-1
and PD-L1 genes merit further investigation for their potential exploitation in the clinical
setting of oncology as markers of predicting the 1. risk of TNBC development, 2. course of
disease and 3. response to therapy [29].

Considering that mounting evidence indicates that PD-L1 SNPs can be exploited as
prognostic markers, we examined the presence of the PD-L1 SNPs rs822336 G>C and
rs822337 T>A in 114 FFPE (formalin-fixed paraffin-embedded) tissues obtained from TNBC
patients, and we correlated the SNP status with the clinicopathological and survival data
of the patients. The rs822336G>C and rs822337T>A polymorphisms are situated on the
promoter region close to the transcription start site. The rs822336C-rs822337A haplotypes
are associated with a significant reduction of promoter activity, and it has been found that
the rs822336C and rs822337A haplotypes are related with reduced PD-L1 expression at
protein level [30]. Both SNPs are located at sites that play a pivotal role in the activation
of the promoter, and the region of rs822337T>A represents a significant interaction site
between the promoters of PD-L1 and NF-κB [31], whereas it seems that the A allele abolishes
the bonding site of the transcription factors SPIB and FOXO3 [32].

These SNPs have been studied for their clinical potential in NSCLC and it has been
reported that the co-existence of the rs822336C and rs822337A haplotypes is associated with
worse survival, as well as with significantly lower promoter activity and thus with down-
regulation of PD-L1 [30]. Specifically, the rs822337T>A polymorphism has been studied
as a predictive marker in NSCLC patients after first line paclitaxel-cisplatin chemother-
apy, but no statistical significant association was found [33]. A recent study confirmed
the abovementioned results regarding the rs822336C polymorphism, since it was found
not only that patients with GC or CC alleles demonstrated inferior OS intervals but also
that the rs822336C haplotype seems to lead to decreased PD-L1 expression and/or to the
malfunction of the protein [34]. The clinical significance of rs822336G>C has also been
investigated in patients with gastric cancer, but the results are inconsistent with those
reported for NSCLC as it was found that the rs822336 CC genotype is an independent prog-
nostic marker of favorable prognosis in gastric cancer [35]. This discrepancy is attributed
to the different biology of these cancer types.

The first step of our study was the analysis of the differential distribution of the
rs822336 G>C and rs822337 T>A polymorphisms among TNBC patients and healthy
controls. The statistical analysis demonstrated that both the patients and the healthy
controls exhibited the same expressional pattern of the rs822336 G>C and rs822337 T>A
polymorphisms. In more detail, we found that not only in patients but also in healthy
controls the most abundant allele of the rs822336 G>C was the GG followed by the CG
and the CC (p = 0.27). Similarly, regarding the rs822337 T>A polymorphism, no significant
difference was observed regarding the differential distribution of this polymorphism in the
two study cohorts (p = 0.47), since in both groups the most abundant genotype was the AA
(patients: 53.5%, controls: 46%), followed by the AT (patients: 36.8%, controls: 41.1%) and
then the TT genotype (patients: 9.6%, controls: 12.9%).

Next, we aimed to study the association of the rs822336 G>C and rs822337 T>A poly-
morphisms with important clinicopathological data. By performing the chi square test, we
found regarding the rs822336 G>C polymorphism that the majority of patients with the
CG genotype harbored Stage IV breast tumors (81.8%), as well as that this genotype was
the most common among the women that recurred (38.9%) and died (66.7%). A similar
association with markers of worse prognosis was observed for the rs822337 T>A polymor-
phism as well. More specifically, it was found that AA was the most common genotype
among stage IV tumors (72.7%) as well as in TNBC patients that relapsed (75%) and died
(81.5%). Overall, these results underline that the rs822336C and rs822337A haplotypes,
which are associated with decreased expression levels of PD-L1, are significantly correlated
with markers of unfavorable prognosis. This observation can be interpreted based on the
known data regarding the mechanistic and clinical role of these SNPs. In more detail, as
mentioned above, Lee et al. stated that rs822336C and rs822337A haplotypes are related
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with reduced PD-L1 expression [30], whereas at the same time it has been found that
breast cancer patients with decreased PD-L1 expression are characterized by worse survival
rates [36] as well as that in TNBC the PD-L1 downregulation is associated with unfavorable
prognosis [37]. Hence, by combining these data we can conclude that the rs822336C and
rs822337A haplotypes can act as indicators of unfavorable prognosis since they can lead to
reduced expression of the PD-L1.

The final step of our analysis was the performance of a thorough survival analysis in
order to examine the association of the SNPs’ distribution with disease-free (DFS) and the
overall survival (OS). Both Kaplan–Meier and Cox regression analysis demonstrated that
the rs822336 G>C genotype CG is strongly associated with inferior DFS (Kaplan–Meier
analysis p = 0.002, Cox analysis, p = 0.005) and OS (Kaplan–Meier analysis; p = 0.009,
Cox analysis; p = 0.018) intervals compared to the others genotypes (Figure 4). Moreover,
a univariate Cox analysis revealed that women harboring the CG allele were 4.06 and
2.74 time more likely to relapse and die, respectively. The same statistical analysis revealed
that rs822337 T>A allele AA is associated with worse survival in terms of DFS and OS.
According to Kaplan–Meier analysis, patients with the AA genotype are characterized by
shorter DFS (p = 0.024) and OS (p = 0.004). Cox regression analysis confirmed these results;
it was found that rs822337 T>A genotype AA is marginally correlated with high risk of
recurrence (p = 0.04) but most importantly with a four-fold higher risk of death (p = 0.01).

Taking a step further, we examined the prognostic significance of the rs822336 G>C
and rs822337 T>A polymorphisms after patients’ categorization according to Table 6.
Kaplan–Meier and Cox regression analyses showed that the combination of the CG and
AA genotypes is significantly associated with inferior DFS (Kaplan–Meier; p = 0.002, Cox
analysis; p = 0.018) and OS (Kaplan–Meier; p = 0.002, Cox analysis; p = 0.04) intervals.
Moreover, Kaplan–Meier and univariate Cox analysis revealed that women harboring
mutated genotypes of both SNPs (i.e., CG+AA/CG+AT/CC+AA/CC+AT) had shorter
disease-free (Kaplan–Meier; p = 0.037, Cox analysis; p = 0.04) and overall (Kaplan–Meier;
p = 0.025, Cox analysis; p = 0.03) survival, compared to patients having normal genotypes
of at least one SNP. Multivariate analysis adjusted for significant clinipathological features
(i.e., tumor grade, patients age, lymph node status and histological type) also showed that
the presence of mutated genotypes of both SNPs is a strong and independent marker for
predicting shorter DFS (HR = 2.89, 95% CI = 1.13–7.87, p = 0.02) and OS (HR = 3.44, 95%
CI = 1.37–8.61, p = 0.008). Overall, our statistical analysis reinforced the abovementioned
significant association of the rs822336C and rs822337A haplotypes with unfavorable prog-
nosis, since it was found that these haplotypes (individually or in combination) are markers
of shorter DFS and OS. Our results are in line with a previous study, according to which
NSCLC patients harboring the rs822336CC and rs822337AA gonotypes demonstrated a
marginally significant decreased OS, whereas the same group concluded that the rs822336C
and rs822337A haplotypes were associated with inferior overall survival intervals [30].

A noteworthy biological implication of our approach is the interplay between poly-
morphisms and the glycosylation patterns of PD-L1. Studies have shown that TNBC
cells have higher levels of glycosylated PD-L1 [38]. This feature affects the quality of im-
munohistochemical (IHC) staining procedures, generating more false negative results, and
potentially excluding from therapy tumors that would likely be responsive to anti-PD-L1
therapies [39,40]. In fact, the underestimation of PD-L1 expression in breast tumor tissues
has been suggested as a potential underlying cause for the reduced benefit of atezolizumab
plus nab-paclitaxel in the post-market phase-III trial that led to its withdrawal from the
indication in TNBC in 2021 [38]. Specifically, in the IMpassion130 study, patients were strat-
ified using standard IHC methods, whereas a preceding de-glycosylation process of breast
tissue samples has been proposed as a more accurate approach to assess PD-L1 expression
and therefore atezolizumab effectiveness [24]. Interestingly, N-glycosylation occurs after
the transfer of a glycan to an asparagine (Asn) amino acid side-chain acceptor [41]. Since
Asn is coded by synonymous codons AAC and AAT, the studied rs822337 AT genotype
may affect glycosylation (and concurrently response) to anti-PD-L1 therapy. Since AT was
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one of the most abundant PD-L1 genotypes in both groups included in our study, these
results are worthy of attention and can serve as a basis for further investigation on the
relationship between the level of PD-L1 glycosylation and response to anti-PD-L1 therapy.

Our study represents a first attempt to investigate the clinical impact in TNBC of two
known PD-L1 polymorphisms which have attracted much interest recently, due to their
implication in expressional regulation of PD-L1, a molecule that according to mounting
evidence is in the core not only of certain cancer-related events but also of clinical man-
agement of several cancer types, including TNBC. According to our data the rs822336C
and rs822337A haplotypes are associated with markers of unfavorable prognosis in TNBC
patients as well as with inferior DFS and OS intervals. Moreover, the presence of mutated
genotypes of both SNPs is a strong and independent marker for predicting shorter DFS
and OS.

5. Conclusions

In conclusion, PD-L1 rs822336 G>C and rs822337 T>A polymorphisms are differen-
tially expressed in TNBCs, and this distribution is associated with markers of unfavorable
prognosis and with worse patient survival. Considering how polymorphisms exert not
only transcriptional but also a wide range of post-translational effects, including affecting
the level of PD-L1 glycosylation, our findings may have biological and clinical implications
in the elucidation of TNBC’s aggressive phenotype. Further well-designed investigations
in a larger cohort of patients should be performed to elucidate the underlying mechanisms
by which these SNPs affect the prognosis of TNBC patients, and to verify our results.
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Abstract: Background and Objectives: Prediction of response to therapy remains a continuing challenge
in treating breast cancer, especially for identifying molecular tissue markers that best character-
ize resistant tumours. Microribonucleic acids (miRNA), known as master modulators of tumour
phenotype, could be helpful candidates for predicting drug resistance. We aimed to assess the associ-
ation of miR-375-3p, miR-210-3p and let-7e-5p in breast cancer tissues with pathological response
to neoadjuvant therapy (NAT) and clinicopathological data. Material and methods: Sixty female pa-
tients diagnosed with invasive breast cancer at The Oncology Institute “Ion Chiricut,ă”, Cluj-Napoca,
Romania (IOCN) were included in this study. Before patients received any treatment, fresh breast
tissue biopsies were collected through core biopsy under echographic guidance and processed for
total RNA extraction and miRNA quantification. The Cancer Genome Atlas Breast Invasive Car-
cinoma (TCGA-BRCA) database was used as an independent external validation cohort. Results:
miR-375-3p expression was associated with more differentiated tumours, hormone receptor presence
and lymphatic invasion. According to the Miller–Payne system, a higher miR-375-3p expression was
calculated for patients that presented with intermediate versus (vs.) no pathological response. Higher
miR-210-3p expression was associated with an improved response to NAT in both Miller–Payne
and RCB evaluation systems. Several druggable mRNA targets were correlated with miR-375-3p
and miR-210-3p expression, with upstream analysis using the IPA knowledge base revealing a list
of possible chemical and biological targeting drugs. Regarding let-7e-5p, no significant association
was noticed with any of the analysed clinicopathological data. Conclusions: Our results suggest that
tumours with higher levels of miR-375-3p are more sensitive to neoadjuvant therapy compared to
resistant tumours and that higher miR-210-3p expression in responsive tumours could indicate an
excellent pathological response.

Keywords: breast cancer; neoadjuvant therapy; pathological complete response; miR-375-3p; let-7e-5p;
MiR-210-3p
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1. Introduction

Breast cancer (BC) is the most common cause of cancer among women worldwide,
accounting for 15–20% of all cancer deaths in women [1]. Due to advances in diagnosis and
treatment modalities, the prognosis of this disease has improved in recent years, with a
5-year survival rate of almost 90%. However, around 30% of breast cancer patients fail to
respond to conventional treatments, leading to tumour progression [1].

Breast cancer is a highly heterogeneous disease; therefore, its treatment depends on
multiple clinical and pathological factors such as tumour grade and hormone receptor (HR)
status. Tumour characteristics and the extent of the disease direct the choice and timing of
systemic treatments (chemotherapy, endocrine therapy or HER2-directed therapy). In the
case of high-risk primary tumours or locally advanced breast cancer, neoadjuvant (preoper-
ative) therapy is a frequently practical therapeutic approach as it offers the advantage of
reducing the extent of surgery [2,3]. Furthermore, a tumour’s response to NAT can be used
to guide adjuvant treatment selection and offer prognostic information regarding patient
outcome [4].

The response to neoadjuvant therapy (NAT) is usually assessed clinically and patho-
logically. Pathological evaluation is the gold standard, as clinical evaluation can often
misevaluate the response to NAT. While several systems have been proposed to evaluate
the pathological response to NAT, the most used system for prognosis prediction are the
Miller–Payne (MP) and the residual cancer burden (RCB) systems [5,6]. The MP system
evaluates the changes in tumour cellularity between biopsy and surgery tissue. It has
five grades as follows: 1 (no change), 2 (minor reduction in tumour cells, but ≤30%),
3 (reduction in tumour cells by 30–90%), 4 (reduction in tumour cells with >90%) and
5 (no detectable tumour cells). Grades 1–4 correspond to partial pathological response
(pPR) while grade 5 means pathological complete response (pCR) [7,8]. The RCB system
measures the primary tumour’s bidimensional size and cellularity and assesses lymph
nodes’ involvement. The RCB index is classified as 0 (pCR), 1 (minimal residual disease),
2 (moderate residual disease) and 3 (extensive residual disease) [8,9]. The goal of NAT
is pCR, as it plays an important prognostic role in BC patients. PCR is associated with
improved overall survival and disease-free survival in comparison with those that do not
achieve pCR and who have an unfavourable prognosis [3]. Due to its role in the prognosis
of BC patients, predicting pCR is important in order to identify those patients that would
benefit from NAT.

While routine HR, HER2 receptors, grading and Ki-67 assessment remain essential for
treatment guidance, non-coding ribonucleic acids (RNA) have increased in popularity as
their dysregulation has been associated with breast cancer pathogenesis. Microribonucleic
acids (miRNA) are small, non-coding RNAs that regulate gene expression at the post-
transcriptional level by binding to target messenger RNAs (mRNAs) and triggering their
degradation. One of the first papers about the role of miRNA in cancer pathology demon-
strated that miRNA is a better classifier than mRNA profiling when investigating poorly
differentiated tumours, opening the way for using miRNA expression as a reliable marker
for cancer diagnosis, prognosis and treatment response [10]. Since then, overwhelming
data have indicated that miRNAs are involved in the regulation of processes such as prolif-
eration, apoptosis and migration of cancer cells [3], having the potential of being oncogenic
(oncomirs), tumour suppressors or both [1,11]. As key modulators of oncogenesis, miRNAs
have been reported to have clinical utility in the diagnostic, prognostic and therapeutic
approach of breast cancer patients [1,11], making them highly attractive as biomarkers for
personalized medicine [1].

Several miRNAs have been reported to have predictive power in pathological response
following NAT in breast cancer [12–14], with most of these studies being focused on
neoadjuvant chemotherapy (NACT). However, recent treatment guidelines [15] encourage
the administration of endocrine as well as targeted therapies concurrent with, or instead
of, NACT to increase tumours’ sensitivity to treatment. Thus, there is an increasing need
to further explore the role of these miRNAs as biomarkers of NAT response. Based on
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the existing literature, we have identified conflicting data regarding the prognostic role of
several miRNAs. Of interest, miR-375-3p, miR-210-3p and let-7e have shown discrepancies
regarding the clinical significance as prognostic biomarkers [16–20], being reported to
have both increased and decreased expression associations with BC patients’ response to
NAT. In this study, we aimed to assess the prognostic value of these highly controversial
miRNAs, miR-375-3p, miR-210-3p and let-7e-5p in breast cancer tissues by investigating
their expression association with patients’ pathological response to neoadjuvant therapy
and clinicopathological features.

2. Materials and Methods

2.1. Breast Cancer Patients and Samples Collection

Sixty female patients diagnosed with invasive breast cancer at The Oncology Institute
“Ion Chiricut,ă”, Cluj-Napoca, Romania (IOCN) were included in this study. The study
was approved by the IOCN ethical committee (Approval No. 59/29.11.2016) and by the
University of Medicine and Pharmacy Iuliu Hatieganu, Cluj-Napoca, Romania (Approval
No. 290/09.09.2020). All patients were informed and gave their written consent for par-
ticipation in the study following the Declaration of Helsinki. Before patients received
any treatment, fresh breast tissue biopsies were collected through core biopsy under echo-
graphic guidance. The first core biopsy was sent for pathologic analysis, while a second
biopsy was collected in RNAlater (Invitrogen, Thermo Fisher Scientific, Waltham, MA,
USA) and stored in liquid nitrogen for transcriptomic studies.

2.2. RNA Extraction

Frozen biopsies were homogenized in TriReagent Solution (Ambion, Thermo Fisher
Scientific, Waltham, MA, USA) using a Miccra D-1 (Miccra GmbH, Mullheim, Germany)
polytron and processed for total RNA extraction using the classic phenol–chloroform
method. The RNAs were quantified using NanoDrop ND-1000 (Thermo Scientific, Wilm-
ington, DE, USA) and 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA).

2.3. miRNA Expression Evaluation

Fifty nanograms (ng) of total RNAs were pre-amplified using universal RT miRNA
primers to generate cDNAs following the TaqMan Advanced miRNA cDNA Synthesis Kit
protocol (Thermo Fisher Scientific, Waltham, MA, USA). Next, 1:10 v/v diluted cDNAs
and specific miRNA advanced assays were amplified with TaqMan Fast Advanced Master
Mix (2X) (Thermo Fisher Scientific, Waltham, MA, USA) using the Light Cycler 480 device
(Roche, Basel, Switzerland) with the following PCR settings: 55 ◦C for 2 min to remove
RNA contaminants; 95 ◦C for 20 s for Taq polymerase amplification; and 40 cycles of 95 ◦C
for 3 s followed by 60 ◦C for 30 s for PCR amplification. The ΔΔCt method was used for
miRNA relative quantification by reporting the Ct values of the miRNAs of interest to
miR-16-5p Ct values.

2.4. TCGA Data Analysis

The Cancer Genome Atlas Breast Invasive Carcinoma (TCGA-BRCA) expression data
(miRNA and mRNA) and their clinical information were obtained from National Cancer
Institute Genomic Data Commons (NCI GDC) data portal (https://portal.gdc.cancer.gov/,
accessed on 19 April 2019) and cBioPortal for Cancer Genomics (https://www.cbioportal.
org/, accessed on 19 April 2019). The miRNA-seq data, expressed as reads per million and
fragments per kilobase millions mRNA-seq data, were filtered and log2(x + 1)-transformed.
After processing, a miRNA dataset containing 916 tumoral samples and 93 standard
samples and an mRNA dataset of 983 tumoral samples were retained for subsequent
analysis. Pearson correlation was used to test potential miRNAs–mRNA associations and
intersected with validated miRNA–target interactions retrieved from the miRTarBase. The
Ingenuity Pathway Analysis (IPA, Qiagen, Redwood City, CA, USA) upstream analysis
module was used to interrogate for possible targeting drugs.
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2.5. Statistical Analysis

The correlation between clinicopathological characteristics and tissue miRNAs expres-
sion was evaluated with the Mann–Whitney U test for two categorical variables or the
Kruskal–Wallis test. It was followed by Dunn’s multiple comparison post hoc test in the
case of three or more categorical variables based on the data distribution. A p-value less
than 0.05 was considered statistically significant. Fold regulation (FR) was calculated as the
ratio between mean value of the interest group and the reference group.

3. Results

3.1. Patient and Tumour Characteristics

The clinicopathological features of the 60 included patients are summarized in Table 1.
The median age of the patients was 60 (29–77), with most of the patients (73.33%) being over
50 years old at the time of diagnosis. Over 85% of the patients had moderately to poorly
differentiated carcinomas, and 61.67% presented Ki-67 higher than 20. Most of the patients
had luminal tumours (76.67%), with luminal B being the predominant subtype (46.67%).
Over 85% of the patients were already in advanced clinical stages at diagnosis (>II). Of
the 60 investigated patients, 49 received NAT: 32 received chemotherapy alone, 7 received
hormonal therapy, 4 also received Her2 targeted therapy, while 5 received combinations of
regimens. TNM staging was retained for prognostic information (primary and post-NAT
surgery), while the Miller–Payne and RCB systems were used to evaluate the pathological
response of the patients to NAT. According to the Miller–Payne evaluation, 14 patients did
not respond to NAT, 4 presented a minor response, 13 had an intermediate response, and
13 had almost complete pathological response. According to the RCB classification system,
13 patients reached a high pathological response, 16 were therapy-resistant, and 15 had a
partial response.

Table 1. Clinicopathological data of the patients included in the study.

Variable Patients Characteristics

n = 60
Age
≤50 16 (26.67%)
>50 44 (73.33%)

Grading
G1 7 (11.67%)
G2 32 (53.33%)
G3 20 (33.33%)
NA 1 (1.67%)

Ki-67
≤20 22 (36.67%)
>20 37 (61.67%)
NA 1(1.67%)

Molecular Subtype
Luminal A 18 (30%)
Luminal B 28 (46.67%)

HER2+ 3 (5%)
TNBC 1 8 (13.33%)

NA 2 3(5%)

Tumour size (c 3)
cT1 6 (10%)
cT2 29 (8.33%)
cT3 8 (13.33%)
cT4 11 (18.33%)
NA 6 (10%)
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Table 1. Cont.

Variable Patients Characteristics

Lymph nodes (c)
cN0 15 (25%)
cN1 15 (25%)
cN2 21 (35%)
cN3 3 (5%)
NA 6 (10%)

Metastasis (c)
cM0 49 (81.67%)
cM1 1 (1.67%)
NA 10 (16.67%)

Clinical stage
Stage I 5 (8.33%)
Stage II 19 (31.67%)
Stage III 27 (45%)
Stage IV 1 (1.67%)

NA 8 (13.33%)

Tumour size (p 4)
pT0 7 (11.67%)
pT1 23 (38.33%)
pT2 18 (30%)
pT3 1 (1.67)
NA 11 (18.33%)

Lymph nodes (p)
pN0 26 (43.33%)
pN1 13 (21.67%)
pN2 8 (13.33%)
pN3 4 (6.67%)
NA 9 (15%)

Lymphatic invasion (p)
L0 30 (50%)
L1 21 (35%)
NA 9 (15%)

n = 49
Neoadjuvant therapy

Only CT 5 32 (65.31%)
Only ET 6 7 (14.29%)
CT + HT 3 (6.12%)

Combinatory CT/ET/RTE 7 2 (4.08%)
Her2+ TT 8 4 (8.16%)

NA 1 (2.04%)
Miller–Payne system

Grade 1 14 (28.57%)
Grade 2 4 (8.16%)
Grade 3 13 (26.53%)
Grade 4 5 (10.2%)
Grade 5 8 (16.33%)

NA 5 (10.2%)

RCB 9

RCB 0 8 (16.33%)
RCB-I 5 (10.2%)
RCB-II 15 (30.61%)
RCB-III 16 (32.65%)

NA 5 (10.2%)
1 TNBC—triple negative breast cancer, 2 NA—nonassessable, 3 c—clinic, 4 p—pathologic, 5 CT—chemotherapy,
6 HT—hormonal therapy, 7 RTE—external radiotherapy, 8 TT—targeted therapy, 9 RCB—residual cancer burden.

3.2. Investigation of miRNA Expression in Breast Cancer Specimens

The association between tissue miRNA expression and the clinicopathological data
of the patients included is presented in Table 2. No correlations were observed between
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the investigated miRNA expression and the age of the patients at a 50-years-of-age cut-
off value. Additionally, no significant clinicopathological associations were found for
let-7e-5p expression. Lower miR-375-3p expressions were associated with higher tumour
grading and KI67 proliferation index. ER- and PR-positive tumours had a higher miR-
375-3p expression, with significantly decreased expression in TNBC compared to luminal
subtypes. Except for miR-375-3p expression with lymphatic positivity, no other significant
correlations were demonstrated between tissue miRNAs expression and TNM staging,
neither for clinical nor pathological evaluations. According to the Miller–Payne system,
patients with a high pathological response to NAT had lower miR-375-3p and higher
miR-210-3p expressions compared to intermediate- and low-responding patients. Higher
miR-210-3p expression was observed for high responders versus partial responders in the
RCB evaluation system.

Table 2. Tissue miRNA expression in relation to the clinicopathological data.

Clinicopathological Features
miR-375-3p miR-210-3p let-7e-5p

p-Value p-Value p-Value

Age
≤50 vs. >50 0.116 0.709 0.682

Grading_Biopsy
G1 vs. 1 G2 vs. G3

0.007 **
FR 2 G3 vs. G1 * = −2.42
FR G3 vs. G2 ** = −3.08

0.783 0.118

ER 3 [21]
Negative (<1) vs.

Positive (≥1)

0.0008 ***
FR ER+ vs. ER- = 6.13

0.970 0.209

PgR 4 [21]
Negative (<1) vs.

Positive (≥1)

0.009 **
FR PgR+ vs. PgR- = 2.28

0.384 0.305

Ki-67 [22]
Negative (≤20) vs. Positive (>20)

0.042 *
FR Ki-67+ vs. Ki-67- = −1.49

0.187 0.052

Molecular Subtype
LuminalA (LumA) vs. LuminalB (LumB)

vs. TNBC 5

0.004 **
FR TNBC vs. LumA *** = −9.80
FR TNBC vs. LumB ** = −7.28

0.332 0.296

cT 6

T1 vs. T2 vs. T3 vs. T4 0.341 0.278 0.885

cN 7

Negative (N0) vs.
Positive (N1 + N2 + N3)

0.799 0.879 0.350

Clinical Stage
Early (Stage I + II) vs. Advanced

(Stage III + Stage IV)
0.343 0.834 0.463

pT 8

T0 vs. T1 vs. T2 0.261 0.555 0.749

pN 9

Negative (N0) vs. Positive (N1 + N2 + N3)
0.469 0.815 0.929

Lymphatic Invasion
L0 vs. L1

0.043 *
FR L1 vs. L0 = 1.94

0.064 0.853

Miller–Payne
Low (1+2) vs. Intermediate (3) vs. High

(4 + 5)

0.019 *
FR High vs. Intermediate * = −3.03

FR Intermediate vs. Low * = 3.14

0.016 *
FR High vs. Low * = 2.54

FR Intermediate vs. Low * = 2.06
0.409

RCB 10

0/I vs. II vs. III 0.416 0.023 *
FR 0/I vs. III ** = 2.87

0.475

1 vs.—versus, 2 FR—fold regulation, 3 ER—oestrogen receptor, 4 PgR—progesterone receptor, 5 TNBC—triple
negative, 6 cT—clinic tumour, 7 cN—clinic lymph node, 8 pT—pathologic tumour, 9 pN—pathologic lymph node,
10 RCB—residual cancer burden. * The table shows the p-values for all the compared groups, and where these
differences were statistically significant, the expression level of that miRNA (FR) in the interest group versus
the reference group was calculated. According to data distributions, differences in expression in the case of two
groups were evaluated with the Mann–Whitney test and for three groups with the Kruskal–Wallis test, followed
by Dunn’s multiple comparison post hoc test. In the case of three or more groups, the asterisk next to the FR value
is associated with the p-value obtained by the Dunn test (* p < 0.05, ** p < 0.01, *** p < 0.001).
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Analysis of the miRNAs expression in the TCGA database was performed as an
independent external validation cohort. Increased miRNA expression was observed
between tumour and standard samples (Supplementary Figure S1A), with luminal tu-
mours having significantly higher miR-375-3p and lower miR-210-3p expression (Figure 1,
Supplementary Table S1 and Figure S1B–D) compared to the basal-like subtype. No sig-
nificant miRNA expression differences (FR cut-off > 1.5) were observed for patients with
positive lymph nodes (Supplementary Figure S2A) or metastatic diseases (Supplementary
Figure S2B). Patients with advanced diseases had higher miR-210-3p expression (Figure 2,
Table S1), while a slight decrease in miR-210-3p expression was associated with a better
survival (Figure 3, Table S1).

Figure 1. TCGA miR-375-3p, miR-210-3p, and let-7e-5p expression according to PAM50 classification
(n = 470 luminal A, n = 162 luminal B, n = 38 normal-like, n = 159 basal-like, and n = 71 HER2-
enriched). Kruskal–Wallis test was used for between-groups comparison and Dunn test for multiple
comparisons (* p < 0.05, ** p < 0.01, **** p < 0.0001). FR values between groups of interest along with
individual p-values obtained by Dunn test are reported in Table S1.
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Figure 2. TCGA miR-375-3p, miR-210-3p, and let-7e-5p expression according to pathologic tumour
stage (n = 158 stage I, n = 510 stage II, n = 210 stage III, and n = 17 stage IV). Kruskal–Wallis test was
used for between-groups comparison and Dunn test for multiple comparisons (* p < 0.05, ** p < 0.01,
*** p < 0.001). FR values between groups of interest along with individual p-values obtained by Dunn
test are reported in Table S1.

Figure 3. TCGA miR-375-3p, miR-210-3p, and let-7e-5p expression according to vital status. Groups:
D—dead, with tumour or with a new tumour event (n = 77); A—alive, tumour-free, without a new
event tumour (n = 724). Mann–Whitney test was used for group comparison (* p < 0.05).
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In order to explore the possible mechanisms mediated by the investigated miRNAs,
a correlation analysis between miRNA and mRNA expression in the TCGA cohort was
undertaken. The significantly correlated genes were intersected with the validated mRNA
targets downloaded from the miRTarBase. Only the validated target genes that were
inversely correlated with miRNA expression and with a correlation coefficient under −0.3
were considered of interest (Table S2). A total of 17 possible mRNA targets for miR-375-3p
and 9 for miR-210-3p were identified (Figure 4A). No significantly correlated genes were
observed for let-7e-5p. The number of identified genes was too small to run a GSEA
analysis; therefore, no specific molecular mechanisms could be attributed to either miRNA.
Upstream analysis using the IPA knowledge base identified a list of 127 possible chemical
and biological targeting drugs (Figure 4B).

 
(A) (B) 

Figure 4. (A) miR-375-3p- and miR-210-3p-correlated validated mRNA targets in the TCGA cohort.
Node fill colour was continuously mapped according to the correlation coefficient, (B) Drugs that
target mRNA downstream genes.

4. Discussion

Different miRNA signatures have been associated with response to chemo-endocrine
or radiotherapy in breast cancer [11], emerging as valuable biomarkers for a personalized
therapeutic approach of the disease [1,23]. This study reports the expression profiles of
three miRNAs involved in the treatment response of BC patients. The analysis explored
the association of miRNA expression with the pathological response to NAT and their
correlation with the clinicopathological data of the patients.

The patients’ pathological response to NAT was assessed using both MP and RCB
systems. However, both of them have limitations. The MP system ignores the involvement
of the axillary lymph nodes; therefore, the prognosis can be overrated in lymph-node-
positive patients [8]. The RCB classification showed a better performance than the MP
system, especially for the TNBC subtype [8], but it is limited to anatomical factors without
considering the biological ones [8]. To improve its value, assessment of Ki-67 expression
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after treatment in combination with the RCB index might improve the prediction of survival
outcomes [24]. Of the three investigated miRNAs, miR-375-3p and miR-210-3p were signif-
icantly associated with MP response, while miR-210-3p expression was also significantly
associated with RCB.

MiR-375-3p is dysregulated in various types of cancer. It is involved in epithelial-to-
mesenchymal transition (EMT), and is associated with increased invasiveness potential
while also being correlated with refractory response to chemotherapy [25]. MiR-375 is a
known tumour suppressor. In hepatocellular carcinoma (HCC), it inhibits the autophagy
and tumour growth. Moreover, miR-375 promotes the release of mitochondrial apoptotic
proteins, reducing the viability of HCC cells in hypoxic conditions. In HCC, miR-375
was downregulated. Autophagy is an adaptive mechanism of the tumour cells that helps
them to survive in the tumour microenvironment conditions by reducing apoptosis and
enhancing the elimination of the injured mitochondria [26]. Although miR-375 could
be related to treatment response by mitochondria reprogramming, to date, there are no
data presenting evidence about the role of mir-375 in inducing NAT response through
mitochondria reprogramming in breast cancer. Despite the well-documented role as a
tumour suppressor, in breast cancer, miR-375-3p is upregulated [16,27,28] and is highly
expressed in hormone-receptor-positive breast tumours [29] and lymph-node-positive
patients [29]. The present results are in line with these findings. The upregulated expression
of miR-375-3p in breast cancer suggests a potential oncogenic activity [16]. Predicted miR-
375-3p targets were downloaded from the miRTarBase and intersected with inversely
correlated miRNA-mRNA genes from TCGA. Using GSEA, we interrogated Reactome,
Kyoto Encyclopedia of Genes and Genomes (KEEG), and Gene Ontology (GO) databases to
explore gene functionality. However, the gene list was too small to generate any significant
signalling pathways associated with the identified genes. Thus, the regulatory role of
miR-375-3p in breast cancer remains unclear.

Multiple miR-375-3p-mediated therapy resistance mechanisms have been described.
Generally, miR-375-3p expression is downregulated in drug-resistant BC cells, while its
overexpression has been shown to increase cells’ sensitivity to chemo-endocrine or targeted
therapy. Mir-375-3p-mediated targeting of YBX1 [30] and JAK2 genes [31] has led to
increased sensitivity to Adriamycin and paclitaxel first-line treatments. In fulvestrant-
resistant BC cells, the overexpression of miR-375-3p inhibited cell growth and autophagy
by silencing autophagy-related proteins [30]. Furthermore, by targeting HOXB3 (17) or
MDTH gene expression [32], miR-375-3p has decreased EMT, stem features and resistance
to tamoxifen in ER-positive BC cells. Moreover, epigenetic silencing of miR-375-3p induced
trastuzumab resistance in HER2-positive BC by targeting IGF1R [33]. All this evidence
suggests that miR-375-3p might serve as a potential therapeutic approach for the treatment
of resistant breast cancer and as a prognostic marker of therapy.

According to the MP evaluation system, in the present cohort, higher miR-375-3p
expression was calculated for patients with intermediate response to NAT compared to
nonresponders or good responders. Consistent with previous reports, lower miR-375-
3p expression levels were observed in the resistant-to-NAT tumour group, while higher
expression levels were associated with an improved response. Notably, low levels of
miR-375 were also observed in the high-responsive group of patients.

The existing literature regarding the prognostic potential of miR-375-3p is controversial.
Furthermore, most reports are based on circulating miR-375-3p levels. According to a three-
year follow-up study, patients with relatively higher tumour miR-375-3p expression had
a worse survival rate and less survival time, namely, a worse prognosis [34]. On the
other hand, a lower expression of circulating miR-375-3p was associated with incomplete
response to NAT, while increased expression was noticed in patients achieving pCR after
NAT [35]. Similarly, Wu et al. [36] reported that miR-375-3p prevalence in circulation
was associated with better clinical outcomes, complete response to NAC, and an absence
of relapse. Simultaneously, lower levels of miR-375-3p were noted in therapy-resistant
HER2-positive patients. In nonresponder luminal B HER2- patients, NAT can induce the
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upregulation of circulating miR-375-3p, and this change might be associated with a good
response to NAT [35].

Moreover, miR-375-3p association with NAT response seems to be subtype-specific. A
lower expression of miR-375-3p was correlated with an increased risk of disease relapse in
luminal B patients, while in luminal A, patients with lower miR-375-3p expression were
found to be more sensitive to NAC [37]. However, when comparing circulating miRNA
levels with tumour levels, it should be considered that the cellular source of circulating
miR-375-3p remains unknown; their prevalence may not reflect expression in the primary
tumour but rather a combination with other cell types, such as immune cells.

High expression of miR-210-3p in human cancers has become a predictive marker of
tumour hypoxia, increasing experimental evidence supporting its clinical relevance. In BC,
miR-210-3p is overexpressed in tumour tissues, specifically in triple-negative and HER2+
tumours compared [38], while miR-210-3p upregulation was associated with drug-resistant
breast cancer cells [18,39].

The literature data regarding the association of miR-210-3p expression and patient
response to neoadjuvant treatment are conflicting, highlighting that both increased and
decreased miR-210-3p expression have shown discrepancies regarding the clinical sig-
nificance as prognostic biomarkers. In HER2-positive BC patients, higher circulating
miR-210-3p levels were noticed before surgical excision in patients with residual disease
and lymph node metastasis [18]. Muller et al. reported increased miR-210-3p circulating
levels following NAT. However, no association between miR-210-3p levels and pCR was
observed [40]. Conversely, higher circulating miR-210-3p levels have been associated with
residual disease following trastuzumab-combined NAC in BC patients [18,41]. Similar
results were also described in ER-positive BC patients treated with tamoxifen; miR-210-3p
expression was linked with poor clinical outcomes and an increased risk of relapse [42]. A
meta-analysis revealed that miR-210-3p overexpression correlated with poorer survival in
TNBC patients and associated circulating miR-210 expression with resistance to doxoru-
bicin, cyclophosphamide, cisplatin and paclitaxel [43]. When quantified in tissue samples,
no clinical association with NAT response was observed in miR-210-3p expression levels
in BC formalin-fixed paraffin-embedded tissues [40]. However, miR-210-3p expression
was suggested to represent a marker for predicting metastasis development and a worse
prognosis in patients treated with taxanes in adjuvant settings [44]. Bioinformatic analysis
identified microtubule regulation, drug efflux pathways and NRF2-mediated oxidative
stress response as the most significant associated pathways between miR-210-3p signalling
and docetaxel resistance [44].

Analysis of the miR-210-3p expression in the present cohort was performed to further
elucidate the controversy surrounding this miR’s ability to predict cPCR. Patients with
almost complete or partial pathological responses had significantly higher miR-210-3p ex-
pression levels than nonresponders. MiR-210-3p’s role as an oncogene is well-characterized;
however, it was also suggested to act as a tumour suppressor [19]. For example, in oe-
sophageal squamous cell carcinoma, miR-210-3p has been shown to inhibit cancer cell
survival and proliferation by inducing cell death and cell cycle arrest in G(1)/G(0) and
G(2)/M through FGFRL1 downregulation [19]. More recently, Bar I et al. [45] showed
that in TNBC patients, miR-210-3p is expressed by both tumour cells and the tumour
microenvironment (TME) that is more likely to be regulated by a mechanism independent
of HIF-1 alpha. MiR-210-3p has multiple functions, including the regulation of the immune
response and increasing data support the concept that immunologically “hot” tumours are
more responsive to chemotherapy [46].

Let-7e-5p is one of the first discovered miRNAs [47]. This is a tumour suppressor gene
that targets essential pathways involved in tumorigeneses such as Janus protein tyrosine
kinase (JAK), c-Myc and signal traducer and activator of transcription 3 (STAT3). The
literature reports about let-7e-5p expression during NAT are scarce. In patients with a lower
Ki-67 and pCR, a decrease in let-7e-5p expression was noticed after NAT [48]. Lv. J. et al.
showed that let-7e-5p expression is down-regulated in chemoresistant tumours, while
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decreased expression was associated with a worse prognosis [20]. The present analysis did
not find any significant association between let-7e-5p expression and pathological response
to NAT or with the clinicopathological features of the patients, neither in the given cohort
nor in the TCGA database.

Our study is limited by the patients’ heterogeneity and the relatively small sample
size cohort and, thus, the present analysis has low statistical power. However, to the best
of our knowledge, this is the first study that illustrates a putative relationship between
miR-375-3p and miR-210-3p and breast tumours’ pathological response to neoadjuvant
therapy. Increasing the number of patients would allow for more homogeneous groups and
subsequent differential analysis based on the administered type of therapy. Of great interest,
prognostic markers for patients’ response to combined regimens are largely unexplored.

5. Conclusions

Based on documented mechanistic actions of the two miRNAs, our results suggest
that tumours with higher levels of miR-375-3p are more sensitive to neoadjuvant therapy
compared to resistant tumours, and that higher miR-210-3p expression in responsive
tumours could indicate immunologically “hot” tumours. These findings suggest the
potential role of these two miRNAs in stratifying BC patients that will respond to NAT.
However, as data regarding these two miRNAs are controversial, further studies are needed
to elucidate their complex role in mediating BC patients’ response to neoadjuvant therapy.
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Abstract: Background and Objectives: Curcumin (Cc) as an active substance is known for its anti-
inflammatory, anticoagulant, antioxidant, and anti-carcinogenic effects, together with its role in
cholesterol regulation, and its use in different gastrointestinal derangements. On the other hand,
curcumin can be used for its properties as an inactive substance, with Cc particles being more often
tested in pharmaceutical formulations for drug delivery, with promising safety records and kinetics.
The aim of this research was to obtain and characterize polyurethane microparticles that can be used as
a carrier with a controlled Cc release. Materials and Methods: The in vitro samples were characterized
by the Zetasizer procedure, and UV–Vis spectroscopy, while the in-vivo measurements on human
subjects were performed by non-invasive skin assays (trans-epidermal water loss, erythema, and skin
hydration). A total of 16 patients with oropharyngeal cancer stages II and III in equal proportions
were recruited for participation. Results: The experimental values of sample characteristics using
the Zetasizer identified a mean structural size of 215 nm in the polyester-urethane preparate (PU),
compared to 271 nm in the curcumin-based PU. Although the size was statistically significantly
different, the IPDI and Zeta potential did not differ significantly (22.91 mV vs. 23.74 mV). The average
age during the study period was 57.6 years for patients in the PU group, respectively, and 55.1 years
in those who received the curcumin preparations. The majority of oropharyngeal cancers were
of HPV-related etiology. There were no significant side effects; 75.0% of patients in the PU group
reporting no side effects, compared to 87.5% in the Cc group. The 48 h TEWL measurement at the
end of the experiment found a statistically significant difference between the PU and the Cc group
(2.2 g/h/m2 vs. 2.6 g/h/m2). The erythema assessment showed a starting measurement point for
both research groups with a 5.1-unit difference. After 48 h, the difference between PU and PU_Cc
was just 1.7 units (p-value = 0.576). The overall difference compared to the reference group with
sodium lauryl sulfate (SLS) was statistically significant at a 95% significance level. Conclusions: Our
findings indicate the obtaining of almost homogeneous particles with a medium tendency to form
agglomerations, with a good capacity of encapsulation (around 60%), a medium release rate, and a
non-irritative potential. Therefore, this polyester-urethane with Cc microparticles can be tested in
other clinical evaluations.
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1. Introduction

When current pharmaceutical formulations do not offer the essential attributes for a
particular medical purpose, drug delivery systems, which are also known as drug carriers,
are used in the medical industry. It is possible for these organic or inorganic nano- and
micro-structures to encapsulate the active drugs in order to modify their physicochemical
properties and to increase drug absorption; by appropriately selecting the delivery system,
one can increase the therapeutic effect of the encapsulated drug or can ensure its prolonged
or targeted release, thereby avoiding the risks of underdosing or overdosing [1]. It has been
shown in the past that altering the polyurethane chains by utilizing diethanolamine as a
chain extender results in an improved cytotoxic impact on cancer cells [2]. These findings
were compared to those obtained using other diethanolamine polyurethane micelles as a
reference. The scientists came to the conclusion that because of this, the structure of the
polyurethane carrier has a considerable impact on the loading, pH-triggered release, and
intracellular delivery of the medication.

Although the process of drug release using this polyester-urethane delivery system
was demonstrated using paclitaxel as the target drug, other non-reactive substances are
hypothesized to be used with this method for various cancer histology and different
anatomic regions. Around 500,000 people are diagnosed with oral and oropharyngeal
cancers each year [3]. This makes the O-OPCs group the sixth most prevalent kind of cancer
overall. There has been a concerning rise in the prevalence of O-OPCs in younger patients,
notably in Africa (17.2%) and the Middle East (14.5%) [4]. A significant amount of diversity
was found in the epidemiology of O-OPCs that was seen all over the globe depending on
the geographical distribution, gender, and age of the people. It is possible that the incidence
of oropharyngeal cancer is rising among younger age groups in the Western Hemisphere.
This may be due to an increased relationship with human papillomavirus 16, which may
also be responsible for the rise [5].

The general risk factors for oropharyngeal cancers are represented by gender, being
twice as common in men, probably due to a higher smoking and alcohol consumption [6],
while smoking independently is present in approximately 80% of those with oropharyngeal
cancer, and alcohol consumption in 70% of cases [7]. Other important risk factors are
patients’ age, with the average onset around 62 years, two-thirds of oropharyngeal cancer
patients being older than 55, exposure to UV radiation, poor diet behavior low in fruits
and vegetables, and genetic risk factors. Recently, scientific attention has been distributed
towards the HPV infection of the oropharyngeal region due to the significant increase in
recent years in developed countries [8,9].

Although surgery is used less commonly in the treatment of oropharyngeal cancer, it
is an essential component of the management of oral cavity and pharyngeal cancer in terms
of the removal of the main tumor and neck lymph nodes. Surgery may be performed alone
or in conjunction with radiation, chemotherapy, and immunotherapy/biotherapy to treat
early-stage illness. Besides the conventional treatments, other attempts have been made,
such as the use of curcumin (turmeric), with a demonstrated potential benefit in various
cancers [10]. Although turmeric is often referred to as a single plant, the term defines
a genus that includes nearly 100 species of perennials in the Zingiberaceae family [11].
Basically, curcumin, a yellow polyphenol, is the active turmeric ingredient, a plant that
began to be used in India 4000 years ago, extracted from the processing of the turmeric
rhizome. It reaches turmeric powder in a proportion of 2.5 to 4%. Due to the beneficial
properties of curcumin, it can also be found in the composition of food supplements, in a
much higher concentration than in powder [12]. Curcumin is a powerful anti-inflammatory
agent that acts at the molecular level. Several studies showed that it could block the action
of the NF-kB protein complex. Although it plays an important role in the immune system,
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the irregular action of the NF-kB molecule can lead to viral infections, septic shock, and
inflammatory and autoimmune diseases [13].

Although there are studies affirming that curcumin is not a harmful substance to hu-
mans, some believe that improper administration can cause side effects such as nausea and
diarrhea. On the other hand, curcumin is not recommended for pregnant or breastfeeding
women or for patients suffering from kidney or gallbladder stones [14]. It has also been
observed that turmeric may have anticoagulant properties, which is why its association
with anticoagulant medication may increase the risk of bleeding [15]. Turmeric may also
interact with nonsteroidal anti-inflammatory drugs (ibuprofen, naproxen). Besides the
many advantages, curcumin has many disadvantages for medical uses, including poor
water solubility, limited oral bioavailability, quick liver metabolism, and rapid systemic
elimination [16]. Various curcumin encapsulations are used nowadays for effective delivery
and a decrease in the needed dosage to achieve the desired effect. Different curcumin
encapsulations showed more antioxidant activity than curcumin in its bulk form. There-
fore, the main purposes of this research were to obtain a polymer-drug carrier that can
deliver curcumin with a specific release rate and determine specific safety features for
chemotherapy use in a sample of patients with oropharyngeal cancer.

2. Materials and Methods

2.1. Design and Ethical Considerations

The current study was designed as an experimental pilot study on human subjects,
aiming to determine the characteristics of a drug delivery method using polyester-urethane
microparticles for an encapsulated active agent of Curcumin (Cc). The in vitro and in vivo
experiments were carried out at the “Victor Babes” University of Medicine and Pharmacy
from Timisoara, Romania, following the entire jurisdiction and the principles of the Helsinki
Declaration. The experiments were supported by the grant 5EXP/1244/30.01.2020 from
“Victor Babes” University of Medicine and Pharmacy, Timisoara, Romania, and approved
by the Ethics Committee of the “Victor Babes” University of Medicine and Pharmacy.
Sixteen patients suffering from oropharyngeal cancer were recruited to participate in the
current study, ingesting the Cc preparations and being assessed by a few non-invasive
determinations of skin parameters such as trans-epidermal water loss, erythema, and the
stratum corneum hydration have revealed the safe character of these samples to be used
on humans.

2.2. The Reagents

The raw materials used in the synthesis of the polyester-urethane microparticles
(PeU_MP) are 1,4-butanediol (BD) from Carl Roth GmbH (Karlsruhe, Germany), the sol-
vent (acetone) from Chimopar S.A. (Bucuresti, Romania), while the others: polyethylene-
glycol (PEG, M ≈ 200), the surfactant (Tween®20), isophorone-diisocyanate (IPDI), and
hexamethylene-diisocyanate (HMDI) were obtained from Merck (Darmstadt, Germany);
polycaprolactone diol (PC), average Mn ~ 530) was achieved from Sigma-Aldrich (St. Louis,
MO, USA). All reagents were used as received, without any previous purification. Different
salts of Na and K (Cl-, HPO42-, H2PO4- and HCO3-) and HCl 1N were obtained from
Chimopar S.A. (Bucuresti, Romania), and they were used to obtain a simulated body fluid,
which was used as a proper degradation medium for the drug delivery system and its
release profile. The drug release medium used was phosphate buffer pH 7.4, 280 mosm/L,
0.13 M.

2.3. Chemical Synthesis

A procedure based on different steps was used to synthesize the drug delivery sys-
tem [17–20], as follows: (1) An organic component based on a mixture of IPDI and HMDI in
acetone (Table 1) was prepared under magnetic stirring (450 rpm) at 25 ◦C for 10 min; (2) A
hydroxylic component based on a mixture of BD, PC, PEG, and Tween®20 in deionized
water was homogenized (450 rpm) at 25 ◦C for 10 min; (3) The components were then
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mixed together (450 rpm) at 30 ◦C for 3 h due to the absence of any catalyst; (4) The obtained
products were repeatedly washed and centrifuged, and they were dried as thin layers in
Petri dishes at 65 ◦C for almost 48 h. The experiment was repeated two times to synthesize
a sample with empty particles (PU) and another sample of PeU_MP with Cc (PU_Cc), with
the chemical structure presented in Figure 1.

Table 1. The ratios between the raw materials.

Sample

Hydroxylic Comp.
(mL/50 mL) Curcumin

(mg/50 mL)

Organic Comp.
(mL/50 mL)

BD PC PEG Tween IPDI HMDI

PU 0.40 0.60 2.15 1.50 0.00 2.15 2.85
PU_Cc 0.40 0.60 2.15 1.50 5.50 2.15 2.85

PU—Empty Particles; PU_Cc—Curcumin-filled Particles; BD—1,4-butanediol; PC—polycaprolactone diol; PEG—
polyethylene-glycol; IPDI—isophorone-diisocyanate; HMDI—hexamethylene-diisocyanate.

 

Figure 1. Chemical structure of curcumin (original picture).

2.4. Sample Calibration

The percentage of the encapsulated Cc was calculated by reporting the amount of
free Cc to its total quantity that was added in that synthesis. An UVi Line 9400 Spec-
trophotometer (SI Analytics, Mainz, Germany), a calibration curve (Figure 2), and the
Beer–Lambert law were involved in establishing the encapsulation percentage. The release
rate of the synthesized carrier was evaluated by maintaining the sample PU_Cc inside a
degradation medium for ten days; 1 mL medium was replaced every second day with fresh
medium, and its absorption was read in triplicate; average values +/− errors were used
to present the release profile, as seen in Figure 2. The size and agglomeration tendency
of Peu_MP were estimated using a Vasco Particle Size Analyzer and a Wallis Zeta poten-
tial Analyzer (Cordouan Technology, Pessac, France); the following parameters were set:
assessment temperature (21 ± 1 ◦C), the interval of time (20 ± 3 μs), number of channels
(around 480), power of the laser (85–90%), acquisition mode (continuous), analysis mode
(Pade–Laplace), Wallis resolution (medium), and Smoluchowski model as Henry function.
The drug entrapment efficiency (DEE) was calculated with the following formula:

DEE: (Total Drug conc. − Supernatant Drug conc.)/(Total Drug conc.) × 100% (1)
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Figure 2. The release profile of Cc from sample PU_Cc.

2.5. Sample Analysis and Statistical Analysis

A fast investigation (6 measurements/48 h) were conducted with an MPA System
(Courage and Khazaka, Köln, Germany) equipped with a Tewameter®TM300 probe for
the evaluation of the trans-epidermal water loss, a Mexameter®MX18 probe to assess the
erythema level, and a Corneometer®CM825 probe for the hydration of stratum corneum.
All measurements were performed on the following samples: pure Cc, empty PeU_MP
(PU), PU_Cc, and sodium lauryl sulfate (SLS) used as reference. Simple ANOVA was
involved in determining whether there are any statistically significant differences between
different values of more than two groups vs. SLS; * for p ≤ 0.05, ** for p ≤ 0.01, and *** for
p ≤ 0.001). Proportional data calculated using Fisher’s exact test; Data presented using
mean and standard error of the mean were compared with the Student’s t-test.

3. Results

3.1. Characterization of the Encapsulated Active Agent

A calibration curve between 0 and 3.5 μg/mL Cc (y = 0.1506x + 0.0058; R2 = 0.9864) was
used to calculate the encapsulation efficiency and the Cc release, as described in Figure 3.
A good capacity to encapsulate Cc (61.24%) was found in the case of sample PU_Cc.
The drug release trend, expressed as a function of the cumulative drug concentration vs.
time, is probably the main parameter that describes a drug delivery system. The drug
carriers can be classified into different groups based on their release rate: fast release (a
few hours/maximum one day), medium release rate (a few days/maximum one week),
and respectively late release (more than ten days). The obtained PeU_MP has a medium
release rate.

3.2. Characterization of the Zetasizer

Table 2 presents the particle characterization, which was obtained during the Zetasizer
measurements. There were obtained microparticles with a medium homogeneity (the
polydispersity index, PDI is around 0.5) and a medium tendency to form agglomerations,
according to Gallardo et al. [21]. The experimental values of sample characteristics using the
Zetasizer identified a mean structural size of 215 nm in the polyester-urethane preparate
(PU), compared to 271 nm in the curcumin-based PU (p-value < 0.001). Although the
size was statistically significantly different, the IPDI and Zeta potential did not differ
significantly (22.91 mV vs. 23.74 mV).
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Figure 3. The calibration curve for curcumin (Cc).

Table 2. Experimental values of the Zetasizer characterization.

Sample
Size of Structures (nm)

Zeta Potential (mV)
Mean ± SD IPDI

PU 215 ± 11 0.4 +22.91
PU_Cc 271 ± 19 0.6 +23.74

PU—Empty Particles; PU_Cc—Curcumin-filled Particles; SD—Standard Deviation; IPDI—isophorone-
diisocyanate.

3.3. In Vivo Characterization of Samples

The irritation assessment is often found in many studies developed on new pharma-
ceutical formulations. These assays are proper for cosmetics, but many other products can
be verified in the same way. Among the study participants (n = 16), there group differences
between genders did not differ significantly (five men in the PU group vs. four men in the
PU_Cc group, p-value = 0.614). The average age during the study period was 57.6 years
for patients in the PU group, respectively 55.1 years in those who received the curcumin
preparations. The majority of oropharyngeal cancers were of HPV-related etiology (75.0%
in the PU group vs. 87.5% in the target group, p-value = 0.521). Lastly, half of the patients
had stage II oropharyngeal cancer on the TNM staging, while the other half were stage III.
There were no significant side effects, with 75.0% of patients in the PU group reporting no
side effects, compared to 87.5% in the Cc group (p-value = 0.583), as described in Table 3.

Figure 4 and Table 4 present the evolutions of the three skin parameters that present
important changes in irritations. As described in Figure 4a, the TEWL measurement at the
beginning of the experiment indicated a non-significant difference in the average trans-
epidermal water loss (1.9 g/h/m2 in the PU group vs. 2.1 g/h/m2 in the curcumin group,
p-value = 0.386). However, the 48 h measurement at the end of the experiment found a statis-
tically significant difference between the PU and the Cc group (2.2 g/h/m2 vs. 2.6 g/h/m2,
p-value = 0.013). The overall difference compared to the reference group with sodium
lauryl sulfate (SLS) was statistically significant at a 99% significance level.
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Table 3. Background characteristics and medication dynamics among study participants.

Variables PU (n = 8) PU_Cc (n = 8) p-Value

Gender 0.614
Men 5 (62.5%) 4 (50.0%)

Women 3 (37.5%) 4 (50.0%)
Age (mean ± SD) 57.6 ± 12.2 55.1 ± 10.9 0.672

Etiology 0.521
HPV-related 6 (75.0%) 7 (87.5%)

Non-HPV 2 (25.0%) 1 (12.5%)
TNM Staging 1

Stage II 4 (50.0%) 4 (50.0%)
Stage III 4 (50.0%) 4 (50.0%)

Self-reported side effects 0.583
0 6 (75.0%) 7 (87.5%)
1 1 (12.5%) 1 (12.5%)
≥2 1 (12.5%) 0 (0.0%)

Proportional data calculated using Fisher’s exact test; Data presented using mean and standard deviation were
compared with the Student’s t-test; SD—Standard deviation; HPV—Human Papilloma Virus; TNM—Tumor
Nodes Metastasis cancer staging system.

   

Figure 4. The evolution of the main skin parameters: (a) TEWL, (b) erythema, (c) skin hydration.

Table 4. Medication dynamics measured among study groups.

Variables (Mean ± SE) PU (n = 8) PU_Cc (n = 8) p-Value

TEWL
Time 0 1.9 ± 0.1 2.1 ± 0.2 0.386
Time 12 2.0 ± 0.2 2.4 ± 0.2 0.179
Time 24 2.2 ± 0.1 2.5 ± 0.2 0.201
Time 48 2.2 ± 0.1 2.6 ± 0.1 0.013

Erythema
Time 0 15.1 ± 3.2 20.2 ± 2.4 0.223
Time 12 21.0 ± 1.9 24.3 ± 3.1 0.379
Time 24 20.3 ± 2.7 20.5 ± 2.9 0.960
Time 48 23.4 ± 2.0 25.1 ± 2.2 0.576

Skin hydration
Time 0 −1.9 ± 0.5 −2.2 ± 0.7 0.732
Time 12 −3.0 ± 0.3 −2.6 ± 0.5 0.503
Time 24 −3.1 ± 0.2 −2.2 ± 0.4 0.063
Time 48 −3.0 ± 0.1 −2.8 ± 0.1 0.179

Data presented using mean and standard error of the mean were compared with the Student’s t-test; SE—Standard
error; PU—Polyurethane; PU_Cc–Polyurethane–Curcumin; TEWL—Trans-epidermal Water Loss.

The erythema evaluation presented in Figure 4b indicated a starting measurement
point for both the study groups with a 5.1-unit difference, although without statistical sig-
nificance (PU = 15.1 units vs. PU_Cc = 20.2 units, p-value = 0.223). After 48 h, the difference
was reduced to only 1.7 units (PU = 23.4 units vs. PU_Cc = 25.1 units, p-value = 0.576).
Similar to the TEWL measurement, the comparison with the reference variable (SLS)
was statistically significant at the 95% significance level. Lastly, the skin hydration test
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showed no statistically significant differences between the polyurethane and polyurethane–
curcumin group (Figure 4c). The T0 measurement had a starting point at −1.9 units in the
PU group and −2.2 in the PU_Cc group (p-value = 0.732). The T48 measurement was also
non-significant (PU = −3.0 vs. PU_Cc = −2.8, p-value = 0.179).

4. Discussion

4.1. Supporting Literature

The current study describes the main parameters trends of the skin being very similar
for the tested samples (pure curcumin, empty polyester-urethane microparticles, PeU_MP
with curcumin and sodium lauryl sulfate) but with different amplitudes that favor the
curcumin-based drug delivery method. Other researchers have already used sodium lauryl
sulfate (SLS) as a reference for measurements of TEWL, erythema, and skin hydration in a
25 h experiment on the skin of healthy human volunteers [22]. It is important to highlight
the differences between the values recorded in the case of SLS and the values of samples
with Cc for every parameter; the non-irritative potential of these samples is proven by the
values of the three parameters, which are only half of the level of the same parameters in
the case of SLS.

One of the reasons for developing polyester-urethane with curcumin microparticle
drug delivery systems is that other particles, such as Bisphenol-A (BPA), are known to
exhibit long-term harmful effects on human health [23]. Multiple investigations have shown
that BPA’s hypertensive impact is due to its detrimental influence on endothelial function. In
our investigation, we discovered that nanomicelle curcumin produces opposing effects on
blood pressure. However, we did not assess its processes. Modulating AT1 receptor (AT1R)
expression in arteries and AT1R-mediated vasoconstriction likely reduces the development
of hypertension. AT-1 receptor stimulates ROS generation and atherosclerosis development.
After activation of angiotensin II (Ang II) by BPA, CaMKIIa was activated, which led
to oxidative stress, impaired vascular relaxation, and elevated blood pressure through
uncoupling of eNOS [24]. Additionally, BPA was able to activate CaMKIIa through Ang II.
Consequently, phospholipase A2 is activated, and arachidonic acid levels rise, causing
vasoconstriction and hypertension. Free radicals may promote nitration and inactivation
of important enzymes, such as cGMP-dependent protein kinase, the enzyme responsible
for NO-mediated vasorelaxation. Endothelial cell activation of endothelin-1 (ET-1) by
Ang II, a vasoconstrictor peptide, is another route for BPA-induced hypertension [25]. ET-1
causes vasoconstriction by increasing intracellular calcium61 and decreasing endothelial
vasodilation through eNOS deactivation. Therefore, nanomicelle curcumin may have
lowered blood pressure through the aforementioned mechanisms.

In one investigation, BPA (50 mg/kg) was shown to increase the phosphorylation
of p38 and JNK while lowering the phosphorylation of AKT and ERK1/2. However,
nanomicelle curcumin (50 mg/kg) in cardiac tissue enhanced the protein levels of p-AKT
and p-ERK while decreasing the protein levels of p-P38 and p-JNK [26]. In contrast to these
findings, research indicated that curcumin induces apoptosis in H9c2 cardiac myoblast cells
via boosting ROS production and JNK activation [27]. In addition, other research shows that
BPA promoted the growth of MCF-7 human breast cancer cells through estrogen receptors
and dysregulated p-AKT expression. Curcumin, in contrast, reduced the proliferation-
promoting effects of BPA on MCF-7 cells [28]. In other research, 100 nM BPA treatment
dramatically increased oxidative stress and activation of JNK, p38, and ERK in HepG2 cells.
While curcumin reduced the effects of BPA, it had a greater impact on ERK [29].

In other experimental studies, Cc was used with polycarbonate products, where it was
demonstrated how the distinctive attributes of Cc would have a favorable impact on the dy-
namics of the polycarbonate delivery products [30]. Previous research has shown, without
a doubt, that curcumin’s antioxidant and biocidal qualities may be put to use in the area
of polymers in order to improve the features of such materials. It has been demonstrated
that curcumin is a more effective melt and thermo-oxidative stabilizer of polyethylene than
the synthetic phenolic antioxidant and that curcumin can be advantageously used in the
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synthesis of rigid polyurethane foams with enhanced mechanical, antibacterial, and anti-
aging properties [31]. In particular, it has been shown that curcumin is a more efficient melt
and thermo-oxidative stabilizer of polyethylene than the synthetic phenolic antioxidant,
while it is anticipated that the incorporation of Cc into the production of polycarbonate
may bring about benefits, particularly in terms of the antioxidant characteristics that they
possess, even if more steps and more in-depth characterizations are certainly required.

Studies showed that it is possible to use Cc’s or the derivatives as compounds ready
to use in drug delivery systems, increasing the potential of replacing molecules of fossil
origin that are concerning for their toxic and eco-toxic effects exhibited. Curcumin products
had been successfully implemented recently in various treatment methods for cancer,
proving their feasibility for mass production [32]. Similar to our study, it was previously
attempted to observe the potential adjuvant effect of curcumin nanoparticles in oral cancer
treatment [33]. The researchers added 200 nm nanocurcumin particles in addition to
cetuximab for malignant cells expressing KB 3-1 and compared the compound with a
reference treatment of cetuximab only. The results were promising, since relative to the
cetuximab-alone treatment group, the combined therapy group saw a considerable increase
in cell death, while nanocurcumin sensitization significantly increased cell death compared
to the control group. Even though the industrial scalability of the proposed synthesis is
complicated at the present time by the higher cost of Cc, which is currently being marketed
as a food-grade or research-grade material, we are convinced that under the pressure of
international legislation and the increased environmental sensitivity of consumers, natural
alternatives such as Cc may become accessible also to the polymer industry, which would
make a positive development for the environment. Additionally, the EU has imposed
severe restrictions on the use of molecules that have been shown to be carcinogenic and
endocrine disruptors, such as bisphenol-A, while simultaneously encouraging the search
for safer and more environmentally friendly alternatives [34].

4.2. Study Limitations and Future Perspectives

The current study provides important data about the kinetics, stability, and safety of
curcumin-based polyurethane products for chemotherapy use. However, the feasibility of
the large-scale use of these products in pharmacology and oncology is yet to be determined.
Similarly, the human safety record is promising, but as a pilot study, the number of subjects
involved was only sixteen participants; therefore, further trials should be implemented to
draw clear conclusions. From a future perspective, greater production and use of non-edible
turmeric products might, in the not-too-distant future, result in a dramatic reduction in the
cost of industrially used curcumin. In addition, meeting the ecological requirements may
be accomplished by combining the production of bio-based polymers with the recycling of
commonly generated wastes made of plastic.

5. Conclusions

In conclusion, a different preparation was developed in order to mitigate the draw-
backs of polyurethane-based medication delivery methods in oncology while simulta-
neously increasing their therapeutic potential against HCC while maintaining a good
safety profile. This paper describes the obtaining and the preliminary characterization
of a synthetic drug delivery system used as a carrier for curcumin. Polyester-urethane
microparticles with sizes between 215 and 271 nm have been developed, and their release
rate was investigated in a simulated body fluid used as a degradation media. Additionally,
the safety concerns were tested on patients suffering from oropharyngeal cancer, with
very promising results, as the non-invasive determinations of skin parameters such as
trans-epidermal water loss, erythema, and stratum corneum hydration have revealed the
safe character of these samples to be used on humans. Despite the fact that further study
is undoubtedly required, it is possible that this research will prove to be of significant
relevance to the field of contemporary polyurethane-based methods for drug delivery.
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Abstract: Agents of platinum-based chemotherapy, such as cisplatin or carboplatin, are used in the
treatment of a wide range of malignancies that affect children, such as brain tumors, osteosarcoma,
neuroblastoma, hepatoblastoma, and germ cell tumors (GCTs). The Cyclophosphamide Equivalent
Dose (CED) calculator for reproductive risk does not take platinum-based chemotherapy into account,
despite the fact that it accounts for the majority of chemotherapy medications that are typically
administered for pediatric GCTs. As a result, exposure to platinum-based drugs throughout infancy
can have predictable long-term effects such as infertility, as well as other rare encounters such as
lipoma formation and lipomatosis. Lipomas are the most prevalent benign soft tissue tumor subtype.
They may be either solitary entities or engaged in multiple lipomatosis, which may have a familial
origin or be an acquired disorder. Chemotherapy is a possible cause of lipomatosis. Chemotherapy
based on cisplatin has been linked to a variety of long-term consequences, including kidney damage,
neurotoxicity, and pulmonary toxicity, and may even create secondary cancers. However, lipoma
development is known to occur in fewer than 1 in 100 individuals, and only a few examples of
multiple cutaneous lipomatosis triggered by this therapy have been documented. Here we present a
very rare case of lipomatosis in a pediatric patient with GCT under cisplatin therapy, which might be
the third report of this kind affecting children.

Keywords: pediatric oncology; lipomatosis; cisplatin; platinum-based chemotherapy; germ cell tumors

1. Introduction

Lipomas are benign, most often encapsulated, noninvasive soft tissue tumors com-
posed of mature adipocytes. They represent about half of all the adipocytic tumors in
the pediatric population and, depending on their size and location, and they vary from
being asymptomatic to causing various non-specific symptoms. Cytogenetic aberrations
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can often be described in these tumors, most of them affecting the chromosome 12q. The
term “lipomatosis”, on the other hand, describes tumors comprised of matured adipose
tissue with an infiltrative growth pattern, ill-defined margins, and a tendency toward
symmetry [1–3].

While the cause of these tumors remains mostly unknown, there are some etiologically
and clinically described subtypes of lipomatosis, such as Madelung’s disease associated
with alcohol consumption and metabolic problems; lipomatosis dolorosa, potentially asso-
ciated with improper lymph drainage; or Dercum’s disease and Roch–Leri mesosomatous
lipomatosis, which are considered very rare lipomatoses of unknown etiology [4,5]. There
have been cases reported where it seems that the medical intervention, whether through the
administered medication or surgery, might have either caused or exacerbated the growth
of lipomatous tumors [6–8]. Among the incriminated drugs lies cisplatin, a platinum-based
compound with a cytotoxic effect used in the treatment of various cancers [9–12]. Due to
its side effects and drug resistance, cisplatin is currently used in combination with other
antineoplastic agents. Through oxidative stress, high doses of this drug can induce nephro-
toxicity and hepatotoxicity, demonstrated by elevated creatinine levels, hepatic enzyme
levels, and bilirubin levels. Necrosis and inflammatory cell infiltration of the portal area are
some of the histopathological changes observed in patients treated with cisplatin [13]. Other
platinum-based agents have been demonstrated to induce hepatosteatosis, a condition that
has been linked to the growth of lipomas [14,15].

In this case report, we present a very rare case of a 16-year-old girl diagnosed with
a giant ovarian GCT of mixed histology with extension into the abdominal cavity and
asymptomatic amputation of the contra-lateral ovary, who developed lipomatosis after
chemotherapy with cisplatin. A thorough literature search was also performed to find
similar cases, since this rare occurrence of peritoneal and liver lipomas as a possible and
specific side effect of platinum-based chemotherapy is scarcely described in pediatric
patients.

2. Case Presentation

A 16-year-old Caucasian girl was admitted to our hospital, presenting with abdominal
pain and abdominal distension, fever, and a dry cough. Upon clinical examination, the
patient was found moderately pale and febrile, with a body mass index (BMI) of 28.6 kg/m2,
being in the 95th percentile for girls her age, corresponding to class I obesity. The abdomen
was distended and moderately painful upon palpation, the puddle sign was present, and
percussion notes varied between tympanic and dull, raising suspicion of ascites. Lab values
were significantly modified, suggesting a severe inflammatory process, as described in Table 1.

It was observed that CRP levels were 3215 mg/L, ferritin 1118 ng/mL, fibrinogen
629 mg/dL, and ESR was 92 mm/h, all of which ranged much higher than the normal
threshold. Besides the severe inflammatory status of the patient, the girl was also suffering
from anemia, with a red blood cell count (RBC) measured at 4.0 million, and a hemoglobin
level of 10.5 g/dL. Apart from class I obesity, the adolescent patient had an elevated serum
glucose (109 mg/dL), correlating with a metabolic syndrome. The serum lipid levels
were also above the normal range for adolescents, although without a significant increase
(total cholesterol = 183 mg/dL, triglycerides = 155 mg/dL). The patient did not have any
documented endocrinological problems.

A chest X-ray found bilateral interstitial reticular coarseness and opacification of
the right costophrenic angle, suggestive of pleural effusion. The patient was further
investigated in our ultrasound department; the abdominal sonogram raised suspicion of
an abdominal–pelvic tumor mass with mild ascites in the abdominal cavity, particularly
pronounced in the perihepatic and peri-splenic spaces.

Surgery was considered and computer tomography (CT) was performed on the same
day to better assess the extension of the tumor mass. The CT examination of the abdominal
and pelvic cavities found a gigantic heterogeneous mass of 18/13/9 cm (Figure 1). The
tumor did not invade the abdominal organs or retroperitoneal vascular structures, but
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manifested a compressive effect on the intestinal loops and urinary bladder. While the right
ovary could not be visualized, a calcified mass of 26/14/12 mm was identified within the
right anterolateral side of the recto-uterine pouch.

Table 1. Modified laboratory values significant for diagnosis.

Test Value Range Significance

RBC (female) 4.0 × 109/mm3 4.2–5.4 × 109/mm3 ↓
Hemoglobin 10.5 g/dL 11.8–15.7 g/dL ↓
Leukocytes 17.200/mm3 4.800–10.800/mm3 ↑
Neutrophils 13.810/mm3 1870–8100/mm3 ↑

Serum glucose 109 mg/dL 70–100 mg/dL ↑
Total cholesterol 183 mg/dL <170 mg/dL ↑

Triglycerides 155 mg/dL <150 mg/dL ↑
Serum albumin 4.1 mg/dL 3.4–5.4 g/dL Within normal range

CRP 3215 mg/L 0–5 mg/L ↑
Ferritin 1118 ng/mL 15–150 ng/mL ↑

Fibrinogen 629 mg/dL 200–400 mg/dL ↑
Procalcitonin 0.244 ng/mL 0–0.5 ng/mL Within normal range

ESR 92 mm/h 2–13 mm/h ↑
AFP – – –

β-HCG – – –
CA-125 – – –

Tumor markers were not determined prior to surgery; CRP—C-reactive protein; ESR-Erythrocyte sedimentation
rate; AFP—Alpha-fetoprotein; β-HCG—beta human chorionic gonadotropin; CA-125—Cancer antigen 125.
↓: below normal range; ↑: above normal range.

Figure 1. CT scan revealed a massive heterogeneous tumor mass of 18/13/9 (red arrow) cm with a
volume of 1101 mm3, of pelvic origin with extension in the abdominal cavity manifesting compression
on the local organs. Perihepatic ascites can be easily identified (blue arrow).

The major findings could be summarized as massive mixed solid-cystic tumors oc-
cupying the abdominal and pelvic cavities of suspected ovarian origin, abdominopelvic
ascites, minimal right pleural effusion, and para-aortic lymphadenopathy. The patient
underwent surgery on the third day of hospitalization. A midline laparotomy found peri-
toneal fluid that was drained and sampled for cytology and a massive septated cystic tumor
occupying the abdominal and pelvic cavity with left ovarian origin. A surgical biopsy
was performed along with ablation of the ovarian tumor and epiploectomy. Upon further
inspection of the pelvic cavity, a calcified amputated right ovary of approximately 3cm
in diameter was found, most likely a sequela of compression due to the massive volume
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of 1101.43mm3 from the tumor originating in the contralateral ovary. The patient was
transferred to our intensive care unit for post-surgery monitoring awaiting the pathology
and cytology results.

The cytologic examination of the peritoneal fluid identified hemorrhagic fluid with
high heterogeneous cellularity of 75% neutrophils, 15% monocytes, 10% lymphocytes, reac-
tive mesothelial cells, and several old mesothelial cells with “signet ring cell” phenotype,
raising suspicion of peritoneal dissemination. Pathology findings revealed on macro-
scopic examination the tumor appeared as a round, encapsulated multi-cystic mass of
18.5/13.8/9.5 cm, with grey to light pink solid/gelatinous components. Immunohistochem-
istry (IHC) analysis found a glial fibrillary acidic protein (GFAP), alpha-fetoprotein, CD10,
macro creatine kinase (MCK), and vimentin, all intensely positive, beta-HCG-negative, and
KI-67-positive in 10% of solid tumor areas [16–18].

The pathology findings identified the tumor as a mixed germ cell tumor with three
components, as observed in Figure 2: mature teratoma (25%), immature teratoma, high-
grade G3 (60%), and yolk sack tumor (15%). The tumor was graded at stage IV (pT1cNxM1)
due to evidence of metastasis, according to the TNM staging system [19], where “p” and
“c” stand for staging based on the histopathological assessment of a surgical specimen and
evidence acquired by clinical and paraclinical procedures, respectively.

Figure 2. Histological examination revealed a tumor of germ cell origin composed of areas of mature
teratoma, immature teratoma, and small areas of yolk sac tumor. (a). Teratoma with non-specific
glandular tissue (blue arrow) and cartilaginous tissue (red arrow). (b). Teratoma shows areas of
the dispersed squamous-stratified epithelium (red arrow), adipocytes (blue arrow), and immature
smooth muscle cells (black arrow). (c). The major component of the tumor consisted of immature
teratoma histology, with immature neuroectodermal tissue forming rosettes (red arrows) and tubules
(blue arrows). (d). Detail of yolk sac component with glandular growth pattern.

A second pathology examination was requested, and the result indicated a high-grade
immature teratoma. The final diagnosis was set after careful consideration of clinical,
paraclinical, histopathological, and IHC data. The tumor was labeled stage IIIC according
to the FIGO staging system that identified peritoneal metastasis [20], and a high-grade/G3
immature teratoma of the ovary [1].

Therapy and follow-up: the patient underwent chemotherapy treatment (MAKEI 2005
protocol) with four PEI cycles (cisplatin, etoposide, and ifosfamide). The chemotherapy was
well tolerated with no significant events, and complete tumor remission was accomplished
after the completion of the four PEI cycles. Shortly after completing the last cycle of
chemotherapy, a routine MRI showed elements previously absent four months prior: a
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small oval peripheral intrahepatic mass of ~0.8 cm under the Glisson capsule and several
smaller cysts in the perihepatic space. A PET scan was further performed and found no
signs of malignancy but identified the liver mass as a possible lipoma. The tumor markers
AFP and beta-HCG were within normal values; thus, a “watch and wait” approach was
decided upon.

The routine check-ups involving physical examination, lab values, tumor markers,
and imaging studies showed no signs of relapse or significant changes in the patient’s
health, apart from mild hepatic steatosis and significant weight gain (IMC = 35.4 kg/m2),
advancing the previously diagnosed obesity to class II. No endocrine causes for the patient’s
weight gain were found. The iatrogenic menopause following bilateral adnexectomy was
well controlled by hormone substitution therapy, therefore the weight gain was attributed
to genetics, an admittedly unbalanced diet, and a sedentary lifestyle.

In the 18th month since the end of chemotherapy, a routine MRI found that the
perihepatic masses had increased in number and dimension. The investigation found
intrahepatic, perihepatic, and subdiaphragmatic fat-containing lesions of a maximum of
2/1.5 cm (Figure 3C,D), a smaller mass of approximately 1.1/0.6 cm in the hepatorenal
recess, and another of 0.4 cm in the gastrosplenic recess. Tumor markers AFP, b-HCG, and
CA-125 were normal; therefore, the rare growing teratoma syndrome (GTS) was feared as a
severe outcome [21,22]. Five tumor masses were removed by exploratory laparotomy two
weeks later, and the pathology exam found all the lesions to be lipomas.

Figure 3. Coronal MRI of the abdominal cavities. (A). MRI T2-weighted performed after the surgical
procedure, immediately before the start of chemotherapy. (B). Contrast-enhanced T1-weighted
sequence in the same examination. (C). MRI T2-weighted of the abdominal cavity 18 months after
completion of chemotherapy shows hyperintense perihepatic and subdiaphragmatic masses. (D). T1-
weighted fat-suppressed (Dixon) sequence revealed the masses to display low intensity, identifying
the small tumors as fat structures rather than liquid containing possible lipomas, an assumption later
confirmed after surgical excision.
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3. Discussion

3.1. Literature Search for Similar Findings

We report a case of a female pediatric patient that presented with systemic lipomatosis
after cisplatin therapy for GCT and no familial history of lipomatosis. Lipomatosis is
not an uncommon side effect of chemotherapy, and it is generally linked to the use of
corticosteroids [23]. Since our patient did not undergo steroid therapy and considering the
alarmingly rapid growth of the number of lipomas, we investigated the possibility that
her chemotherapy regimen might be the culprit. A quick scan of the literature revealed no
reports of lipomatosis involving exposure to etoposide or ifosfamide, but a likely link to
cisplatin, and a reported side effect of lipoma formation is fewer than 1 in 100 cases.

An extensive literature search using the terms “lipomatosis”, “lipoma”, “chemother-
apy”, “cisplatin” or “carboplatin”, “platinum-based chemotherapy”, and “germ cell tumor”
was conducted using the “PubMed”, “Web of Science”, and “Scopus” databases in an
attempt to answer the following question: how often are singular or multiple lipomas
associated with the use of cisplatin or other platinum agents? Articles in the English litera-
ture published between 2000 to 2021 were included in our final search. The main steps of
our literature scan are presented in Figure 4. We excluded articles irrelevant to our query
and reports of cases where underlying genetic or metabolic conditions associated with a
high incidence of lipomatous tumors were present (e.g., Cowden syndrome, Cushing’s
syndrome, Rb1 mutation, familial multiple lipomatosis, hamartoma tumor syndrome). A
history of corticosteroid therapy was also an exclusion criterion due to its well-known
association with the development of lipomatosis [23].

Figure 4. Flowchart of steps and keywords used for database search.

The only two cases found relevant to our search described intestinal and cutaneous
lipomatosis occurring in two adult cancer survivors who underwent cisplatin therapy [24,25].
Cutaneous lipomatosis was described as the most prevalent benign mesenchymal tumor,
without a significant comorbid problem, that forms in the subcutaneous tissues of the trunk
or proximal extremities and manifests as distinct rubbery lumps. Although in one report the
lipomas were discovered 12 years after cisplatin therapy, it is a known fact that circulating
platinum levels remain high decades after the end of the regimen [26]. The first reported
patient was diagnosed with testicular non-seminoma GCT treated with a right orchiectomy
and a treatment scheme using bleomycin, etoposide, and cisplatin, followed by bilateral
aortoiliac embolectomies during BEP treatment. The role of chemotherapy as a cause or
aggravator of intestinal lipomatosis has not been conclusively proven [27,28]. Notably, the
development and expansion of the lipomas seen in this patient’s follow-up studies after
chemotherapy treatment imply a causal involvement of the chemotherapy, but the potential
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of a congenital illness with a late presenting phenotype and limited penetrance persists.
Multiple case reports demonstrate chemotherapy-induced cutaneous lipomatosis, although
many of these patients had previously received steroids, which have a well-established
relationship with acquired lipomatosis.

Significantly, the second case report described a patient with testicular cancer who
was also treated with BEP chemotherapy and acquired cutaneous lipomatosis; it was
hypothesized that chemotherapy might cause adipocyte proliferation via a mechanism that
has yet to be determined [25]. Nonetheless, the patient had received a peripheral blood stem
cell transplant, but there are no previous reports of multiple lipomatosis developing after
such procedures. Regarding stem cell mobilization and transplant, there are no published
reports of adipose cell proliferation as a well-known adverse effect. However, it would
be beneficial to be able to show that chemo-mobilization agents may also drive adipocyte
proliferation in addition to blood cells [29]. In fact, the stimulating effect of the Macrophage
Colony-Stimulating Factor (MCSF) on adipocytes is well-established, although little is
known about GCSF. In spite of this, recent research indicates a link between the increased
release of GCSF and the expansion of cultured adipocyte sizes [30].

3.2. Germ Cell Tumors in Pediatric Oncology

The presented case represents a very rare occurrence in pediatric oncology, both by
the mixed histology of the GCT and even more for the association of platinum-based
chemotherapy with the development of systemic lipomatosis. Regarding the malignant
diagnosis in this patient, it is important to acknowledge the rarity of a mixed GCT in
pediatric oncology [31,32]. Germ cell tumors are a group of rare and highly heterogeneous
neoplasms with respect to their site of presentation, histology, age of onset, and molecular
signature [33,34]. Their incidence follows a bimodal curve, particularly high in children
under four years of age and another peak later in adolescence. The highest incidence of
GCT is seen in infants up to one month, where they account for 30–45% of neonatal tumors,
although only 5% are proven malignant [33]. While GCT represents 3.6% of all cancers
before puberty, their incidence spikes up to 12% in the 15–19-year age group that defined
our presented case. In Europe, as well as in the USA and Asia, the incidence is significantly
higher in males versus females, with 64 cases per million for males and 4 per million in
female patients, such as our finding [35].

In pediatric patients, a quarter of all malignant GCT presents two or more histological
types, thus classified as mixed germ cell tumors [36,37]. In females, the ovary is the most
common site for GCT, with an incidence of 1 in 400 thousand in Europe, thus it is a rare
cancer by RARECARE definition with an incidence that falls below 6 in 100 thousand
cases [35]. GCTs make up 25% of all diagnosed ovarian masses and 3-5% of malignant
ovarian cancers, as presented in this particular case. They are the most frequent ovarian
malignancies in women under 25 years of age [38,39]. Although mixed GCTS of the ovary
are exceptionally rare (less than 1% of ovarian GCTs), they are the most common non-
seminomatous tumors in adolescent girls, having the lowest 5-year relative survival rate in
the 10–19 age group [37,40].

As presented in our rare case, surgical intervention was fundamental in the diagnosis
and management of the large tumor, and therefore it is often the first step of the treatment
in the majority of large-volume tumors. A laparotomy is usually performed, given the
size and solid nature of these tumors. Since germ cell tumors occur mostly in the younger
population, when possible, fertility-sparing interventions are performed in which the
unaffected ovary and fallopian tube are preserved [41–44]. In cases of locally extended
tumors or recurrent tumors, pre-surgical chemotherapy is preferred in order to reduce
the tumor size and ensure better chances of a second step, complete carcinogenic surgical
resection [45]. For GCTs, chemotherapy often involves the use of etoposide, ifosfamide, or
cisplatin, a platinum-based drug that was used for the 16-year-old girl presented in our
case [46]. However, when a clear diagnosis cannot be made before surgery, or the volume
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of the tumor creates a life-threatening circumstance, surgery will be performed before the
chemotherapy management.

3.3. Platinum-Based Chemotherapy in Pediatric-Oncology

While in adults any immature teratoma classified higher than stage 1, based on
the FIGO system, and a lower differentiation than Grade 1A, would be treated with
chemotherapy without considering prior surgical management, in pediatric patients the
use of chemotherapy has been challenged, with authors suggesting that complete resection
of the tumor alone is sufficient, sometimes regardless of the grading, with no significant
differences in overall 4–5 year survival of these patients compared to those who receive
platinum-based chemotherapy [26,47–49]. It is worth noting, however, that literature on
refractory and relapsed germ cell tumors in the pediatric population is scarce. Tumors that
have previously been treated by surgery alone continue to have an excellent prognosis;
however, in cases formerly treated with antineoplastic drugs, survival rates drop quite
significantly. The main prognostic factor in such situations seems to come down to whether
or not complete resection is possible. In order to achieve this, platinum-based chemotherapy
is recommended beforehand [45].

Although chemotherapy treatment guidelines are clear in adult patients, they become
uncertain in the pediatric population when involving ovarian GCTs of mixed histology
due to the very low incidence of these cases. The use of cisplatin-based chemotherapy
has been a breakthrough, not only in the treatment of gynecological cancers, but also in
neuroblastomas, hepatoblastomas, medulloblastomas, and other solid tumors, drastically
improving survival rates, and several studies have proven its superiority over carboplatin.
This observation has led to the introduction of cisplatin in most chemotherapy schemes
(the exception being the British protocol, which uses carboplatin) in combination with
etoposide, ifosfamide, bleomycin, or vinblastin [50]. The downside of using platinum-
based drugs is that blood serum platinum concentration remains high nearly 20 years after
receiving cytotoxic therapy [51]. Platinum agents and long-term exposure to circulating
platinum have been associated with long-term sequelae such as paresthesia, lipid disorder,
hypertension, and gonadal dysfunction, as well as an increased risk of second malignancies
and delayed cardiotoxicity [52].

The downside of using platinum-based chemotherapy is the risk of developing
secondary tumors. This theory was substantiated by research that discovered a dose-
dependent impact of chemotherapy on GCTs in 96 chemotherapy-treated individuals. In
larger cohort studies, a dose-dependent link between platinum-based chemotherapy and
GCTs eradication has not been studied [53]. In addition, in contrast to our case involv-
ing a 16-year old female patient with an ovarian GCT, the documented occurrences of
contralateral tumoral recurrence were exclusively in male individuals. Moreover, all pa-
tients were young adults, with no reports being available on the recurrence of GCT due
to platinum-based chemotherapy. Whether or not such a correlation exists is clinically
significant since a growing number of patients with testicular GCTs may receive lower
doses of platinum-based chemotherapy as an adjuvant treatment with one or two rounds
of chemotherapy for high-risk early-stage illness gains popularity.

3.4. Platinum-Based Chemotherapy and Lipomatosis

Even though the underlying process is uncertain, cisplatin-based treatment might
be a causative factor, although without significant proof. Cisplatin has an alkylating-like
property, binding DNA and inducing apoptosis. Even if the growth of fat cells created
by an antimitotic agent may seem counterintuitive, it is vital to recognize the alterations
in the body caused by cisplatin. In reality, an increased body mass index and metabolic
syndrome are potential side effects that may be attributed to hormonal changes brought on
by chemotherapy, such as a testosterone deficit.

Quite the contrary, it has been demonstrated that cisplatin inhibits the migration and
differentiation potential of human adipose-derived mesenchymal stem cells, and it can be
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assumed that the same mechanism is applicable to peripheral blood stem cells [54]. Adipose
stem cells show promise in the repair of cytotoxic tissue injury in vitro and in vivo animal
studies [55,56]. This is due to their chemotropism for sites of cell injury and inflammation,
as well as their potential to differentiate into various cell lines under the right stimuli [57].
Chang et al. showed that adipose stem cells from subcutaneous adipose tissue collected
from a patient who underwent cisplatin therapy four months prior displayed a significantly
reduced differentiation capacity compared to those sampled from a healthy donor.

Our patient showed no signs of preexisting lipomas or abnormal growth in the affected
area on the MRI performed before and after surgery prior to the start of platinum-based
chemotherapy. The first signs of the abnormal growth could be seen less than a month after
the last platinum agent-based cycle (cisplatin), the slight increase in size (~1–2 mm) was
confirmed six months later, and surgery became necessary 18 months after the last PEI
cycle (Figure 3C,D). Although the time correlation of cisplatin therapy with the onset of
lipomatosis in our patient seems to be strong, it cannot be excluded that other factors might
have played a significant role in this condition. Obesity may have been associated with
an increased release of adipocyte-produced steroidogenic enzymes, leading to increased
paracrine estrogen release [58]. Moreover, estrogen concentrations during hormone re-
placement therapy after bilateral adnexectomy may have differed from those occurring
physiologically. In light of this and given the fact that only two cases of lipomatosis after
CDDP therapy have been reported, the effect of estrogens seems more significant.

While the occurrence of lipomas after non-steroid chemotherapy regiments has not
been frequently reported, chemotherapy-associated fatty depositions and liver injury is
a well-known phenomenon that can manifest itself in a wide range of patterns from
transient transaminitis, cholestasis, and venous occlusion to acute liver failure or neoplastic
transformation. Cisplatin, one of the antineoplastic agents that our patient has received,
has been noted to temporarily elevate liver enzymes, but it is rarely linked to severe cases
of hepatotoxicity and fatty infiltration of the liver. However, another platinum-based agent,
namely oxaliplatin, has been recently associated with the development of hepatosteatosis in
adults who underwent hepatic resections due to colorectal or hepatic metastases [59]. One
study that aimed to evaluate whether such lesions were evident in the pediatric population
as well failed to find severe histopathological modifications, such as steatosis, fibrosis, or
necrosis [15]. The reason why such findings appear in adult patients and not pediatric
patients remains unknown, but it could be explained by the different drug combinations
used in the pediatric population compared to the adult population, as well as by the shorter
period of time elapsed between the end of neoadjuvant chemotherapy cycle and surgery in
pediatric patients.

In the case of our patient, it would be unwise to disregard the nutritional factor that
might have played a role in the development of the fatty liver. In the midst of the obesity
epidemic, which has unfortunately not spared children, non-alcoholic fatty liver disease
(NAFLD) has become the number one cause of chronic hepatic disorders in both children
and adults [60]. Moreover, a statistically significant relationship between liver steatosis and
hepatic lipomas was found with 50% of them also correlating with steatosis, and two-thirds
of the lipomas were associated with obesity and hypercholesterolemia [61]. However, our
patient had an increased BMI prior to the surgery and chemotherapy; therefore, obesity
alone might not necessarily be the only factor involved in the development of lipomas.

Another factor that should be taken into account when discussing the etiology of the
lipomatosis that our patient developed is the hormonal replacement therapy (HRT) admin-
istered after surgery. Although the process is not yet known, estrogen seems to promote the
subcutaneous accumulation of adipose tissue by inhibiting lipolysis in the subcutaneous
deposits only. That way, intra-abdominal fat deposits, which are typically seen in the male
population and post-menopausal women, are shifted predominantly toward the subcuta-
neous regions. After menopause, either physiological or medically induced, a redistribution
of fat is observed, with fat starting to accumulate in the visceral area. HRT, among other
treatments, prevents both visceral fat distribution and additional weight gain [62,63]. Given
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that the HRT received by our patient was carefully monitored and deemed adequate, we
consider it unlikely to have played a role in the development of lipomatosis.

The two phenomena described as “Chemotherapeutic retroconversion” and “growing
teratoma syndrome” could explain the lipomatosis that appeared in our patient after
chemotherapy [64,65]. Mature teratomas are germ cell tumors composed of different cell
types, with the potential to mimic any tissue type of the body. According to the previously
mentioned concepts, chemotherapy either contributes to the maturation of the immature
cells in the immature teratomas or induces apoptosis in the immature cells, allowing
the mature and slow-dividing cells to flourish. These theories were tested in a Japanese
descriptive study published in 2021 [65] by analyzing the response of embryonic stem cells
and induced pluripotent stem cell-derived immature teratomas to cisplatin in mice. The
study showed that, after being treated with cisplatin, the tumors increased their maturation
score, and on histological examination, mature tissues were found. Also, after treatment
with cisplatin, the tumors exhibited immunostaining a lower immaturity index. Thus, the
study concluded that cisplatin not only preferably destroys immature cells but also induces
maturation in the teratoma tissue.

4. Conclusions

Despite the existing evidence, lack of genetic analysis of the patients and experimental
methods to determine causality leave the possible association between the use of platinum-
based agents and the development of lipomatosis uncertain. The underlying mechanism
by which cisplatin or other platinum agents might affect adipocytes and favor the devel-
opment of lipomatous tumors is yet to be understood. This case report and literature
review provides further important evidence into a possible very rare side effect of cisplatin,
although it requires further research and in vitro studies. Until more data is available, we
suggest that our fellow clinicians consider previous treatment with platinum agents as
a possible cause in cases of rapid development and growth of lipomas when nutritional,
hormonal, or familial predisposition do not warrant the clinical manifestations.
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Abstract: Background and Objectives: Breast cancer (BC) molecular subtypes have unique incidence,
survival and response to therapy. There are five BC subtypes described by immunohistochem-
istry: luminal A, luminal B HER2 positive and HER2 negative, triple negative (TNBC) and HER2-
enriched. Multiparametric breast MRI (magnetic resonance imaging) provides morphological and
functional characteristics of breast tumours and is nowadays recommended in the preoperative setting.
Aim: To evaluate the multiparametric MRI features (T2-WI, ADC values and DCE) of breast tumours
along with breast density and background parenchymal enhancement (BPE) features among differ-
ent BC molecular subtypes. Materials and Methods: This was a retrospective study which included
344 patients. All underwent multiparametric breast MRI (T2WI, ADC and DCE sequences) and fea-
tures were extracted according to the latest BIRADS lexicon. The inter-reader agreement was assessed
using the intraclass coefficient (ICC) between the ROI of ADC obtained from the two breast imagers
(experienced and moderately experienced). Results: The study population was divided as follows:
89 (26%) with luminal A, 39 (11.5%) luminal B HER2 positive, 168 (48.5%) luminal B HER2 negative,
41 (12%) triple negative (TNBC) and 7 (2%) with HER2 enriched. Luminal A tumours were associated
with special histology type, smallest tumour size and persistent kinetic curve (all p-values < 0.05).
Luminal B HER2 negative tumours were associated with lowest ADC value (0.77 × 10−3 mm2/s2),
which predicts the BC molecular subtype with an accuracy of 0.583. TNBC were associated with
asymmetric and moderate/marked BPE, round/oval masses with circumscribed margins and rim
enhancement (all p-values < 0.05). HER2 enriched BC were associated with the largest tumour size
(mean 37.28 mm, p-value = 0.02). Conclusions: BC molecular subtypes can be associated with T2WI,
ADC and DCE MRI features. ADC can help predict the luminal B HER2 negative cases.

Keywords: molecular subtypes; breast cancer; multiparametric MRI; ADC; luminal

1. Introduction

The limitations of traditional histological classification led to the development of a new
molecular classification of breast cancer (BC), in early 2000 [1]. The quantitative global gene
expression profiling (GEP) technique identified four intrinsic subtypes: (1) estrogen receptor
(ER) positive -> luminal A; (2) ER negative -> HER2-enriched (Erb-B2 overexpression);
(3) basal-like and (4) normal breast-like. However, the GEP technique was not economical
for daily practice. Nowadays, immunohistochemistry (IHC) procedures, using protein
expression have been employed as a method for BC subtyping in clinical practice [2]. The
IHC describes five surrogates BC subtypes: (1) luminal A; (2) luminal B HER2 negatives;
(3) luminal B HER2 positive; (4) HER2 positives non luminal (corresponding to Erb-B2
overexpression in the intrinsic type classification) and (5) triple negative (the basal-like
type of intrinsic subtyping).

The BC molecular subtypes have unique incidence, survival and response to ther-
apy [3–5]. The ER, progesterone receptor (PR) and HER2 (human epidermal growth factor
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receptor (2) status provide prognostic and predictive information [6]. In this regard, the
luminal A subtype is the most indolent BC and has the best prognosis; the TNBC type has a
poor prognosis and is often associated with genetic mutations (BRCA 1) and HER2 positive
subtypes benefit from targeted anti-HER2 therapy.

Breast MRI (magnetic resonance imaging) is recommended for the preoperative stag-
ing and subsequent choice of appropriate therapy in women with BC [7]. It provides
morphological and functional characteristics of the breast tumours. Previously published
work has independently investigated the role of T2-weighted image (WI) characteristics,
apparent diffusion coefficient (ADC) or dynamic contrast enhancement (DCE) patterns in
the prediction of BC molecular subtypes [8–11]. Few studies have analyzed combined mul-
tiparametric MRI findings (T2WI and ADC) for association with specific BC subtypes [12].
Recently, the distribution and level of breast parenchymal enhancement (BPE) has been
reported to be associated with BC subtypes, allowing an additional risk stratification and
targeted screening tests [10].

Our aim was to evaluate the multiparametric MRI features (T2-WI, ADC values and
DCE) of breast tumours along with BPE features among different BC molecular subtypes.

2. Materials and Methods

2.1. Study Population

This was a retrospective study approved by the Ethics Committee of Medimages
Review Board (NR10/15092022, from 15 September 2022), and the need for written consent
was waived.

Inclusion criteria were patients with BC (regardless of the disease stage), preoperative
breast MRI with T2WI, DWI/ADC, DCE sequences and pathology reports who presented
to our clinic (Medimages Breast Center) between January 2018 and March 2022.

Exclusion criteria were patients with inadequate or incomplete MRI images, pathology
and immunohistochemistry reports (Figure 1).

Figure 1. Study population.

2.2. MRI Acquisition and Features

All patients underwent 1.5 T MRI examinations performed in the prone position with
a coil dedicated to breast imaging, using two MR machines (Siemens Magnetom Symphony
TIM and Altea). The breast MRI protocol consisted of five sequences: (1) T1-WI turbo
spin echo; (2) T2-WI turbo spin echo (TR = 5000 ms; TE = 120 ms, flip angle 90◦; in-plane
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resolution 0.6 mm × 0.6 mm; 85 slices; slice thickness 2 mm; (3) T2 turbo inversion recovery
magnitude (TIRM); (4) a T1WI vibe fs dynamic sequence (TR = 4.66 ms; TE = 2.3 ms;
slice thickness 1.3 mm, with precontrast and five phases after the contrast administration
(0.2 mL/kg, 3 mL/s); (5) DWI echo planar imaging with five b factors (0, 200, 400, 600,
and 800 s/mm2). The ADC maps were automatically calculated linearly by the method
provided by the MRI vendor.

All morphological MRI features (breast density, BPE, T2-WI and DCE features) were
reported by one radiologist (AC) with more than 15 years of experience in breast imaging,
using the American College of Radiology BI-RADS lexicon (5th edition) [13]. Each breast
with more than one breast lesion was included in the analysis only once; their highest
assessment was used to guarantee statistical independence of each observation.

The BPE was recorded as symmetric or asymmetric, with a minimal, mild, mod-
erate or marked level. The T2-WI features included shape and margins; enhancement
patterns, distribution and intensity (including kinetic curves) were recorded for mass and
non-mass separately.

ADC values were obtained by placing a standardized intratumoral ROI of 0.2 mm2

in the darkest area corresponding to tumour enhancement. Breast parenchyma, tumour
necrosis, haemorrhage and fat were excluded. Two ADC measurements were performed,
first by the same experienced radiologist (AC) and second, by a moderately experienced
breast radiologist with 5 years’ experience (MS).

2.3. Pathology and Immunohistochemistry Data

Age and pathology data were reviewed from the medical records, including the
histologic tumour type (no special type—NST or special types), and immunohistochemistry
findings (ER, PR, HER2 status, ki-67% proliferation index).

BC molecular subtypes were assigned according to the latest St. Gallen International
Expert Consensus (2013) classification system for IHC subtypes 2 (Table 1).

Table 1. Breast cancer molecular subtypes based on immunohistochemistry findings.

Luminal A Luminal B Luminal B-like HER2+ Triple Negative (TN)

ER+ ER+ ER+ ER− ER−
PR+ HER2− HER2+ PR− PR−
HER2− High Ki-67/PR− Any PR HER2+ HER2−
Low Ki-67 Any Ki-67

ER = estrogen receptor, PR = progesterone receptor, HER2 = human epidermal growth factor 2,
Ki-67% = proliferation index with low Ki-67% < 20% and high ki-67% > 20%.

2.4. Statistical Analysis

Statistical analyses were performed using MedCalc software (version 19.2.6, Ostend,
Belgium). The Mann–Whitney U test was used to compare the age, size and ADC values
between one molecular BC subtype versus all the other subtypes (for example ADC value of
Luminal A BCs versus ADC value of all the other BC molecular subtypes). To analyse asso-
ciations between each BC molecular subtype, clinicopathological data and MRI findings, the
Chi-square or Fisher’s exact test were used. Using binary logistic analyses, we performed
univariate and multivariate analyses to demonstrate the association between the presence
of TNBC and different factors such as shape/margins/enhancement pattern. Results are
expressed as unadjusted/adjusted odds ratio. ROC curve with AUC was calculated for
statistically significant parameters. p < 0.05 was considered statistically significant.

The inter-reader agreement was assessed using the intraclass coefficient (ICC) between
the ROI of ADC obtained from the two breast imagers. The following were selected as stan-
dards for strength of agreement: 0.01–0.20 = slight; 0.21–0.40 = fair; 0.41–0.60 = moderate;
0.61–0.80 = substantial; 0.81–0.99 = almost perfect; 1.0 = perfect.
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3. Results

The study population consisted of 344 patients with breast cancer, with a 47.8 year
mean age (ranging from 24 to 77 years old), having BC tumours with a mean size of 26 mm
(ranging from 4.2 to 115 mm). The BC were as follows: 89 (26%) with luminal A, 39 (11.5%)
luminal B HER2 positive, 168 (48.5%) luminal B HER2 negative, 41 (12%) triple negative
(TNBC) and 7 (2%) with HER2 enriched.

3.1. Associations between 5 BC Molecular Subtypes and MRI Features

Patients with luminal B HER2 positive were associated with younger age compared to
the other BC subtypes (44.5 mean age, p-value = 0.02), while patients with luminal A were
associated with older age (50.2 mean age, p-value < 0.01).

The majority of the patients had a no-special-type (NST) BC histology type, with special
subtypes (such as papillary or mucinous) associated with luminal A (p-value < 0.01).

There was no association between breast density and BC molecular subtypes (all p > 0.05).
The BPE was asymmetric in 18 (43.9%) patients with TNBC (p-value = 0.000), associ-

ated with moderate/marked level in 21 (51.21%) cases. There were no other statistically
significant differences in BPE symmetry or level for the other BC molecular subtypes.

The smallest tumours were associated with luminal A (p-value < 0.01), and the largest
with the HER2 enriched masses (p-value = 0.002).

For mass-appearing BC tumours, the shape was oval or round for 23 (56%, p-value = 0.01)
of TNBC, with associated circumscribed margins (14.6%, p-value < 0.01) compared to the
other BC subtypes (Figure 2).

 

Figure 2. Triple negative breast cancer in a 33-year-old woman—subtracted T1-weighted contrast-
enhanced image (A) shows a 3 cm oval (lobulated) mass with circumscribed margins, heterogeneous
enhancement and restricted diffusion on DWI (B) and ADC (C).

A heterogeneous or rim enhancement was associated with TNBC (p-value < 0.01) in
26 (63.4%) and 15 (36.5%) cases, respectively. No BC mass was found to have internal dark
septations (Figures 3 and 4).

For the non-mass enhancement appearance, there were no differences in the distribu-
tion, enhancement type or mean ADC values between BC molecular subtypes (all p > 0.05).

The majority of tumours had a “wash-out” (type 3) enhancement curve, but only
luminal A tumours reached statistical significance. In addition, luminal A tumours were
associated with a plateau (type 2) kinetic curve (p-value = 0.03) (Table 2).
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Figure 3. Triple negative breast cancer in a 60-year-old woman—heterogeneous enhancement on
subtracted T1-weighted contrast-enhanced image (A) and maximum intensity projection (MIP, (B)).

 

Figure 4. Triple negative breast cancer in a 32-year-old woman—rim enhancement on subtracted.

Table 2. Breast cancer molecular subtypes—association between pathology and MRI features.

Variable Luminal A
Luminal B

HER+
Luminal B

HER−
Triple

Negative
Her 2

Positive

Age mean 50.2 44.5 48.2 45 44.4
p-value <0.01 0.02 0.57 0.04 0.36

Pathology
NST 58 33 140 36 0

Other 31 6 28 5 7
p-value <0.01 0.41 0.09 0.16 0.35

Breast density
A 6 1 6 3 0
B 17 6 39 9 2
C 45 21 78 16 3
D 21 11 45 13 2

p-value 0.55 0.67 0.68 0.60 0.90
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Table 2. Cont.

Variable Luminal A
Luminal B

HER+
Luminal B

HER−
Triple

Negative
Her 2

Positive

BPE

Symmetric 79 34 141 23 5
Asymmetric 10 5 27 18 2

p-value 0.05 0.36 0.35 <0.01 0.61

Level
Minimal 22 5 36 13 1

Mild 19 6 35 7 0
Moderate 43 23 85 13 5
Marked 5 5 12 8 1
p-value 0.56 0.29 0.60 <0.01 0.46

Mass

Size, mean 21.3 29.9 27.7 25.1 37.28
p-value <0.01 0.13 0.09 0.59 0.02

Shape
Oval 24 11 45 21 2

Round 18 5 17 2 2
Irregular 40 16 81 12 3

Lobulated 3 6 15 6 0
p-value 0.02 0.50 0.25 <0.01 0.58

Margins
Circumscribed 0 1 4 6 0

Irregular 60 27 104 31 5
Spiculated 25 10 50 4 2

p-value 0.13 0.94 0.24 <0.01 0.88

Enhancement
Homogeneous 2 0 2 0 0
Heterogeneous 75 33 138 26 5

Rim 8 5 18 15 2
p-value 0.17 0.73 0.28 <0.01 0.55

ADC mean 0.80 0.80 0.77 0.82 0.80
Range 0.20–1.21 0.34–1.47 0.35–1.71 0.75–0.91 0.32–1.2
p-value 0.16 0.54 <0.01 0.12 0.87

Non-mass NA *

Enhancement
Distribution

Focal 1 0 4 0
Lineal 2 1 4 2

Segmental 3 0 7 0
Regional 2 1 4 0

M. regions 1 1 0 0
Diffuse 1 0 0 0
p-value 0.66 0.29 0.28 0.31

Type
Homogeneous 6 0 1 1
Heterogenous 4 3 7 1

Clumped 0 0 9 0
Cluster ring 0 0 1 0

p-value 0.82 0.51 0.37 0.99

ADC mean 0.88 0.86 0.86 NA *
Range 0.74–1.02 1 case 0.60–1.29
p-value 0.48 0.81 0.58

Kinetic curves
Persistent (1) 6 2 5 0 0

Plateau (2) 22 7 30 9 3
Wash-out (3) 61 30 133 32 4

p-value 0.10 0.82 0.30 0.39 0.31
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Table 2. Cont.

Variable Luminal A
Luminal B

HER+
Luminal B

HER−
Triple

Negative
Her 2

Positive

ADC mean 0.80 0.81 0.77 0.81 0.80
(mass +

non-mass)
Range 0.20–1.21 0.34–1.47 0.35–1.71 0.34–1.47 0.75–0.91
p-value 0.12 0.59 <0.01 0.15 0.88

Total 89 39 168 41 7
* NA—impossibility to perform statistical tests; no dark septations were observed for the mass enhancement type;
size is displayed in mm; range = minimum and maximum values.

The univariate and multivariate analysis remained statistically significant for
TNBC (Table 3).

Table 3. Odds ratio for TNBC on univariate and multivariate analysis.

Variable Odds Ratio (95%CI) p-Value

Univariate analysis

Shape − oval + round 2.16 (1.03–4.52) 0.04

Shape − lobulated 2.91 (0.99–8.51) 0.05

Margins − circumscribed 9.70 (2.81–33.45) < 0.01

Enhancement − homogenous 0.00 0.99

Multivariate analysis

Shape – oval + round 1.43 (0.64–3.19) 0.39

Shape − lobulated 2.64 (0.88–7.92) 0.08

Margins − circumscribed 9.12 (2.19–37.87) < 0.01

Enhancement − homogenous 0.00 0.99

The lowest mean ADC values were obtained for luminal B HER2 negative tumours
(0.77, p-value < 0.01). For a cut-off value of 0.88 × 10−3 mm2/s2, there was an AUC = 0.583
in predicting luminal B HER2 negative cases (p-value < 0.01), with a sensitivity of 79.17
(95% CI 72.2–85.0), specificity of 36.36 (95% CI 29.3–43.9), 54.3 positive predictive value and
64.6 negative predictive value (Figures 5 and 6).

We obtained almost perfect agreement between the ADC ROIs of the two read-
ers (intraclass correlation = 0.85–0.91, weighted kappa = 0.78, standard error = 0.03,
95% CI 0.717–0.843).
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Figure 5. The distribution of ADC values in luminal B HER2 negative and other subtypes of BC.

Figure 6. ROC curve for predicting luminal B HER2 negative BC.

3.2. Associations between ER/PR Positive and Negative BC and MRI Features

We further divided the entire study population into two groups according to positive
or negative immunohistochemistry ER/PR status.

There were no differences for BC pathology type or breast density between the two
groups (all p-values > 0.05).
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Asymmetric BPE was associated with ER/PR negative group (p-value = 0.000), with
no differences regarding the BPE level (p-value = 0.26).

Oval or round masses with circumscribed margins were associated with ER/PR
negative group, while irregular masses with irregular or spiculated margins were associated
with ER/PR positive tumours (p-values = 0.02 and < 0.01). All BC masses tested negative
for ER/PR were associated with heterogeneous or rim enhancement (p-value < 0.01), while
ER/PR positive tumours displayed rim enhancement only in 11% of the cases.

There were no differences regarding the ADC values or non-mass characteristics
(distribution of enhancement, enhancement type) between ER/PR negative and positive
tumours (all p > 0.05).

The persistent (type 1) kinetic curve was observed only in ER/PR positive tumours
(4.6%) without reaching statistical significance (p-Value = 0.65) (Table 4).

Table 4. ER/PR positive and ER/PR negative cancers in association with MRI features.

Variable ER/PR Positive ER/PR Negative p-Value

Pathology

0.06NST 231 43
Other 65 5

Density

0.67
A 13 3
B 62 11
C 144 19
D 77 15

BPE

<0.01Symmetric 254 28
Asymmetric 42 20

Minimal 63 14

0.26
Mild 60 7

Moderate 151 18
Marked 22 9

Mass

Size 26.08 26.95 0.14

Shape

0.02

Oval 80 23
Round 40 4

Irregular 137 15
Lobulated 24 6

Margins

<0.01
Circumscribed 5 6

Irregular 191 36
Spiculated 85 6

Enhancement

<0.01
Homogeneous 4 0
Heterogeneous 246 31

Rim 31 17

ADC mean 0.82 0.78 0.16
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Table 4. Cont.

Variable ER/PR Positive ER/PR Negative p-Value

Non-mass

Enhancement

0.31

Distribution
Focal 5 0
Lineal 7 2

Segmental 10 0
Regional 7 0

M. regions 2 0
Diffuse 1 0

Enhancement

0.95
Homogeneous 16 1
Heterogenous 13 1

Clumped 2 0
Cluster ring 1 0

Kinetic curves

0.26
Persistent 13 0

Plateau 59 12
Wash-out 224 36

Total 281 48

4. Discussion

In the current study, we found that T2WI, ADC values and DCE-based MRI features
of BC differ between BC molecular subtypes.

In the univariate analysis, we found associations between shape, margins and enhance-
ment pattern and TNBC. Lesions with oval/round margins or lobulated margins have more
than two times higher odds of being TNBC when compared with the ones with an irregular
shape. Circumscribed margins increased the odds of a lesion to be TNBC by 9.7 times.
Moreover, the odds of TNBC status were approximately 4.3-fold greater in lesions with
rim enhancement compared with the ones with heterogenous pattern. In the multivariate
analysis, circumscribed margins and rim enhancement remained independently associated
with TNBC.

As for the association of MRI features and ER/PR BC, our univariate analysis showed
that lesions with irregular shapes are more likely to be ER/PR positive. Likewise, lesions
with circumscribed margins have higher odds of being ER/PR positive. However, in the
multivariate analysis, only circumscribed margins proved to be independently associated
with ER/PR positive status, having an adjusted OR = 6.57 with a p-value < 0.01.

Few studies have included all five BC molecular subtypes in their analysis, and most
papers have focused on differentiating ER/PR positive from ER/PR negative tumours to
achieve statistical significance. In addition, the largest study population had 187 patients,
and most authors reported association between BC molecular subtypes and one or two MRI
based features (either T2WI features, or DWI/ADC or DCE features) [8–11]. We included
344 patients divided first into five BC molecular subtypes, and then into ER/PR positive
and negative groups and analysed T2WI, ADC values and DCE features (enhancement
pattern and kinetic curves) together.

Our results were consistent with other studies, which reported mass lesion type
(p < 0.001), and smooth margins for TNBC [14–16]. Additionally, rim enhancement was
reported in 76.8–80% of cases with TNBC, and has been proposed as a prognostic MRI
feature for identifying TNBC [17,18]. In our study population, 15 cases (36.58%) presented
with rim enhancement and reached statistical significance (p-value < 0.01).

It has been reported that ER/PR positive tumours (including luminal A, luminal
B) are not associated with specific MRI features [18,19]. We found that irregular shaped
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masses with non-circumscribed margins were associated with the ER/PR positive group
(all p-values < 0.05), in agreement with authors who reported that spiculated margins on
ultrasound or mammography are associated with luminal tumours [20,21].

The persistent enhancement pattern (type I) has been associated in two studies with
TNBC cases 14, 18, including in the young female population (< 30 years old). In our study,
no TNBC mass had persistent kinetic enhancement, and in addition, rim enhancement
was significantly associated with TNBC, consistent with Dogan et al. [15]. This could
be explained by the heterogeneous group of TNBC, including special histology such as
medullary carcinoma [22]. Another explanation of this heterogeneity is familial BC related
to specific genetic alterations, which includes some cases of TNBC associated with benign
imaging features including kinetics [23,24].

HER2 enriched tumours were found to have a kinetic curve pattern of more frequent
“wash-out” or fast early rapid enhancement on MRI [25]. Our study did not reach statistical
significance due to the small number of patients (only seven). However, we observed
that this is associated with the ER/PR negative group, which includes the HER2 enriched
patients.

There are conflicting results regarding the ADC/DWI, with authors reporting higher
values in TNBC, and authors finding no association between ADC and BC molecular
subtypes [19,26,27]. We found that luminal B HER2 negative was associated with the
lowest ADC value (0.77 × 10−3 mm2/s2), which further predicts the BC molecular subtype
with an accuracy of 0.583. Furthermore, we obtained almost perfect agreement between the
two readers ADC ROIs, which supports the repeatability and reproducibility of this fast
and easy method compared to the more technical ADC histogram making.

BPE may play a role as an imaging bridge to molecular BC subtypes allowing an addi-
tional risk stratification in breast MRI. Luminal B HER2 negative tumours may predominate
in mild BPE, and TNBC in patients with marked BPE [28–30]. We found that asymmetric
and moderate/marked BPE was associated with TNBC, and further with ER/PR negative
group. However, no significant association was present between moderate/marked BPE
and HER2 status or basal tumours (TNBC subtype) [2] and further studies are needed to
make a conclusion.

Recent papers use radiomics-based MRI and machine learning in order to distinguish
different BC molecular subtypes [31–34]. Leithner et al. reported 81–89% accuracy in
distinguishing luminal A from luminal B, luminal B from triple-negative, luminal B from
all others, and HER2-enriched from all others [35]. However, these techniques are time-
consuming and the lack of standardized protocols remains a critical issue preventing entry
into clinical practice.

This study had some limitations. First, this was a retrospective study, with one
experienced breast imager reader that was aware of the presence of BC. Second, it was a
single-centre study, which may weaken the statistical power of the results. Third, we did
not include some features such as high T2WI signal, or DWI patterns (homogeneous or
heterogeneous), as they are more prone to inter-reader variability. Fourth, even though
this is the largest study on BC molecular subtypes, a larger prospective study needs to be
conducted to validate the present results.

As future directions, where breast MRI will be increasingly used preoperatively, it
could help change or adapt the patient management by suggesting a particular molecular
type and may even indicate further examination (such as genetic testing for TNBC).

5. Conclusions

We found that BC molecular subtypes can be associated with multiparametric MRI
features, especially TNBC, and that ER/PR positive tumours differ from ER/PR negative
cancers. ADC can help predict the luminal B HER2 negative cases and ADC values obtained
by ROI method is still a reliable method.
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Abstract: Background and Objectives: This study aims to describe the earliest renal lesions in patients
with von Hippel-Lindau (VHL) disease, especially the multicellular microscopic pathologic events, to
get information into the genesis of renal neoplasms in this condition. Materials and Methods: Multi-
cellular events were identified, and 3dimensional reconstruction was performed in grossly normal
kidney parenchyma from VHL disease patients by using H&E-stained slides previously prepared.
Results: The lesions were measured and the volume of clusters was calculated. Immunohistochemistry
was performed for downstream HIF-target protein carbonic anhydrase 9 (CAIX) as well as CD34 for
assessment of angiogenesis. We divided lesions into four types according to lesion height/size. The
number of lesions was markedly decreased from lesion 1 (smallest) to lesion 2, then from lesions
2 to 3, and again from lesion 3 to 4. Distribution was highly consistent in the four cases, and the
same decrement pattern was seen in all blocks studied. The volumes of clusters were measured
and divided into three categories according to their volume. The most frequent pathologic event in
VHL kidneys was category 1 (smallest volume), then category 2, and then category 3. Conclusion:
We demonstrate that tracking histologic and morphologic changes in 3 dimensions of multicellular
microscopic pathologic events enabled us to confirm a protracted sequence of events from smaller to
larger cellular amplification events in VHL kidney.

Keywords: 3dimensional reconstruction; von Hippel-Lindau disease; renal clear cells; kidney cancer;
precursor structures

1. Introduction

Von Hippel-Lindau (VHL) disease was first described in 1926 [1]. VHL disease is
an autosomal dominant inherited familial tumor syndrome caused by germline mutation
of the VHL tumor suppressor gene [2]. The VHL gene is a tumor suppressor gene on
the short arm of chromosome 3 (3p25–26) [3]. The VHL protein (pVHL) is expressed in
fetal and adult human tissues. The lack of this protein induces profound intracellular
metabolic changes that closely resemble changes observed in oxidative stress [4]. Knudson
proposed in 1971 a two-hit hypothesis for VHL disease. The first hit, germline mutation
in the VHL gene, leads to the inactivation of a tumor suppressor allele. The second hit
refers to somatic mutation, which occurs after the first hit and leads to the inactivation
of the second allele [5]. Loss of VHL function induces negative regulation of the two
alpha-subunits of hypoxia-inducible factor (HIF). HIF-regulated genes include vascular
endothelial growth factor (VEGF), carbonic anhydrase IX (CAIX), erythropoietin (EPO),
platelet-derived growth factor (PDGF), and the glucose-transporter 1 (GLUT-1) [3,6]. Cells
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with a loss of VHL-mediated HIF degradation express higher HIF alpha proteins, VEGFA,
and CAIX. Loss of pVHL results in a lower breakdown and higher concentration of HIF,
which leads to more increased secretion of pro-angiogenic HIF target proteins [2,6]. HIF is
significant for tumor persistence because it stimulates angiogenesis, which results from
increased levels of VEGF, PDGF-beta, or both. VEGF and PDGF-beta are necessary for the
proliferation of endothelial cells and pericytes, respectively [7].

Patients affected by VHL disease develop specific types of heavily vascularized tumors
in a highly selective subset of organs. Multiple tumors occur frequently. These include
retinal, cerebellar, brainstem and spinal cord hemangioblastoma, microcystic cystadenoma,
epididymal cystadenoma, pheochromocytoma and paraganglioma, endolymphatic sac
tumor, as well as renal clear cell carcinoma [8–14].

Renal clear cell carcinoma (RCCC) shares histopathologic features with hemangioblas-
tic central nervous system tumors and epididymal tumors. It is characterized by the
proliferation of clear cells with abundant reactive vascularization [6,15]. Mandriota et al.
showed that HIF activation could be identified in both early and late lesions in kidneys
of VHL patients. In addition, there was an increase in vascularization around tubules
containing CAIX-immunoreactive cells [9]. Loss of heterozygosity (LOH) on chromosome
3p has been reported in macroscopic RCCC of VHL and sporadic tumors [16–19].

Although clinical, radiological, and pathological data suggested that the precursors of
RCCC in patients with VHL disease could be a benign or atypical renal lesion [20–22], the
definitive transformation has not been well documented in the literature thus far.

Lubensky et al. showed that 25 of 26 clear-cell renal lesions lost the wild-type allele,
and that was the first molecular evidence that LOH of the normal VHL disease gene
occurs in benign and atypical clear-cell cysts. This may represent an early event in the
development and progression of RCCC in VHL [13].

Characterization of precursor structures has provided more precise insight into the
anatomic and cytologic origin of neoplastic processes associated with VHL disease. Precur-
sor structures are far more numerous than frank tumors. VHL inactivation after the “second
hit” is necessary but insufficient to develop mass-forming tumors [11,23]. Comparative
molecular analysis of tumors and precursor structures may be helpful to identify a “third
hit” promoting tumorigenesis from precursor material [11].

This study characterizes the multicellular microscopic pathologic events using a
novel 3-dimensional algorithm consisting of methodological sampling and histological
tracking. We tracked lesions in 3 dimensions to confirm their relationship to each other. This
algorithm allows us to observe that microscopic clear cell proliferations follow a predictable
pattern covering a morphological spectrum of histologic lesions from an isolated clear cell
to potentially tumorigenic clear cell proliferation.

2. Materials and Methods

2.1. Ethics Statement and Sample Collection

Tissue has been obtained from seven kidneys from seven different patients obtained
during post-mortem examination and used for this study. All tissues underwent fixation
in 10% buffered formalin. Tissue collection included samples from four kidneys from
patients with confirmed germline mutations of the VHL gene and established clinical
diagnosis of VHL disease (designated as “VHL kidneys”). All VHL patients had additional
VHL disease-associated tumors including hemangioblastomas, epididymal cystadenomas,
endolymphatic sac tumors, and microcystic adenomas of the pancreas. Three patients were
male and one female. The causes of death were pneumonia in two cases, metastatic renal
cell carcinoma, and intracerebral hemorrhage.

The VHL patients’ ages at the time of demise were between 50 and 65 years (average
58.5 years). Three control kidneys from patients with sporadic renal cell carcinoma, aged
between 55 to 70 years (average 63.33 year), were also used for this study designated as
“sporadic kidneys”.

168



Medicina 2022, 58, 1725

All kidneys were sectioned randomly into maximally 10 cm × 1.5 cm × 1.0 cm
columnar cuboids. The obtained cuboids of each kidney were inspected, and cuboids
showing any grossly visible tumor were rejected. Of the remaining cuboids, the cuboid
with the least grossly visible pathologic changes was identified and selected. For each
kidney under study, one cuboid was selected (n = 7). Cuboids were then sliced into 0.3 cm
× 1.5 cm × 1.0 cm blocks and a maximum of 30 blocks per cuboid was created. All tissue
blocks without grossly visible pathologic change were paraffin embedded. An initial section
was taken from each block and stained with hematoxylin and eosin (H&E) for histologic
evaluation and identification for 3D reconstruction.

2.2. Immunohistochemistry

All immunohistochemical studies were stained using the Dako Flex-hrp system and
developed with DAB. CAIX (Cell Marque 379R-18) underwent antigen retrieval in a high
pH buffer followed by 20 min incubation with the primary mouse monoclonal anti-human
CAIX antibody. CD34, a mouse monoclonal from Agilent/Dako IR632, underwent antigen
retrieval in low pH, then the antibody was incubated for 15 min, the linker 10 min, and the
Flex-hrp for 10 min. HIF is a rabbit polyclonal antibody from Novus Biological (NB100-122).
The Antigen retrieval was low pH. The antibody was diluted 1:50 and incubated 30 min.
All immunohistochemical studies were developed with DAB for 10 min and counterstained
with hematoxylin. All H&E and immunohistochemical slides were digitized and analyzed
using ImageScope, version 12.1.0.5029. Vewport 12.1.3. Copyright © Aperio Technologies,
Inc. 2003–2013.

2.3. 3Dimensional Analysis

We recently described an algorithm for tissue procurement, processing, and 3D anal-
ysis of tissue blocks of interest [23]. The histopathologic examination was performed on
normal-appearing renal parenchyma with minimal gross pathology and relatively well-
preserved histologic details. We investigated 10 serially sectioned VHL kidney blocks from
4 different patients and three serially sectioned control blocks (normal kidney tissue of
patients with sporadic carcinoma). All the H&E-stained slides were scanned and digitized
at 50-micron intervals. We investigated and characterized the lesions which revealed clear
cell amplification. Since the microscopic clear cell proliferations follow a predictable pattern,
all pathologic clear cell events in this study have been divided into the following types:

1-Chain: multiple adherent clear cells that fill more than 50% of a tubular circumference.
2-Cluster: Collection of clear cells expanding and filling a renal tubule.
3-Complex cluster: Multiple profiles of intratubular aggregates of clear cells next to

each other, with possible growth outside the tubules.

2.4. First Quantitative Approach Applied

The quantification was confined to chains, clusters, and complex clusters. First, we
annotated all lesions with the letter C with subsequent numbers (x) in each investigated
block (C1; C2; C3, and so on). Subsequently, we followed those lesions into the following
H&E-stained slides which are 50 microns deeper than the previous slide. If the lesion (C1)
still showed in that second slide, the lesion retained the same annotation of (C1), but we
annotated that lesion as (C1-2), and if the other lesion (C2) still showed in first, second and
third H&E-stained slide, it was annotated as (C2-3) and so on (where the number after the
dash designates the number of H&E-stained slides in which the lesion was detectable).

2.5. Second Quantitative Approach Applied

Knowing that the distance between H&E-stained slides was 50 microns we could
calculate the lesion’s height within the lumen of the renal tubule and divide them as follows:

Lesion 1 is equivalent to Cx-1 and is less than 50 microns in height in the tubular lumen.
Lesion 2 is equivalent to Cx-2 and is less than 100 microns in the tubular lumen.
Lesion 3 is equivalent to Cx-3 and is less than 150 microns in the tubular lumen.
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Lesion 4 is equivalent to all lesions Cx-4 and exceeds 150 microns in height in the
tubular lumen. Figure 1 illustrates the appearance of these lesions within the tissue block
and how they would appear on different H&E-stained levels.

Figure 1. Diagram of VHL kidney block containing pathologic events of different sizes which are
displayed in different colors. For the first quantitative approach, lesion annotation was performed,
with retaining the annotation of a lesion that reoccurs in the next deeper level. The histologic
presentation of different H&E-stained section levels into the block is shown (annotated as “Level
1”, “Level 2”, “Level 3” and “Level 4”). The second quantitative approach was concerned with
identification of the exact number of levels lesions were present in: Green: Cx-1 (lesion 1): all chains
or clusters which were seen on one H&E-stained slide only. Yellow: Cx-2 (lesion 2): all chains or
clusters which were seen on two serially H&E-stained slides. Red: Cx-3 (lesion 3): all chains or
clusters which were seen on three serially H&E- stained sections. Blue: Cx-4 (lesion 4): all chains or
clusters which were seen on four serially H&E- stained sections and above.

2.6. Third Quantitative Approach Applied

We applied the following equations only to cluster lesions, and it represents a mea-
surement of the volumes of lesions in cubic mm. The volume was calculated using a conical
frustum as a model. The studied lesions were presumed to have a frustum shape. We
measured the lesions by drawing a circle around the center of the lesion in a way that
it approximated the area of the lesion. This circle annotation surface area was used as
an equivalent to the lesion’s surface area, and then we measured the radius of that circle.
Subsequently, we measured the radius of the same lesion in the 50 microns deeper from
the previous slide Figure 2A is an example of the radius measurement at three different
H&E-stained levels that are 50 microns apart. Finally, we used the formula to calculate the
Frustum volume [Volume of a conical frustum: V = (1/3) × π × h × [r12 + r22 + (r1 × r2)],
and we did add to the calculated frustum volumes two pyramid volumes, one on the top
of the frustum and another on the bottom, with the assumption that all our lesions extend
above and down by 25 μm, using the formula of pyramid volume (V = (1/3) × π × h × r2).
The lesion 2 volume (Cx-2) = one frustum volume + 2 pyramids volumes. Lesion 3 (Cx-3)
volume= 2 frustum volumes + 2 pyramids volumes. Figure 2B is a diagram explaining the
volume measurement technique applied in this study.

170



Medicina 2022, 58, 1725

Figure 2. (A) Representation of H&E-stained slide illustrating diameter (2r) measurement for cluster
lesion. First, we drew a circle over the lesion of approximately same area. Then we measured the
radius of that circle which represents the lesion’s radius, then measured the radius of this lesion in the
tenth serial section, which is 50 microns from the previous slide. (B) Diagram illustrates the formula
to measure the Frustum volume, V = [(1/3) × π × h × (r12 + r22 + (r1 × r2)]; we added the volume
of two pyramids, one on the top and the other on the bottom of the cluster by using the formula of
pyramid volume (V = (1/3) × π × h × r2). Volumes of lesion 2 (Cx-2) were measured by measuring
the volume of one frustum R1 and R2, plus two pyramid volumes, where R1 and R2 are the radius
of above and bottom pyramids respectively of 25 microns height. Volumes of lesion3 (Cx-3) were
measured by calculating the volume of two frustums, plus two pyramid volumes, where R1 and R3
are the radius of above and bottom pyramids respectively of 25 microns height.

3. Results

The previous study [23] showed that most pathologic events in VHL patients were sin-
gle clear cells, followed in lower frequency by chains, and the least frequent were complex
or invasive clusters. In our control cases (normal kidney parenchyma of sporadic patients
with resected renal cell carcinoma) only six to 12 isolated clear cells were identified. We did
not detect any clear cell clusters in our three sporadic, serially sectioned control kidneys.

3.1. Lesions Account

After inspecting and annotating all the lesions, the total number of lesions visualized
and annotated in the H&E-slides from 10 blocks of 4 VHL patients studied were 1194
chains, clusters, and complex clusters. The studied consecutive sections had a distance of
50 micrometer from each other. Those are subsequently subclassified as:

Lesion 1 (Cx-1): 958 chains or clusters (lesion present in one section only, not in any
consecutive section).

Lesion 2 (Cx-2): 154 chains or clusters (lesion present in two consecutive sections only).
Lesion 3 (Cx-3): 53 chains or clusters (lesion present in three consecutive sections only).
Lesion 4 (Cx-4): 29 chains or clusters (lesion present in four consecutive sections only).
The total number of lesions studied in each block of all VHL patients is demonstrated

in Table 1. The frequency pattern of lesions (the most frequent is lesion 1, then 2, 3, and the
least are 4) is illustrated in Figure 3.
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Table 1. Number of lesion repetition in blocks. The number in lower column represents the total
number of all lesions annotated and analyzed (chains, clusters, and invasive clusters) in 10 blocks
from 4 cases of VHL patients.

Case 385 Case 393 Case 389 Case 386

Block
#7

Block
#24

Block
#25

Block
#13

Block
#17

Block
#1

Block
#57

Block
#12

Block
#25

Block
#26

270 87 97 183 219 80 54 49 78 77

.

Figure 3. A lesion column chart showing the number of all types of lesions in each block from the four
VHL patients. Blue columns—lesion 1 (Cx-1), orange columns—lesion 2 (Cx-2), gray columns—lesion
3 (Cx-3), and yellow columns—lesion 4 (Cx-4).

Table 2 summarizes the number of lesions and their percentages in the studied blocks.

Table 2. Prevalence of multicellular microscopic lesions. Prevalence of studied multicellular micro-
scopic lesions in the normal cortex of kidney of patients with VHL disease.

Type of Lesions Lesion 1 Lesion 2 Lesion 3 Lesion 4 Total

Number of lesions in all slides 958 154 53 29 1194

Percentage of each type from total 80.2% 12.9% 4.4% 2.5% 100%

3.2. Immunohistochemical Expression

Regarding the immunohistochemical studies, sixteen slides from seven blocks of four
patients with VHL disease were stained with CAIX antibody. CAIX-positive cells were
observed in all clear cell changes in all stained slides regardless of the size (small chains,
big chains, clusters, and invasive clusters). Figure 4A shows representative images of
the expression of CAIX in variably sized lesions. A CD34 stain was performed as an
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endothelial marker on sixteen slides from three blocks of two different VHL patients to
detect the degree of vascularization. We observed a substantial increase in the extent
of vascularization around tubules containing clear cells. The vessels were most evident
around complex lesions, with a gradual decrease in the number of observed vessels in
clusters followed Figure 4B. This marked increase in vascularization around clear cell
lesions (CAIX-positive foci) shows that they promote angiogenesis.

Figure 4. (A) Representative images of CAIX staining in VHL kidneys. The left column shows
two lesions on H&E-stained slides, and the right column shows a serial section of the same lesion
stained with anti-CAIX antibody. (B) Representative images of CD34 staining in VHL kidneys. Figure
demonstrating a gradual increase in the density of the vasculature around the clear cell changes with
the increment of the volume.

3.3. Cluster Volumes

We calculated the volumes of all clusters examined, which are 119 in total. We found
that they range in volume from 0.000034–0.0671 mm3. We subsequently subcategorized
them into three groups from smallest volume to largest volume. In category one, there were
105 lesions (volume range 0.000034–0.00096 mm3). Category two, there were 10 lesions
(volume range 0.00131–0.00956 mm3). Category three had four lesions (volume range
0.0102–0.0671 mm3).

4. Discussion

Our study demonstrates that careful microscopic examination of grossly normal kidney
tissue in VHL patients revealed numerous clear cell chains and clusters in comparison
to grossly normal kidney tissue in patients with sporadic clear cell renal cell carcinoma.
We investigated the multicellular foci in the grossly normal cortex of VHL kidneys and
counted them in 10 blocks of 4 different VHL cases. We identified that the count of these
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pathological foci was sequentially decreased from lesion 1 to lesion 2, then from lesion 2 to
3, and finally, the lowest was lesion 4, in each case, and each block studied. Distribution
was highly consistent in the four cases. The same sequential decrement was noticed in
clusters volumes, too: the most frequent category 1 (105 clusters), category 2 (10 clusters),
and the least was category 3 (4 clusters).

Given that we have cut through (i.e., exhausted the tissue) the tested blocks, H&E
stained them, and performed a 3dimensional analysis of these structures by which approach
we establish certainty that clear cell proliferations do not represent extensions of larger
pathologic processes that were invisible on the original section. We primarily analyzed all
H&E-stained sections for structures of interest, followed by examining expression of CAIX
and CD34.

All samples from different multicellular clear cell foci examined were positive for
CAIX, and it is well-established to detect activation of the HIF pathway. Expression of
the CAIX gene is regulated by the VHL/HIF system via a HIF responsive element in the
promoter, and CAIX constitutes an attractive marker for HIF activation because of the
inducible response and the stability of the protein [24,25].

Mandriota et al. [9] confirmed that the foci of CAIX expression represented activation
of the HIF pathway. They examined the expression of two other HIF-responsive genes en-
coding GLUT-1 [26] and VEGF [27]. Immunolabeling for GLUT-1 and in situ-hybridization
for VEGF revealed high levels in overt CCRCC and collections of cells in the non-tumorous
renal parenchyma that corresponded with the CAIX-expressing foci. As a marker for
angiogenesis, CD34 expression was analyzed to observe a substantial increase in the extent
of vascularization around tubules containing CAIX-positive cells.

One observation we had in this study after performing CD34 immunohistochemical
stain is the proportional increase in the density of vasculature with the increment of the
size of clear cell lesions from chains to clusters, to invasive foci. This observation supports
the fact that these clear cell foci promote angiogenesis, which allows tumor growth and
possible angiogenic invasion with continuous growth.

Given the findings in our studies, and since the microscopic clear cell proliferations
follow a predictable pattern, we hypothesize that the renal neoplastic pathological events
(i.e., atypical cysts and renal cancers) evolve from a variety of microscopic precursors (i.e.,
clear cells aggregates and clusters).

Mubarak et al. showed that the most frequently observed pathologic events in VHL
kidney sections were either isolated clear cells within a renal tubule or two or more clear
cells adherent to each other, likely representing changes secondary to an amplification
event. More significant accumulations of clear cells along the tubular lining, as well as
clustering of clear cells within renal tubules, appeared to be in the continuity of smaller
preceding events [23].

Clear cell changes in renal tubules are not always neoplastic and can be seen secondary
to metabolic or toxic etiologies (e.g., toxins, Alport nephropathy, osmotic tubulopathy
secondary to radiographic contrast) [28–30]. In contrast to the clear cell changes seen in
VHL patients, those changes are seen in cells displaying a brush border or tubular form
of differentiation. Additionally, immunohistochemically the clear cells in VHL cases are
consistently and reliably immunoreactive for anti-CAIX antibody [23,31].

In other studies in patients with VHL disease, it has been shown that careful micro-
scopic examination of grossly normal tissue of the spinal cord and epididymis revealed
precursor structures that are numerically more frequent than tumors [15,32]. Spinal cord
tissue from patients with VHL disease presumed to be ‘tumor-free’ harbors microscopic
foci of poorly differentiated cellular aggregates in nerve root tissue. Additionally, they
showed that a small subset of VHL-deficient microscopic lesions extends beyond the nerve
root to form early hemangioblastoma. Intraradicular precursors consist of scattered VHL-
deficient cells with activation of HIF-2 alpha and HIF-dependent target proteins, including
CAIX and VEGF and are associated with an extensive angiogenic response. Ultrastructural
examination revealed the gradual transition from poorly differentiated VHL-deficient cells
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into vacuolated cells with a ‘stromal’ cell phenotype. The evolution of hemangioblastoma
seems to involve multiple steps from a large pool of precursor lesions [33].

Shively et al. showed that in surgically resected nervous system hemangioblastomas
of patients with VHL disease, HIF-1 alpha activation was associated with epithelioid struc-
tures, which were mainly seen in larger tumors. However, small tumors were composed
mostly of poorly differentiated mesenchymal structures and did not show HIF-1 alpha
activation. This suggests that the growth of nervous system tumors in VHL disease has a
sequence of structural and molecular events [32].

The fact that the microscopic renal cystic and solid neoplasms containing only clear
cell cytological features were found in patients with VHL disease [13] gave us a clue that
those microscopic foci might play a role in the development of those neoplastic pathological
lesions and a role in tumorigenesis.

Of particular interest in VHL disease has been the relationship between cysts and
tumors. Additional studies may better clarify whether cysts and tumors develop via
independent mechanisms or whether they are merely variations of an essentially uniform
pathogenetic process. While consequences of dysregulation of VHL and HIF pathways
provide numerous potential clues [34], our approach may be helpful in obtaining in-situ
evidence in human tissues in the future.

Our morphological data showed different types of lesions which represent intriguing
candidates for progression into cystic lesions and tumors in the kidney. The genetic and
epigenetic mechanisms for these progressive events remain to be clarified. Walther et al.
investigated normal-appearing renal tissues from VHL patients [22]. They detected an
abundance of small clear cell tumorlets in VHL kidney; single H&E-stained sections from
a multitude of paraffin blocks had been investigated to document and extrapolate the
frequency of tumorlets, which was estimated as 600 per VHL kidney.

While previous studies by Mubarak et al. had been concerned with lesion quantifica-
tion only, this study focuses on the larger simple and complex clear cell clusters, with more
detailed information on their volumetric extent. Here we were able to not only show inverse
correlation between lesion complexity and frequency, but—through 3D approach—between
lesion size and frequency which we believe to represent the histomorphologic equivalent of
linear “evolutionary tumorigenesis”, recently postulated for VHL disease-associated clear
cell carcinoma after whole genome analysis of a series of renal carcinomas [35].

Our findings demonstrate more than 1000 multicellular amplification events in less
than one cubic cm of “normal” kidney tissue, the largest one measuring less than one
thousandth of a cubic mm, undetectable by naked eye or radiologically. In the patients
under study, VHL disease in human kidney therefore presents as wide-spread substitution
of tubular cells with clear cells, only a small subset of which will undergo amplification
into the next level of complexity. As we show here, this principle of protraction directly
applies to lesion size.

Previously, this principle of protraction has been radiologically documented in far
more than 1000 times larger, radiographically detectable lesions [36]. In conjunction with
the “NIH rule” that tumors smaller than 3cm almost never metastasize (reviewed in [36]),
this led to current therapeutic principles of pure observation of smaller nodules and
nephron-sparing surgery at the time of surgical intervention.

Our findings may encourage diagnostic and academic pathologists to not only pay
attention to primary tumor pathology in resection specimens, but also to adjacent normal
kidney tissue; the quantity of our described precursor structures may give information on
the “activity” of VHL pathology in these tissues, and may have prognostic implications for
the likelihood of new tumor formation. Of particular current therapeutic interest is molecu-
lar targeting through immunotherapy [12], and resection specimens that are subjected to
our approach may give new insight on immunotherapeutic efficacy on precursor structures.
While the required serial sectioning of normal kidney tissue blocks is cumbersome, this
activity can be automated by serial sectioning robots that have been recently developed [37].
Furthermore, advances in artificial intelligence development would allow to automatically
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scan for these relatively uniform precursor structures allowing for generation of quantita-
tive data within reasonable time frames. Artificial intelligence analysis of 3D imaging data
is rapidly developing; it has, e.g., shown encouraging results in limited-resection specimens
of lung cancers [38], and we do not see any obstacles applying such technologies to analysis
of “normal” tissues.

Finally, microdissection of precursor structures combined with targeted genetic anal-
ysis may give insight into earliest genetic changes leading to progression of precursors
from single cell to complex cluster; 3D reconstruction could also be applied to serially
sectioned frozen tissue blocks of normal VHL kidney allowing for mass spectroscopic
analysis for earliest proteomic change after microdissection, and applicability of proteomics
for diagnosis of primary VHL tumors has been previously demonstrated [39].

The main limitation of our study is the small number of cases tested. However, this
study has examined sequential levels cut at 50 microns (from a total from 10 blocks of 4
VHL patients). Each slide was digitized and annotated accordingly. Each annotation was
followed in each cross -section to accurately assess the frequency, sizes, and volumes of
these clear cell chains and clusters occurring in the grossly normal kidneys of patients with
VHL. Similar studies in the literature are lacking.

5. Conclusions

The study of morphological changes and histogenesis in VHL kidneys leads to a better
understanding of the sequence of tumorigenesis. Additionally, this study has shown us the
prevalence of these clear cell changes and sublocalization within the kidney parenchyma
to be in close proximity to a certain anatomic/histologic structure in the kidney, which is
leading us to a conclusion regarding the cell of origin in clear cell renal cell carcinoma [40].
Further studies are needed on the role these different microscopic and molecular events
play in renal carcinogenesis.
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Abbreviation and Annotations

VHL kidney Kidney of von Hippel-Lindau disease patient
RCCC Renal clear cell carcinoma
CAIX Carbonic anhydrase IX
H&E Hematoxylin and eosin
pVHL VHL protein
VEGF Vascular endothelial growth factor
EPO Erythropoietin
PDGF Platelet-derived growth factor
GLUT-1 Glucose-transporter 1
HIF Hypoxia-inducible factor
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Abstract: Background and objectives: Combined peripheral neutrophil–platelet indexes reflecting the
systemic inflammatory status have been reported to predict the clinical outcome in patients with
various types of cancer. However, the prognostic value of combined neutrophil–platelet indexes
in operable esophageal squamous cell carcinoma (ESCC) remains unclear. The study introduced a
novel combined neutrophil–meanplateletvolume–platelet ratio (NMPR) index and investigated its
clinical and prognostic value in patients with operable ESCC receiving curative surgery. Materials and
Methods: A retrospective analysis of the clinicopathologic data of 277 consecutive ESCC patients who
received curative resection at Zhejiang Cancer Hospital in China between January 2007 and December
2010 was conducted (the training cohort). In addition, the clinicopathologic data of 101 resectable
ESCC patients at Renmin Hospital of Hubei University of Medicine between December 2018 and June
2021 were collected (the external validation cohort). The optimal cutoff value of NMPR concerning
overall survival (OS) in the training cohort was determined by X-tile software. Univariate and
multivariate Cox regression analyses were used to evaluate the prognostic value of NMPR along
with other variables in the training cohort, which was further validated with the same cutoff value in
the external validation cohort. Significant predictors of OS were used to construct the nomogram,
of which the discrimination and calibration was evaluated by concordance index (C-index) and
calibration plots. Results: With a cutoff value of 16.62, the results from both the training and external
validation cohorts supported the association of high NMPR (>16.62) with increased tumor length and
advanced T stage but not with other variables. In the training cohort, a significant association between
shorter OS and high NMPR (p = 0.04) as well as high CRP (p < 0.001), poor tumor differentiation
(p = 0.008), advanced T stage (p = 0.006), advanced N stage (p < 0.001) and high CEA (p = 0.007)
was revealed. Additionally, the high NMPR was verified to independently predict unfavorable
OS (p = 0.049) in the external validation cohort. The C-index of the OS nomogram cooperating
significant predictors in the training cohort was 0.71 and the calibration plots of the OS nomogram
fitted well. Conclusions: The present study demonstrates that high NMPR is an independent predictor
of unfavorable OS in resectable ESCC patients without neoadjuvant therapy.

Keywords: esophageal squamous cell carcinoma; neutrophil–mean-platelet-volume–platelet ratio;
prognosis; biomarker

1. Introduction

Esophageal cancer (EC) ranks sixth in annual incidence and fourth in mortality in
China [1]. Unlike in Western countries, esophageal squamous cell carcinoma (ESCC) is
the predominant histopathological type accounting for approximately 90% of the EC cases
in Asian populations [2]. Surgical resection with or without chemoradiotherapy remains
the mainstay of curative treatment for operable ESCC [3]. Although great progress in
perioperative techniques, staging methods, surgical and oncological management has been
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made, the prognosis of operable ESCC patients remains poor due to tumor recurrence [4].
Some clinicopathologic characteristics including performance status, nutrition status, tumor
location, tumor differentiation, vessel invasion, TNM (tumor, node, metastasis) stage,
extent of surgical resection, and response to chemoradiotherapy are firmly considered
prognostic in operable ESCC [5–7]. However, disease recurrence or progression in ESCC
patients is not solely determined by the clinicopathologic characteristics of the tumor, and
host-related factors including the systemic inflammatory response may have a significant
impact as well [8]. Therefore, accurate identification of prognostic factors is critical for the
comprehensive evaluation of clinical outcomes and optimization of the treatment strategies.

Accumulating evidence demonstrates that systemic inflammatory status reflected
by some peripheral blood parameters such as neutrophils, lymphocytes and platelets,
play vital roles in the progression of various cancers [9]. Particularly, neutrophils and
platelets, as important pro-tumor inflammatory cells in circulating system, can release
many cytokines, chemokines and growth factors, and thus lead to tumor growth and
metastasis [10]. Indeed, a variety of inflammatory indicators, such as the neutrophil-to-
lymphocyte ratio (NLR), platelet-to-lymphocyte ratio (PLR) and mean-platelet-volume-to-
platelet-count ratio (MPV/PC) have been identified as prognostic biomarkers in cancers,
including ESCC [3,11,12]. Moreover, a recent study reported the improved ability of
preoperative combined NLR and PLR score (CNPS) compared to NLR or PLR alone in
predicting postoperative survival in early-stage gastric cancer [13]. Additionally, the CNPS
has been found to independently predict the overall survival (OS) in ESCC patients treated
with chemoradiotherapy [14,15]. More recently, the combined neutrophil–platelet score
(NPS) was found to predict survival in a variety of common solid cancers, including
gastroesophageal cancer [16]. However, the prognostic value of the combined neutrophil–
platelet index in resectable ESCC patients remains to be elucidated. Furthermore, the
previously defined neutrophil–platelet indexes only include the number of platelets while
the increased release of biological active factors in a systemic inflammatory condition is
mainly derived from the activated platelets, and the findings were not externally validated.
We suppose that taking the neutrophil, platelet and MPV, which is recognized as an
indicator of platelet activation, into account together may be a more viable means of
constructing the neutrophil–platelet index for survival prediction.

Therefore, we introduce a novel combined neutrophil–MPV–platelet ratio (NMPR)
index in the present study and evaluate the prognostic value of NMPR in resectable
ESCC patients.

2. Materials and Methods

2.1. Study Population and Design

The study population was comprised of patients from the training cohort (ZJ cohort)
and the external validation cohort (RM cohort) in China. The raw data of the training
cohort was derived from the public dataset from a retrospective study conducted by Feng
et al. [17], which could be obtained without further permission and ethic approval according
to the public policy and ethic statement of the dataset. In the training cohort, a total of
277 resectable ESCC patients were recruited between January 2007 and December 2010
at Zhejiang Cancer Hospital. Another 101 patients with ESCC receiving radical resection
at Renmin Hospital of Hubei University of Medicine from December 2018 and June 2021
were enrolled as the external validation cohort. All ESCC patients were pathologically
confirmed and the data of blood examination were obtained preoperatively. The design and
patient exclusion criteria have been previously reported [17]. Briefly, eligible patients were
required with complete pretreatment laboratory data of interest and complete follow-up
data, including OS or progression-free survival (PFS), but without preoperative treatment,
any form of acute inflammatory diseases or infections, unstable or uncontrolled systemic
diseases and perioperative distant metastases. The study was designed to evaluate the
prognostic value of NMPR in the training cohort and verify it in the external validation
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cohort. Approval for the study was granted by the Ethics Committee of Renmin Hospital
of Hubei University of Medicine with written informed consent from all participants.

2.2. Data Collection and Definition

Clinicopathologic data were collected, including age, gender, tumor location (upper,
middle and lower), tumor differentiation (well, moderate and poor), tumor length, vessel
invasion and tumor stage. Laboratory data including neutrophil count (109/L), mean
platelet volume (MPV, fL), platelet count (PC, 109/L), C-reaction protein (CRP, mg/L) and
carcinoembryonic antigen (CEA, ng/mL) levels were collected from the blood test results
within one week prior to surgery. Furthermore, the survival data in the training cohort
(ZJ cohort) were obtained from the dataset provided by Feng et al. [17]. The OS and PFS
survival data in the external validation cohort (RM cohort) were obtained according to the
follow-up as follows: once every 3–6 months for years 1–2, once every 6 months for years
3–5, and then once every year after year 5 with the assessment of physical examination,
thoracic and abdominal computed tomography (CT), routine blood tests, hepatic and renal
function tests, and blood tumor marker tests. In our laboratory (RM cohort), blood routine
test was performed through automated blood cell counter (Sysmex XN-90000; Sysmex,
Kobe, Japan), while CRP level was analyzed with a Hitachi Modular P800 (Hitachi High-
tech Corporation, Tokyo, Japan) and CEA level was measured using a Cobas e 601 auto-
analyzer (Roche Diagnostics International Ltd, Rotkreuz, Switzerland). In the ZJ cohort,
the blood routine test, CRP and CEA levels were measured as previously described [17].
All tumor stage was determined according to the American Joint Committee on Cancer
(AJCC-7) classification system and the histopathologic postoperative pTNM stage (tumor-
node-metastasis) categories system (International Union against Cancer; UICC-7). NMPR
was calculated as follows: NMPR = neutrophil × MPV/log10(PC).

2.3. Statistical Analyses

The optimal cutoff level for NMPR to predict OS in training cohort was determined
using the X-tile software (version:3.6.1, Copyright Yale University 2003–2005), and this cut-
off value was used to divide the study population into high-NMPR and low-NMPR groups.
The differences of clinicopathologic parameters between groups were analyzed by the Chi-
square test. Time-dependent receiver operating characteristics (ROC) curve was used to
evaluate the prediction ability of NMPR, which indicated by the areas under the ROC curve
(AUROC) value. The survival curve as well as cumulative survival rates and median OS
and PFS was plotted and calculated by the Kaplan–Meier method. Significant prognostic
parameters in univariate Cox regression analysis were selected for multivariate Cox regres-
sion analysis to identify independent prognostic factors and the corresponding hazard ratio
(HR) and 95% confidence intervals (95% CIs) were obtained. All the statistical analyses
were performed using SPSS 26.0 statistics software (IBM, Chicago, Illinois) and R-based
packages (survival [version 3.4.0], survminer [version 0.4.9], survivalROC [version 1.0.3],
pROC [version 1.18.0]). Moreover, the nomogram was constructed with the independent
prognostic factors of OS in the training cohort and established idiomatically by the R-based
rms package (version 6.3.0) according to the instruction. The performance of the nomogram
was evaluated by Harrell’s concordance index (C-index) and calibration plot. The methods
for nomogram construction and evaluation were detailed as our previous study [18]. For
all statistical analyses, a 2-side p < 0.05 was considered statistically significant.

3. Results

3.1. Clinicopathologic Characteristics

A total of 277 patients with resectable ESCC were incorporated into the present study as
the training cohort and 101 resectable ESCC patients were enrolled as the external validation
cohort (Table 1). The median follow-up time was 46.1 and 24.5 months for the test and
validation cohort, respectively. The median age was 59 (36–80) in the training cohort and
62 (42–78) in the external validation cohort. Some baseline characteristics between the test
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and validation cohort were remarkably different except for gender, tumor differentiation
and T stage (Table 1). More patients with age >60 years, tumor length <3.0 cm, lower
location of tumor, N0 stage and earlier TNM stage were found in the validation cohort
than that in test cohort (Table 1). Moreover, the preoperative CEA and CRP levels were not
comparable due to the lack of relevant information in the validation cohort.

3.2. Associations between NMPR and Clinicopathologic Parameters

As shown in Figure 1, the optimal cutoff values of NMPR were estimated by X-tile
software which divided the studied population into a high-NMPR group (NMPR >16.62)
and low-NMPR group (NMPR ≤ 16.62). The associations between NMPR and clinicopatho-
logic parameters are summarized in Table 1. In the training cohort, there were 155 (56.0%)
patients in the low-NMPR group and 122 (44.0%) patients in the high-NMPR group. The
NMPR was found to be significantly associated with tumor length (p = 0.004) and CRP
level (p = 0.028), but marginally associated with T stage (p = 0.055), while there was no
significant association of NMPR with other clinicopathologic parameters. In the external
validation cohort, there were 60 (59.4%) patients in the low-NMPR group and 41 (40.6%)
patients in the high-NMPR group with the same cutoff value to the training cohort. The
NMPR was found to be significantly associated with tumor location (p = 0.042), tumor
length (p = 0.013) and T stage (p = 0.002), but not associated with other clinicopathologic
parameters. Collectively, the results from the two cohorts both supported a significant
association of NMPR with tumor length and T stage.

Figure 1. Determination of cut-off values of NMPR level in the training cohort and overall survival
analyses. NMPR, neutrophil–mean-platelet-volume–platelet ratio.

3.3. Associations between NMPR and Prognosis in Patients with Resectable ESCC

Firstly, the ROC curve was used to evaluate the ability of NMPR with established
cutoff value to predict overall survival in the training cohort. As shown in Figure 2, the
AUC value was 0.57, 0.58, 0.64 and 0.65 at 24 months, 36 months, 60 months and 72 months,
respectively, which suggested a possibility that the NMPR was more able to predict the
long-term survival outcome in resectable ESCC. Additionally, the Kaplan–Meier cumulative
survival curve is plotted as Figure 3A with a median OS of 22 months (95% CI:17.7–26.3) in
the high-NMPR group and a median OS of 38 months (95% CI:22.2–53.8) in the low-NMPR
group. Correspondingly, the 2-, 3-, 5-, and 6-year OS rate were 44%, 35%, 16% and 14% in
the high-NMPR group and 57%, 50%, 44% and 44% in the low-NMPR group, respectively.
Then, univariate Cox regression analysis revealed that high NMPR (p = 0.001), tumor length
(p = 0.002), vessel invasion (p = 0.004), poor tumor differentiation (p = 0.023), advanced
T stage (p < 0.001), advanced N stage (p < 0.001), high CEA (p = 0.009) and high CRP
(p < 0.001) were significantly associated with poor OS (Table 2). The multivariate Cox
regression analysis involving significant factors indicated by the univariate Cox regression
analysis demonstrated that high NMPR (p = 0.04) along with high CRP (p < 0.001), poor
tumor differentiation (p = 0.008), advanced T stage (p = 0.006), advanced N stage (p < 0.001)
and high CEA (p = 0.007) might be independent predictors for unfavorable OS (Table 2).
Only OS was included in the analysis due to the lack of PFS data in the original dataset.
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Figure 2. Predictive ability of NMPR in resectable esophageal squamous cell carcinoma by ROC
curves in 24 months, 36 months, 60 months and 72 months in the training cohort. NMPR, neutrophil–
mean-platelet-volume–platelet ratio.

Figure 3. Cont.
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Figure 3. Kaplan–Meier curves for PFS or OS according to NMPR in the training cohort (A) and
the external validation cohort (B,C). PFS, progression-free survival; OS, overall survival; NMPR,
neutrophil–mean-platelet-volume–platelet ratio.
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Table 2. Univariate and multivariate Cox regression analyses for overall survival in the training
cohort (ZJ Cohort).

Variable Univariate p-Value Multivariate p-Value

HR 95% CI HR 95% CI

Age (≤60 y/>60 y) 1.088 0.806–1.468 0.583
Gender (Female/Male) 1.392 0.854–2.268 0.185

Tumor length (≤3 cm/>3 cm) 1.767 1.224–2.553 0.002 1.106 0.734–1.667 0.630
CRP (≤10 ng/mL/>10 ng/mL) 2.258 1.652–3.083 <0.001 2.383 1.718–3.307 <0.001

Tumor location (Upper + Middle/Lower) 1.168 0.868–1.573 0.305
Vessel invasion (Negative/Positive) 1.725 1.194–2.492 0.004 0.986 0.669–1.453 0.942

Differentiation (Well + Moderate/Poor) 1.515 1.060–2.165 0.023 1.674 1.143–2.452 0.008
T stage (T1-2/T3-4) 2.170 1.541–3.057 <0.001 1.718 1.168–2.528 0.006
N stage (N0/N+) 2.626 1.932–3.569 <0.001 2.257 1.632–3.123 <0.001

CEA (≤5 mg/L/>5 mg/L) 1.707 1.114–2.546 0.009 1.752 1.167–2.630 0.007
Adjuvant therapy (No/Yes) 1.291 0.944–1.766 0.110

NMPR (≤16.62/>16.62) 1.698 1.260–2.286 0.001 1.380 1.014–1.878 0.040

NMPR, neutrophil–mean-platelet-volume–platelet ratio; HR, hazard ratio; CI, confidence interval; CRP, C-reactive
protein; CEA, carcinoembryonic antigen. The former of the group in every variable was set as reference in Cox
regression analyses.

3.4. Validation of the Prognostic Value of NMPR in an External Cohort

The prognostic value of NMPR suggested by the training cohort was further validated
with the same cutoff value in an external cohort. Likewise, the ROC curve was used to
evaluate the ability of NMPR with established cutoff value to predict overall survival
in the validation cohort. As shown in Figure S1, the AUC value was 0.68 and 0.53 at
24 months and 36 months, respectively. The AUC value was not determined for 60 months
and 72 months due to a shorter follow-up period. For survival analysis, as shown in
Figure 3B, the median OS and PFS were both not reached in the high-NMPR group and
low-NMPR group. The 2- and 3-year OS rate were both 66% in high-NMPR group and
were both 89% in low-NMPR group, respectively. Likewise, the 2- and 3-year PFS rate
were 61% and 54% in the high-NMPR group and 73% and 69% in the low-NMPR group,
respectively (Figure 3C). Similarly, the Cox regression analysis was performed to verify the
prognostic value of NMPR. Notably, the CRP and CEA levels were not included in the Cox
regression analysis due to the lack of relevant information in the validation cohort. As a
result, the univariate Cox regression analysis revealed that high NMPR (p = 0.007), tumor
length (p = 0.034), advanced T stage (p = 0.013) and advanced N stage (p = 0.019) were
significantly associated with poor OS (Table 3). The multivariate Cox regression analysis
revealed that only high NMPR (p = 0.049), and no other parameters, was independently
associated with poor OS. Similarly, the univariate Cox regression analysis regarding PFS
showed that the vessel invasion (p < 0.001), tumor length (p = 0.012), advanced T stage
(p = 0.001) and advanced N stage (p < 0.001) were significantly associated with shorter
PFS, while high NMPR (p = 0.076) was marginally associated with shorter PFS (Table 4).
Correspondingly, the multivariate Cox regression analysis qualified that vessel invasion
(p = 0.025) might independently predict PFS, although advanced T stage (p = 0.072) was
marginally associated with shorter PFS (Table 4). Collectively, the results verified that high
NMPR was a potential independent predictor of poor OS.

3.5. Development of NMPR-Based Nomogram for OS

In light of the limited sample size and lack of some information, the nomogram was
only developed in the training cohort. The independent predictors including NMPR,
CRP, CEA, T stage, N stage and tumor differentiation were used to establish nomogram
(Figure 4A). The evaluation revealed that the predictive accuracy of the nomogram is
acceptable with a C-index of 0.71 (95% CI; 0.676–0.748). The calibration plots of the nomo-
grams also showed a good coherence between the predictions and actual values in the
probability of 2- and 3-year OS (Figure 4B).
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Figure 4. The nomogram (A) and calibration plots (B) for OS prediction in the training cohort. OS,
overall survival; NMPR, neutrophil–mean-platelet-volume–platelet ratio; CRP, C-reaction protein;
CEA, carcinoembryonic antigen.

Table 3. Univariate and multivariate Cox regression analyses for overall survival in the external
validation cohort (SY Cohort).

Variable Univariate p-Value Multivariate p-Value

HR 95% CI HR 95% CI

Age (≤60 y/>60 y) 1.869 0.657–5.311 0.241
Gender (Female/Male) 2.591 0.344–19.545 0.356

Tumor length (≤3 cm/>3 cm) 3.362 1.092–10.345 0.034 1.148 0.303–4.350 0.840
Tumor location (Upper + Middle/Lower) 2.313 0.528–10.125 0.266

Vessel invasion (Negative/Positive) 2.417 0.894–6.537 0.082
Differentiation (Well + Moderate/Poor) 1.009 0.329–3.097 0.987

T stage (T1-2/T3-4) 6.490 1.477–28.510 0.013 3.226 0.588–18.141 0.176
N stage (N0/N+) 3.141 1.211–8.151 0.019 2.165 0.785–5.972 0.136

NMPR (≤16.62/>16.62) 4.205 1.479–11.951 0.007 3.029 1.007–9.112 0.049

NMPR, neutrophil–mean-platelet-volume–platelet ratio; HR, hazard ratio; CI, confidence interval; The former of
the group in every variable was set as reference in Cox regression analyses.
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Table 4. Univariate and multivariate Cox regression analyses for progress-free survival in the external
validation cohort (SY Cohort).

Variable Univariate p-Value Multivariate p-Value

HR 95% CI HR 95% CI

Age (≤60 y/>60 y) 1.701 0.800–3.616 0.168
Gender (Female/Male) 5.510 0.751–40.433 0.093

Tumor length (≤3 cm/>3 cm) 2.748 1.254–6.019 0.012 1.406 0.592–3.337 0.440
Tumor location (Upper + Middle/Lower) 1.048 0.451–2.434 0.913

Vessel invasion (Negative/Positive) 4.689 2.094–10.499 <0.001 2.788 1.134–6.852 0.025
Differentiation (Well + Moderate/Poor) 1.738 0.814–3.709 0.153

T stage (T1-2/T3-4) 5.164 1.959–13.612 0.001 2.709 0.915–8.023 0.072
N stage (N0/N+) 3.775 1.851–7.702 <0.001 1.637 0.915–8.023 0.224

NMPR (≤16.62/>16.62) 1.893 0.935–3.834 0.076

NMPR, neutrophil–mean-platelet-volume–platelet ratio; HR, hazard ratio; CI, confidence interval; The former of
the group in every variable was set as reference in Cox regression analyses.

4. Discussion

For decades, the close link between cancer and inflammation has been widely ac-
cepted. An inflammatory tumor environment has proven detrimental by promoting the
proliferation and survival of malignant cells as well as angiogenesis and metastasis in
the development of ESCC [19]. Testing leukocytes obtained from peripheral blood is an
inexpensive, highly reliable, and reproducible method to examine the status of systemic
inflammatory responses, by which numerous valuable indicators such as NLR, PLR and
RDW have been confirmed as prognostic, even treatment-guided, in a variety of cancers
including ESCC [3,20–22]. In the present study, the first of its kind to the best of our
knowledge, we investigated and validated the prognostic value of NMPR, demonstrating
an adverse impact of high NMPR on OS in patients with resectable ESCC. Moreover, we
developed a nomogram incorporating NMPR, T stage, N stage, tumor differentiation, CEA
and CRP to predict the OS with reasonable discriminations and calibrations.

Accumulating evidence shows that the systemic inflammatory response is associated
with clinical outcome in multiple types of cancers [23]. Among the peripheral blood cells,
neutrophils and platelets are important elements involved in systemic inflammation and
the main contributors affecting patient outcomes. Mechanically, the neutrophil population
increased under inflammatory conditions, such as in a tumor-bearing body, secreting a
large amount of nitric oxide, arginase, cytokines and reactive oxygen species, resulting in
disorders of T cell activation and stimulating the production of vascular endothelial growth
factor (VEGF) to accelerate tumor neovascularization [24–26]. Activated platelets were also
a critical source of growth factors and cytokines, especially transforming growth factor
β and VEGF to support multiple malignant biological behaviors of cancer cells [3], and
platelet count was often found increased in patients with solid tumors [27,28]. Similarly,
another platelet indices, MPV, which was usually recognized as a hallmark for platelet
activation, was used to reflect the function status of platelets under inflammatory conditions,
and MPV/PC was classically used as a marker of platelet activation in peripheral blood [29].
Thus, clinically, elevated levels of neutrophil, PC or MPV were useful indicators of systemic
inflammation in cancer patients, which were also linked to a poor prognosis in a variety of
cancers including ESCC.

Recently, studies showed that platelet activation triggers platelet–neutrophil inter-
action and modulates the immune system, leading to the progression of inflammation
condition in several inflammatory diseases [30–32]. Similar interaction between platelets
and neutrophils was also found in cancer development and progression. The direct and
indirect interplay between platelet and neutrophil was able to regulate several aspects
of tumor-associated pathology and influence the tumor immune microenvironment in
cancer at various stages [33]. Further mechanistic investigation demonstrated that platelets
might augment rolling and firm neutrophil adhesion via the crosstalk between platelets

188



Medicina 2022, 58, 1808

and neutrophils initiated by the platelet surface marker P-selectin (CD62P) and neutrophil
surface marker P-selectin-binding glycoprotein 1 (PSGL-1) [34,35]. Subsequently, platelet–
neutrophil interaction fostered mutual activation and neutrophil extracellular traps and
triggered the release of platelet granule contents and the generation of lipid mediators,
which affected the functions of various effector immune cells including T-helper, CD8+
T and natural killer cells in the tumor environment via various cytokines, chemokines
and prostaglandins signaling such as Toll-like receptors, interleukin-1 (IL-1), IL-17, CCL2,
IL-8, PD-L1, IFN-γ, and TNF-α, etc., facilitating immune evasion of cancer cells and tumor
development and dissemination [33]. Therefore, the measurement of combined neutrophil
and platelet indices values may reflect the pro-tumor inflammatory status more accurately
in cancer patients.

In the present study, we developed a novel inflammation-based NMPR score com-
prised of neutrophil and MPV to Log (PC) ratio, of which the prognostic value has yet to
be examined in cancer patients. Our study investigated the effect of preoperative NMPR
level on the survival of ESCC patients, demonstrating a significant association of high
NMPR with shorter OS. Moreover, the multivariate Cox regression analysis suggested
that NMPR might be an independent prognostic indicator for ESCC, which was further
validated in an external cohort to add the reliability of the results. However, a borderline
but not significant association of NMPR with PFS was revealed (p = 0.07), which may
be due to the limited sample size in the validation cohort or heterogeneity in neoadju-
vant therapy or surgery schedule. Indeed, in several previous studies, a part of NMPR,
MPV/PC ratio has been reported to predict the clinical outcome of resectable, locally
advanced and apatinib-treated advanced ESCC, respectively [11,17,36]. However, the
NMPR seemed to improve the prediction efficiency for long survival with higher AUROC
value compared to MPV/PC in the previous study (0.64 vs. 0.60) [17], suggesting the
superior value of NMPR in survival prediction of resectable ESCC. Similarly, the prog-
nostic value of another method of combined neutrophil and platelet indices expressed as
neutrophil–platelet score (NPS, neutrophils ≤ 7.5 × 109/L and platelets ≤ 400 × 109/L
defined as score of 0; neutrophils ≥ 7.5 × 109/L or platelets ≥ 400 x109/L defined as score
of 1; neutrophils > 7.5 × 109/L or platelets > 400 × 109/L defined as score of 2) was in-
vestigated in locally advanced ESCC treated with chemoradiotherapy as well as other
cancers [14,16]. Consistent with our findings, high NPS was found to be associated with
poor survival in a variety of common cancers including gastroesophageal cancer, implying
the high value of combined neutrophil and platelet indices in esophageal cancer patients.
However, the main difference between NMPR and NPS was whether the MPV was in-
cluded or not. As mentioned previously, the systemic pro-tumor inflammatory status may
be reflected by neutrophils, platelets and their interaction, and the activation of platelets
is a key step in the release of a large amount of inflammatory factors and the initiation of
inflammation process to favor the tumor, which is likely indicated by MPV. Biologically, it
is, therefore, more plausible to include MPV when combining neutrophils and platelets for
the evaluation of systemic inflammatory conditions in cancer patients. Additionally, the
relationship between NMPR and clinicopathologic parameters was also investigated in the
study. We found that high NMPR was significantly associated with several unfavorable
factors including longer tumor length, advanced T stage and high CRP level, supporting a
potential association of NMPR with increased inflammation induced by cancer progres-
sion. Furthermore, with the ZJ test cohort, this study identified several other prognostic
factors including tumor differentiation, T stage, N stage, CEA and CRP, which were well-
established in previous studies regarding esophageal cancer [2,17,37–39]. However, their
prognostic value was not validated in the external RM validation cohort, which may be
explained by several points: limited sample size, short follow-up, heterogeneity of baseline
characteristics between test and validation cohorts, missing data such as CEA and CRP
in RM cohort, difference in adjuvant therapy and late-line treatment. Using the ZJ cohort
with a larger sample size, we further constructed a nomogram with clinical parameters of T
stage, N stage, tumor differentiation, and preoperative NMPR, CRP and CEA levels. The
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nomogram was evaluated and considered reliable with an acceptable predictive accuracy
by exhibiting an acceptable calibration curve, based on looking at the nomograph predic-
tion probability versus actual probability and presenting a concordance index (c-index) of
0.71. Our result, however, needed further validation.

It is noteworthy that our study is the first attempt to evaluate the prognosis significance
of inflammation-based index NMPR in patients with ESCC. The NMPR is simple and
comprised of components of a blood test with low cost, which is of great value for the
patients in developing countries and low-income territories. Still, there are several potential
limitations in the current study. First, the retrospective study has an inherent selection bias.
Although the prognostic value of NMPR was revealed, the multivariate Cox regression
analysis in the external validation cohort was not adjusted by several important factors,
such as CEA and CRP levels, due to the missing data which were not routinely examined
preoperatively. Likewise, data asymmetry of the baseline characteristics between the
high and low NMPR group and between the test and validation cohorts might affect the
result to some extent as well, which was indicated by the significant difference in survival
outcome between the test and validation cohort (Figure 3). Further, considering that blood
parameters were dynamic, blood samples were not obtained at an accordant timepoint and
without repeated test, which might introduce an irreconcilable bias and negate the utility
of the test. Then, different equipment among different medical institutions may result in
inconsistency in the results of blood parameter tests, which may affect the applicability of
our findings. Lastly, the nomogram was constructed using several significant prognostic
parameters in the test cohort, which was not validated by an external cohort. The reliability
and generalization are therefore limited. Finally, there might be insufficient power to
validate the significance of NMPR with a short follow-up period in the cohort with relatively
small sample size, considering the lack of a significant association of NMPR with PFS. Our
findings should be interpreted with caution in light of the defects mentioned above.

5. Conclusions

In conclusion, the present study revealed that preoperative elevated NMPR was
associated with unfavorable clinicopathologic features in resectable ESCC patients. The
results of our study emphasize the importance of combined neutrophil and platelet indices
by demonstrating that preoperative elevated NMPR was independently associated with
poor survival outcome in patients with resectable ESCC. Due to its ease of accessibility and
low cost, large-scale prospective validation studies are warranted to confirm these results
to promote its clinical application.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/medicina58121808/s1, Figure S1: Predictive ability of NMPR in resectable esophageal
squamous cell carcinoma by ROC curves in 24 months and 36 months in the validation cohort.
NMPR, neutrophil mean platelet volume platelet ratio.
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Abstract: Neuroblastoma (NB) is an undifferentiated malignant tumor of the sympathetic ganglia,
occurring in children under 5 years of age. However, it is a rare histology in adult patients, occurring
once per every 10 million patients per year. We present the case of a 68-year-old male patient
presented to our department for right lumbar pain, asthenia, loss of weight and altered general status.
The contrast-enhanced abdominal computer tomography revealed bilateral adrenal tumoral masses
of 149 mm and 82 mm on the right and left sides, respectively, with invasion of the surrounding
organs. The patient underwent right 3D laparoscopic adrenalectomy and right radical nephrectomy.
The pathological result concluded that the excised tumor was a neuroblastoma of the adrenal gland.
The patient followed adjuvant oncological treatment; however, due to disease progression, he passed
away 22 months after the surgery. To our knowledge, less than 100 cases of adrenal NB in adult
patients have been published, the eldest case being diagnosed at 75 years of age; meanwhile, the
largest reported tumor measured 200 mm, and was excised through open surgery. Minimally invasive
techniques have been limited so far to smaller, organ-confined diseases, thus making the present case
the largest adrenal NB removed entirely laparoscopically. Neuroblastoma in the adult population is a
rare finding, with worse prognosis compared to pediatric patients. The available literature does not
provide enough data for standardized, multimodal management, as the patients are treated following
adapted pediatric protocols, thus reinforcing the need for international, multidisciplinary boards for
rare tumors.

Keywords: adrenal gland; 3D laparoscopic adrenalectomy; neuroblastoma

1. Introduction

Neuroblastoma (NB) is an undifferentiated tumor of the peripheric sympathetic ner-
vous system, being most often located in the paravertebral sympathetic ganglia (chest and
retroperitoneum), as well as in the medulla of the adrenal gland [1]. It is the most common
extracranial malignancy in young children, occurring once per every 7000 live births [2].
The median age at diagnosis is 19 months, while 90% of NB are diagnosed before 5 years of
age [3]. Patients are stratified as low-, intermediate- or high-risk, depending on their age at
diagnosis, stage, MYCN proto-oncogene status and tumor cell ploidy [4]. Depending on
the risk category, treatment options range from active surveillance approaches and radical
surgery for low- and intermediate-risk cases—with overall survival at 5 years being as high
as 90%—whilst high-risk patients must undergo neo-adjuvant chemotherapy and surgery,
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followed by myeloablative and radiation therapy. For this category of patients, the 5-year
survival rate does not exceed 50% [5,6].

However, in the adult population, it is a rare occurrence, being estimated as 1 in
10 million adults/year [7]. It is considered that adults have worse prognosis than children,
and overall survival rates at 5 years for patients older than 20 years are estimated as
36.3% [3]. Moreover, ATRX translocation is more frequent than MYCN proto-oncogene
mutation in this subgroup, being present in 11% of cases, as well as ALK (up to 14% in
high-risk NB) and TERT rearrangements (23% of cases) [8,9].

We hereby present the case of an adult patient diagnosed incidentally with NB of the
adrenal gland, along with a literature review of similar cases.

2. Case Presentation

This is the case of a 68-year-old male patient, who was referred to our department in
September 2020 for right lumbar pain, asthenia, loss of weight and altered general status.
His past medical history revealed hypertension and peripheral venous insufficiency of the
lower limbs, associated with a venous ulcer of the right calf.

Upon examination, a mass could be palpated in the right upper quadrant. The abdom-
inal ultrasound showed a parenchymatous tumor at the upper pole of the right kidney
with a diameter of approximately 140 mm.

The patient underwent contrast-enhanced, thoraco-abdominal, and pelvic computer
tomography (CECT-TAP), which confirmed a 149 × 106 mm tumoral mass with inhomoge-
neous structure and necrotic content, located in the right suprarenal region and extending
into the upper renal pole, while compressing the right hepatic lobe and adhering at the
level of the right diaphragmatic crus. The radiological characteristics indicated its adrenal
origin, rather than an upper pole renal carcinoma. A similar mass of 82 × 63 mm was
identified contralaterally, extending into the posterior gastric wall, spleen, pancreas, and
upper left renal pole. No signs of lymph node involvement or distant metastases have been
detected (Figure 1).

Figure 1. Contrast-enhanced abdominal computer tomography. (A) Transversal plane, showing the
close contact of the tumor with the right hepatic lobe. (B) Sagittal plane. (C) Coronal plane, showing
possible hepatic and renal invasion, as well as central necrosis. (D) Coronal plane, illustrating upper
tumoral calcification and suspected invasion of the diaphragm.

A full endocrinological evaluation was conducted, showing an ACTH-dependent
Cushing Syndrome, with an ectopic secretory pattern (Table 1). Pituitary MRI did not
reveal any abnormalities of the gland.
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Table 1. Hormonal profile, suggestive of ectopic ACTH secretion.

Parameters Determined Values Reference Values

24 h urine free cortisol 187.5 μg/24 h <50 μg/24 h

Serum ACTH 286.2 pg/mL 46–52 pg/mL

Metanephrines 5.7 μmole <7.1 μmole

Vanillylmandelic acid 38.3 μmole <50 μmole

Homovanillic acid 46.9 μmole <82.4 μmole

Aldosterone 14 μg/24 h 3–25 μg/24 h

Seric sodium 139 mEq/L 135–145 mEq/L

Seric potassium 4.4 mEq/L 3.5–5.2 mEq/L

The case was analyzed by a multidisciplinary uro-oncological board and the surgical
indication for right adrenalectomy was established based on the size, the radiologic descrip-
tion and hormonal profile. We proposed a 3D laparoscopic approach. The preoperative
blood work revealed moderate anemia (hemoglobin 9.8 g/dL) and urinary tract infection,
treated with a full course of antibiotics adapted according to the provided antibiogram.

2.1. Surgical Technique

The patient was placed in left lateral decubitus, with the surgical table bent at a
45-degree angle. The intervention was performed using a 5 trocar transperitoneal approach
(Figure 2) and the Karl Storz 3D laparoscopy tower (Tuttlingen, Germany).

Figure 2. Trocar placement. (A) 10 mm optic trocar, placed paraumbilically, at the right border of
the rectus abdominis muscle. Two 10 to 12 mm working trocars were inserted for the main surgeon.
(B) Working trocar for the left hand, placed on the imaginary line drawn between the umbilicus and
the anterior iliac spine, 2 cm cranially from the latter. (C) Working trocar for the right hand, placed
on the line that links the umbilicus with the costal margin, 2 cm below the latter. Next, two trocars of
5 mm each were placed for the assistant surgeon. (D) Trocar placed on the mid-axillary line, used for
suction. (E) Epigastric trocar, used for liver retraction.

The ascending colon and duodenum were medialized, exposing the inferior vena cava
(IVC). The tumoral mass was identified in the right lumbar area, being adherent to the
upper pole of the right kidney, diaphragm, and visceral side of the liver (Figure 3), thus
adrenalectomy with radical nephrectomy was decided on.

The renal pedicle comprised of 1 artery and 2 veins was identified, clipped, and
divided, as well as the central adrenal vein. The circumferential dissection of the surgical
specimen was difficult due to the tumoral invasion of the liver and IVC, but uneventful. The
surgical specimen was retrieved through a modified Gibson incision. A peritoneal drainage
was placed. The operative time was 210 min and was carried out entirely laparoscopically,
with minimum blood loss.
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Figure 3. Intraoperative images. (A) Tumoral invasion of the diaphragm. (B) Infiltration of the
visceral side of the liver. (C) Difficult isolation of inferior vena cava. (D) Central adrenal vein clipped
and divided.

The patient was mobilized on the first post operative day (POD). The drainage was
removed on the third POD and the patient was discharged on the seventh POD.

2.2. Pathological Report

Macroscopically, the tumoral mass measured 155 × 110 × 70 mm and appeared as a
grey mass of hard consistency, polylobate, with multiple areas of necrosis identified on the
transversal section.

From a microscopical standpoint, a proliferation of small polyhedric cells was observed
in standard hematoxylin—eosin stain, with nuclear atypia and up to 3 mitosis per high
power field. The intercellular matrix was fibrillar and poorly represented. Tumoral emboli
could be identified in lymphatic and venous vessels, as well as perineural infiltration
(Figure 4). Approximatively 20% of the tumoral mass was necrotic tissue. The surgical
margins were negative.

Further, immunohistochemical stains were carried out in order to rule out possible
differential diagnostics (Table 2). Cytogenetic analysis revealed the absence of MYCN and
ALK translocation, while ATRX mutation was present. Taking all of these findings into
consideration, as well as the high Ki—67 index (over 80%), the pathologist concluded that
the tumor was an undifferentiated neuroblastoma with poor histological prognosis ac-
cording to the International Neuroblastoma Pathological Classification (INPC), considered
Stage 3, L2.

Figure 4. Microscopic aspects of the adrenal mass (magnification size). (A) Rosette-like arrangement
of tumoral cells, around a blood vessel (×40). (B) Venous tumoral emboli (×10). (C) Hematoxylin—
eosin stain (×10). (D) Ki—67 stain (×20). (E) Positive CD 10 stain (parcelar pattern) (×10). (F) Positive
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CD 56 stain (parcelar pattern) (×10). (G) Positive WT 1 stain (×100). (H) Positive Vimentin stain
(×10). (I) Positive CD 99 stain (×40).

Table 2. Immunohistochemical stains, cytogenetic evaluation (*) and differential diagnosis.

Positive Markers Negative Markers Excluded Tumors

CD 10
CD 56
CD 99
WT 1

Vimentin
ATRX (*)

CD 45
CD 4
CD 8
CD 20
CD 34
CD 31

MelanA
Bcl 2
Tdl

EMA
TTF 1

Chromogranin A
NSE
S100
PSAP

CKAE1/AE3
PAX 8

Inhibin
Desmin
ALK (*)

MYCN (*)

- Melanoma, pulmonary, renal, prostate,
germ cells tumors metastases

- Adrenal carcinoma
- Lymphoma
- Neuroendocrine tumors
- Primitive Neuroectodermal Tumors

(PNET)
- Mesonephric carcinoma
- Small cells desmoplastic tumors
- Sarcoma
- Ganglioneuroblastoma

2.3. Follow-Up

The patient was referred to the oncologist for adjuvant treatment, starting 2 months
after the surgery. He received three cycles of carboplatin and etoposide combined ther-
apy, over the course of 4 months. Due to the rarity of the diagnosis in his age group, an
artificial intelligence-based decision support tool was employed (OncompassTM Gmbh.,
Schindellegi, Switzerland) that indicated pembrolizumab as being suitable in this case,
based on the immunologic profile identified at immunohistochemical analysis. The patient
underwent three cycles of pembrolizumab (200 mg intravenously, 21 days apart). However,
9 months after the surgery, the CECT-TAP revealed tumoral progression (left adrenal mass)
and local recurrence at the level of the right tumoral bed (right hepatic lobe, right psoas
muscle), as well as para-aortic and interaortocaval lymph node metastases. Subsequently,
the patient received third line palliative treatment, comprised of three cycles of docetaxel.
As the disease progressed, fourth line treatment was initiated, including a combination of
doxorubicin, cyclophosphamide, and vincristine, between November 2021 and March 2022.
Eventually, the patient needed fifth line therapy, consisting of weekly gemcitabine adminis-
tration; however, he passed away in July 2022, 22 months after the surgery, due to multiple
organ insufficiency caused by the metastases.

3. Discussions

Neuroblastoma is an endodermal tumor, having the possibility of developing in any
region of the body, along the autonomous nervous system plexi [10]. The adrenal gland is
the most common location, followed by the paravertebral ganglia. To date, under 100 cases
over 10 years of age have been published in the literature, even less if we restrict the
searching criteria to the adult population. A summary of the published cases can be found
in Table 3.
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To our knowledge, the presented case is one of the eldest in current literature.
Zhang et al. [23] reported the case of an even older female patient (75-year-old), who
underwent laparoscopic adrenal sparing surgery. The patient refused adjuvant therapy
and died due to cancer progression three years later. Furthermore, the current report
presents the largest neoplasia of this histology managed completely with a minimally-
invasive approach. Schalk et al. [15] and Thapa et al. [24] published cases with masses
of 170 mm and 200 mm, respectively, but managed in an open manner. Regarding the
laparoscopic approach, it has been taken into consideration for smaller, less invasive
tumors. The largest adrenalectomy, that was carried out in a totally laparoscopic fashion,
was reported by Ramsingh et al. [22], with the tumor measuring 80 mm.

Although most NB are initially diagnosed as non-secreting incidentalomas, some are
prone to secreting hormones that alter the hemodynamic balance of the patient, most often
catecholamines, thus mimicking a pheochromocytoma. Alternatively, NB can present as
the cause of a Conn’s Syndrome. Although atypical, this is considered to be secondary to
renal artery invasion or obstruction, due to large tumors that plunge onto the renal pedicle,
increasing the renin production and inducing hyperaldosteronism [27]. The endocrino-
logical evaluation revealed, in this case, an ectopic secretion of ACTH, confirmed by the
normal aspect of the pituitary gland on MRI, together with an increased level of ACTH. It
is a rare occurrence in adrenal NB, explained by the lack of cellular differentiation charac-
terizing this type of histology, and is much rarer when it comes to ganglioneuroblastomas
or ganglioneuromas [28].

Pathological diagnosis represents a challenge, even in the era of cytogenetic and molec-
ular testing. MYCN gene amplification is characteristic for neuroblastomas, encountered
in 20–25% of pediatric cases and associated with worse prognosis [29]. However, it is
suggested that in adult-onset neuroblastoma, MYCN amplification is less common, while
other somatic mutations such as ATRX tend to be more frequent [3]. This was consistent
with our patient’s phenotype, as well as with other reported cases in the literature [15].
In terms of histological prognostic factors, the proliferation index (Ki-67) is suggested to
indicate the oncological outcomes more accurately than MYCN amplification. Patients
having an index over 25% register a survival rate of 34% at three years, compared to 76% in
cases with Ki-67 below the cut-off value [30].

To date, there is no consensus regarding the treatment protocol in adult NB. Tu-
mors staged L1 (localized and without invasion of vital nearby structures) and L2 (as
long as negative surgical margins are assured) have the possibility of being managed
through a multimodal scheme, comprised of surgery, radiation and chemotherapy (most
frequently adapted from pediatric protocols), associated with radioactive iodine meta-
iodobenzylguanidine (I131 MIBG) therapy [31]. According to the European Society of
Endocrinology [32], percutaneous biopsy was ruled out, as the tumor was considered
amendable for surgical removal, and hence no prior histological confirmation was needed.
Additionally, the sensitivity of the procedure ranges between 50% and 70% [33,34], while
the complication rate is as high as 11% [34]. Although locally-advanced, totally 3D laparo-
scopic adrenalectomy was feasible in our center, as the surgical team has over 10 years
of experience in complex minimally-invasive procedures. Therefore, the presented case
received surgical treatment for the largest tumoral mass, as well as multiline immuno-
and chemotherapy.

Since no standardized protocol is available, personalized oncological assessment has
been attempted, however it did not prevent the disease progression. Further chemotherapy
protocols have been conducted according to Pediatric Neuroblastoma Protocols, includ-
ing docetaxel, cyclophosphamide, and doxorubicin, with dose adjustment [35]. Similar
approaches have been previously attempted by Genc et al. [14], Schalk et al. [15] and
Gupta et al. [16]. However, the reported cases presented distant metastases under systemic
chemotherapy and succumbed to the disease at 10 and 9 months after radical surgery,
respectively, while the latter underwent additional regional radiotherapy. Tumors charac-
terized by rare histology subtypes lack standardized therapeutic approaches, hence in such
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scenarios, AI-driven decision support tools may have an important role. In the present case,
the main therapeutic targets and their alterations have been identified through cytogenetic
analysis. Based on the tumoral genotype, the algorithm synthesizes a hypothetic prognostic
model that predicts the expected survival if the patient receives certain immunotherapy
molecules, thus ranking each agent and assigning the most suitable one. The process is
known as digital therapy planning.

The overall survival reported in the literature is heterogenous, due to the scarcity
of cases in the adult population. For the full multimodal protocol, the estimated overall
survival at 5 years for stage I and II masses is 83%, while for stages III and IV it drops to
28% [31]. In our case, the patient survived 22 months after the initial diagnosis, similar
to some reported cases that had refused adjuvant therapy [23,25]. This finding reinforces
the need for international, multidisciplinary tumor boards, in order to reach a consensus
regarding the best clinical practice in rare cancers and to increase patients’ survival rates.

The main limitation that we encountered in the management of the presented case was
the fact that the final diagnosis was made by ruling out other small blue round cell tumors.
Other limitations were the lack of access to I131 MIBG imaging and therapy, as well as the
lack of widely applied therapeutic protocols. Regarding the review process, few cases have
been published, thus making it difficult to draw solid conclusions regarding incidence,
treatment protocols—and how they were adapted from the pediatric population—as well
as survival rates.

4. Conclusions

Adrenal neuroblastoma is a rare occurrence in the adult and elderly population, with
heterogenous and atypical clinical presentation, and worse outcome than those diagnosed
in early childhood.
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Abstract: Background and objectives: This study aimed to evaluate the impact of body mass index
on PCa outcomes in our institution and also to find if there are statistically significant differences
between the variables. Materials and Methods: A retrospective chart review was performed to extract
information about all male patients with prostate cancer between 1 February 2015, and 25 October
2022, and with information about age, weight, height, follow-up, and PSA. We identified a group
of 728 patients, of which a total of 219 patients resulted after the inclusion and exclusion criteria
were applied. The primary endpoint was progression-free survival, which was defined as the
length of time that the patient lives with the disease, but no relapses occur, and this group included
105 patients. In this case, 114 patients had a biological, local or metastatic relapse and were included
in the progression group. Results: Our study suggests that prostate cancer incidence rises with age
(72 ± 7.81 years) in men with a normal BMI, but the diagnostic age tends to drop in those with higher
BMIs, i.e., overweight, and obese in the age range of 69.47 ± 6.31 years, respectively, 69.1 ± 7.51 years.
A statistically significant difference was observed in the progression group of de novo metastases
versus the absent metastases group at diagnostic (p = 0.04). The progression group with metastases
present (n = 70) at diagnostic had a shorter time to progression, compared to the absent metastases
group (n = 44), 18.04 ± 11.37 months, respectively, 23.95 ± 16.39 months. Also, PSA levels tend to
diminish with increasing BMI classification, but no statistically significant difference was observed.
Conclusions: The median diagnostic age decreases with increasing BMI category. Overweight and
obese patients are more likely to have an advanced or metastatic prostate cancer at diagnosis. The
progression group with metastatic disease at diagnostic had a shorter time to progression, compared
to the absent metastases group. Regarding prostate serum antigen, the levels tend to become lower in
the higher BMI groups, possibly leading to a late diagnosis.

Keywords: prostate cancer; obesity; overweight; body mass index; age; metastases; PSA

1. Introduction

Globally, according to a study in 2016, 39% of adults aged 18 years old and older
were overweight (39% of men and 40% of women) and about 13% obese (11% of men
and 15% of women) [1]. Obesity is a major public concern around the world because it
is also a disease in its own right and is now considered to be a cause of at least 13 types
of cancer [2]. Each year, it is estimated that 19 million new cancer cases are diagnosed
worldwide—around 10 million cases are in men and 9.2 million in women, with a mortality
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rate of 54%, and 43%, respectively [3]. The biological pathway between obesity and cancer
is currently being investigated, but not completely understood. Sakers et al. suggest
that the negative health effects of obesity come from physiologic stimuli that induce
alterations in adipose tissue metabolism, structure, and phenotype. Simply explained,
adipocytes lose their plasticity causing a diminished or aberrant response to signaling and
promoting the pathological outcome [4]. Obese people suffer from significant metabolic
and endocrinological abnormalities that lead to enhanced insulin and insulin-growth
factor signaling, dysregulation of sex hormone metabolism, and adipose tissue-derived
inflammation [2,5]. Experimental animal models have shown that obesity leads to cancers
of the mammary gland, colon, skin, and prostate [6].

According to Globocan, in 2020, prostate cancer (PCa) was among the most diagnosed
cancers worldwide, with around 1.4 million men affected by the disease (7.8%), being
surpassed by breast (2.2 million), lung (2.2 million) and colorectal cancer (1.9 million).
Globally, prostate cancer was the second most diagnosed cancer in male subjects (15.1%),
following lung cancer (15.4%), and taking the fifth place in the mortality rate [3].

In Europe, the estimated number of new cases of PCa was ~470,000 (20% of the
male total), which makes it the most frequent cancer diagnosed in men. Additionally, the
cumulative risk of being diagnosed with prostate cancer before the age of 75 is 8.2% (1 in
12 men), while the risk of PCa death before the age of 75 is 1% (1 in 103 men) [7].

In Romania, 8055 new PCa cases were diagnosed in 2020, representing 8.15% among
all cancers in men aged 45+, and taking second place, after lung cancer [3,7]. The proportion
of men diagnosed with PCa before the age of 60 is 1.2%, with a mortality rate of 0.2%, and
after the age of 60 is 14.2%, with a mortality rate of 7.5% [3].

Studies suggest that nonmodifiable risk factors, besides age, include several others
such as family history of cancer, height, lower testosterone level, type 2 diabetes, higher
serum glucose, and high insulin levels. Accounted as significant modifiable risk factors are
overweight and obesity, high intake of red meat, fat, dairy, and eggs, consumption of fish,
and soy foods, tobacco smoking, and alcohol consumption [8].

Over time, PCa incidence and mortality were significantly different during the past
years, worldwide, and they seem tightly correlated to the use of prostate-specific antigen
(PSA) measurement in the male population [9]. Incidence rates for PCa are estimated to
rise by +71.6% worldwide, followed by a rise of +97.1% in mortality rate, between 2020
and 2040. The highest incidence will be registered in Africa (+106.8%), Asia (+94.1%),
Latin America and the Caribbean, (+81.5%), and Oceania (+47.7%), followed by the lowest
incidence rates in Europe (+27.6%) and Northern America (+23.5). The mortality rate will
also rise significantly on all continents, with Asia (+112.7%) leading the charts, followed
by Africa (112.3%), Latin America and Caribbean (+110.4%), Oceania (+92.5%), Northern
America (+80.7%) and Europe (+53.2%). In Romania, the incidence is estimated to rise by
+21.5%, followed by a mortality rate of +31.2% [3].

The current study aimed to evaluate the impact of body mass index (BMI) on PCa
outcomes in our institution and also to find if there are statistically significant differences
between the variables.

2. Materials and Methods

2.1. Criteria

We performed a retrospective chart review to extract information about all male pa-
tients with prostate cancer seen in our electronic health record system between 1 February
2015 and 25 October 2022, with information about age, weight, height, follow-up, and PSA.
We identified 728 patients, of which we excluded 509 patients due to missing information
on height, weight; PSA measured in other medical laboratories; low body mass index;
association of other malignancies and patients missing from follow-up visits. This resulted
in a total of 219 patients who were included in the final analysis. The primary endpoint was
progression-free survival (PFS), which was defined as the length of time that the patient
lives with the disease, but no relapses occur, and this group included 105 patients. In this
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case, 114 patients had a biological, local or metastatic relapse and were included in the
progression group (Figure 1). The body mass index (BMI) of each patient was calculated
using weight and height, documented in the patient medical history. This analysis is partly
based on self-declaration of weight and height, which might be underestimated by the
patients, which might lead to potential deviations. Data about the radical prostatectomy, or-
chiectomy, lymphadenectomy and pathological staging is limited because the surgeries and
the histopathological exam were performed in other hospitals. This study was approved
by the committee board members of OncoHelp Association Timisoara.

Figure 1. Inclusion and exclusion criteria.

2.2. Statistical Analysis

Numeric variables were expressed as mean (±SD) and discrete outcomes as absolute
and relative (%) frequencies. We created three groups according to the values of BMI. Group
comparability was assessed by comparing baseline follow-up duration between groups.
Normality and heteroskedasticity of continuous data were assessed with Shapiro-Wilk and
Levene’s test, respectively. Continuous outcomes were compared with ANOVA, Welch
ANOVA, or Kruskal-Wallis tests according to data distribution. Discrete outcomes were
compared with chi-squared or Fisher’s exact test accordingly. The alpha risk was set to 5%
and two-tailed tests were used. The difference between ages according to modalities of
BMI was assessed with the ANOVA.

If the null hypothesis of the ANOVA test was rejected, post-hoc pairwise analyses
were performed with Tukey’s HSD test. The alpha risk was set to 5% (α = 0.05). Statistical
analysis was performed with EasyMedStat—version 3.20; www.easymedstat.com (accessed
on 21 October 2022).

3. Results

3.1. Patient Population

The clinical characteristics of patients are shown in Table 1. Of the 219 patients, 28%
(62) were categorized as normal weight (NW) (18.5–24.9 kg/m2), 43% (94) as overweight
(OW) (25–29.9 kg/m2), and 29% (63) as obese (OB) (30+ kg/m2).
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Table 1. Patient clinical characteristics.

Variable
(18.0–24.9)

N = 62 (28%)
(25.0–29.9)

N = 94 (43%)
(30.0–42.0)

N = 63 (29%)
p-Value

Age
72.68 (± 7.81)

95% CI: [70.69; 74.66]
Range: (53.0; 87.0)

69.47 (± 6.31)
95% CI: [68.18; 70.76]

Range: (54.0; 86.0)
RR 1.42
OR 2.44

69.1 (± 7.51)
95% CI: [67.2; 70.99]
Range: (51.0; 82.0)

RR 1.48
OR 2.63

0.007

cTNM Stage
2a
2b
3a
3b
3c
4a
4b

0 (0.0%)
3 (4.84%)
6 (9.68%)

13 (20.97%)
0 (0.0%)

9 (14.52%)
31 (50.0%)

6 (6.38%)
5 (5.32%)
8 (8.51%)

19 (20.21%)
3 (3.19%)

12 (12.77%)
41 (43.62%)

3 (4.76%)
6 (9.52%)
3 (4.76%)

11 (17.46%)
1 (1.59%)

10 (15.87%)
29 (46.03%)

0.567

Metastases
De novo

32 (51.61%) 44 (46.81%) 29 (46.03%) 0.788

Recurrent 12 (19.35%) 24 (25.53%) 13 (20.63%) 0.614

Gleason score
≤3 + 4=7
>4 + 3=7

15 (27.80%)
46 (72.19%)

24 (25.50%)
71 (74.50%)

14 (22.22%)
49 (77.77%) 0.905

GnRH agonist 36 (58.06%) 56 (59.57%) 46 (73.02%) 0.147

Bisphosphonates 13 (20.96%) 10 (10.64%) 7 (11.11%) 0.422

Radical prostatectomy 15 (24.19%) 25 (26.61%) 15 (23.81%) 0.907

Orchiectomy 2 (3.23%) 4 (4.32%) 3 (5.0%) 0.914

GnRH—gonadotropin-releasing hormone.

3.2. BMI and Age

We identified a statistically significant difference (p < 0.05) regarding age in the
BMI categorized groups. The median age for the NW group was 72 ± 7.81 years vs.
69.47 ± 6.31 years in the OW group and 69.1 ± 7.51 years in the OB group (Table 1, Figure 2).
The difference between ages according to modalities of BMI was assessed with ANOVA.
The null hypothesis was rejected (p = 0.007), so we performed a post-hoc Tukey test to
explore the differences between the means of all three groups and observed a significant
difference between the NW and OW groups (p = 0.023) and NW and OB groups (p = 0.0087;
Table 2). There was no significant difference (p = 0.9) between the OW and OB groups.

Table 2. Tukey HSD test results.

Pairwise Comparisons
HSD0.05 = 2.84 Q0.5 = 3.34
HSD0.01 = 3.54 Q0.5 = 4.12

NW–OW
G1 = 72.69 3.19 Q = 3.76 (p = 0.023)
G2 = 69.49

NW–OB
G1 = 72.69 3.59 Q = 4.23 (p = 0.0087)
G3 = 69.10

OW–OB
G2 = 69.49 0.4 Q = 0.47 (p = 0.94)
G3 = 69.10

NW—normal weight; OW—overweight; OB—obese; HSD—honestly significant difference.
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Figure 2. BMI based on age.

3.3. BMI and cTNM Stage

Group stages in correlation with BMI were represented as follows: stage 2–4.84% NW,
11.70% OW, and 14.28% OB: stage 3–30.65% NW, 31.91% OW and 23.81% OB and stage
4–64.52% NW, 56.39% OW and 61.90%. No statistically significant difference was found
between the groups (p = 0.567).

3.4. BMI and De Novo Metastases

De novo metastasis rates were 51.61%, 46.81%, and 46.03% in patients categorized as
NW, OW, and OB, respectively. No statistically significant difference was found (p = 0.788).

3.5. BMI and Recurrent Metastases

Recurrent metastasis rates were 19.35%, 25.53%, and 20.63% in patients for which BMI
was NW, OW and OB. No statistically significant difference was found between the groups
(p = 0.614).

3.6. BMI and Gleason Score

The Gleason score ≥4 + 3 = 7 was most seen between the groups, with 46 (72.19%)
in the NW group, 71 (74.50%) in the OW group and 49 (77.77%) in the OB group. No
statistically significant difference was found between the groups, overall (p = 0.905).
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3.7. BMI and GnRH Agonists

Leuprorelin and Triptorelin were the most used agonists among PCa patients (rates of
58.06%, 59.57%, and 73.02% in the NW, OW and OB groups). No statistically significant
difference was found between GnRH agonists (p = 0.147).

3.8. BMI and Bisphosphonates

The use rates of zoledronic acid were 20.96%, 10.64%, and 11.11% within the NW, OW,
and OB groups, respectively, with no statistically significant differences (p = 0.422).

3.9. BMI and Radical Prostatectomy or Orchiectomy

Approximately 1
4 of the patients from each BMI category group underwent radical

prostatectomy (24.19%, 26.61%, and 23.81% for the NW, OW, and OB groups), while
orchiectomy was applied in much lower rates (3.23%, 4.32%, and 5.0), with no statistically
significant difference between therapeutic approaches within the groups (p = 0.907 and
p = 0.914).

3.10. BMI and PSA

The median PSA for the NW group was 123.45 ± 366.58 vs. 48.67 ± 132.6 in the
OW group and 54.23 ± 156.6 in the OB group, with no statistically significant difference
(p = 0.1).

3.11. Progression Group According to De Novo Metastases

Overall, 114 events that define progression of PCa were included in this analysis.
70 patients (61%) in the group of events were recorded with de novo metastases and 44
(39%) were without. The median progression time for those patients who presented with
de novo metastasis was 15.91 months, while 20.17 months was for those without de novo
metastases. The Mann-Whitney test was used to compare the progression group median
according to de novo metastasis. There was a statistically significant difference in the
progression group between the patients with present and absent metastases (p = 0.04,
Table 3).

Table 3. Progression group and de novo metastasis.

De Novo Metastasis Present Absent

Mean ± SD 18.04 ± 11.37 (months) 23.95 ± 16.39 (months)
Median 15.91 20.17
Min–Max 0.0–55.76 1.12–84.43
N 70 44

3.12. Progression Group According to Recurrent Metastases

From the same group of 114 patients that experienced events, 49 patients (43%) in the
group presented with recurrent metastases and 65 patients (57%) did not have recurrent
metastases. The median progression time was 16.8 and 17.03 months for patients with, and
without recurrent metastasis, respectively. The Mann-Whitney test was used to compare
the median progression time according to recurrent metastasis. There was no statistically
significant difference (p = 0.859, Table 4).

Table 4. Progression group and recurrent metastasis.

Recurrent Metastasis Present Absent

Mean ± SD 20.51 ± 13.17 (months) 20.18 ± 14.3 (months)
Median 16.8 17.03
Min–Max 1.12–59.7 0.0–84.43
N 49 65
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3.13. Progression Group According to BMI

Finally, from the same group of 114 patients who presented with progression of the
disease, 32 (28%) were NW, 46 (31%) were OW, and 36 (41%) were OB. The median time of
progression was 15.42, 19.56, and 17.01 months for the patients categorized as NW, OW, and
OB, respectively. The Kruskal-Wallis one-way analysis of variance was used to compare
the median time in the progression group according to BMI. There was no statistically
significant difference between NW and the other two groups (p = 0.4, Table 5). We also
performed a Mann-Whitney test to compare in the progression group the median time
between NW and OW, NW and OB, and OW and OB groups. There was no statistically
difference between NW and OW (p = 0.3), NW and OB (p = 0.1), and OW and OB (p = 0.2).

Table 5. Progression group and body mass index.

BMI (18.5–24.9 kg/m2) (25.0–29.9 kg/m2) (30.0–42.0 kg/m2)

Mean ± SD 15.76 ± 11.64
(months)

21.24 ± 11.36
(months)

23.22 ± 17.23
(months)

Median 15.42 19.56 17.01
Min–Max 1.12–55.76 0.0–51.91 4.31–84.43
N 32 46 36

We used the Kaplan-Meier method to estimate the progression of PCa as an end-point,
from the diagnostic date until the date of the last consultation in the progression group.
The log-rank non-parametric test for comparison of progression distributions was used
to compare recurrence differences between the NW, OW, and OB groups. There was no
difference between the recurrence distributions (p = 0.09, Figure 3).

Figure 3. Progression of prostate cancer based on BMI.
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4. Discussions

Prostate cancer remains a global health burden and cases will continue to rise, but
pharmacological and technological advances are considerably improving and should en-
able future precision and improved clinical outcomes [10]. A proof-of-concept for future
precision was recently demonstrated in some studies, where the teams used a Transient
Receptor Potential Melastatin 8 channel (TRPM8) agonist, an ion channel in the plasma
membrane, encapsulated into a Lipid NanoCapsule in order to inhibit PCa cell migration.
The use of TRPM8 has a great impact in castration-resistant prostate cancer, which is con-
sidered to be the most aggressive form of PCa, because it is usually resistant to androgen
deprivation therapy [11,12]. However, it is clear that over time a high index of body mass
will influence our general physical well-being, along with age and other factors, and can
lead to negative results in cases of pathologies, such as cancers.

Our study suggests that prostate cancer incidence rises with age (72 ± 7.81 years) in
men with a normal BMI, but the diagnostic age tends to drop in those with higher BMIs, i.e.,
overweight, and obese in the age range of 69.47 ± 6.31 years, respectively, 69.1 ± 7.51 years.
A single-center retrospective study from 2022 investigated the relationship between BMI
and prostate cancer risk in 1079 Italian men, which also revealed that overweight and obese
men were diagnosed at younger ages, compared to normal-weight patients. Furthermore,
excessive fat accumulation contributes to a more favorable tumor microenvironment onset
and growth [13].

We also observed, as well mentioned in the study cited above, that PSA tends to
diminish with increasing BMI classification, but no statistically significant difference was
observed. Both factors, higher BMI and lower PSA, can lead to a high-grade PCa, avoiding
an early diagnostic, also seen in this study, where almost half of OW and OB patients had a
stage IV PCa diagnostic.

A study from 2017 suggests that long-term weight gain is associated with an increased
risk of high-grade PCa among never smokers and among men who were overweight or
obese at age 21 [14]. Furthermore, OB men tend to have higher levels of insulin, insulin-like
growth factor-1, and lower level of androgens and adiponectin, suggesting that inflamma-
tory and hormonal pathways are involved. Prolonged hyperinsulinemia raises the bioavail-
ability of IGF-1, which has been shown to promote proliferation and inhibit apoptosis in
normal prostate and tumor cells in vitro, increasing the risk of PCa [14–18]. Adiponectin
is secreted by the adipose tissue and is inversely related to the degree of adiposity [19].
This protein hormone promotes apoptosis and inhibits proliferation and angiogenesis, and
higher concentrations have been shown to decrease the risk of high-grade prostate can-
cer [14,19] Opposed to adiponectin, leptin concentrations are directly related to adiposity
and the biological effects are to stimulate cell proliferation and promote angiogenesis [20].

The immune response could also play an important role in the progression of PCa.
In a recent study by Fujita et al., they researched the relationship between high-fat diet
(HFD) induced inflammation and tumor progression PCa in mice and found that local
inflammation of the prostate is one of the most important factors for the progression of PCa
in obese and HFD-fed mice in early and late stages. Interestingly, the number of B cells, T
cells, macrophages, and mast cells and the ratio of CD8/CD4 T cells were not changed by
the HFD, but the number of myeloid-derived suppressor cells and the M2/M1 macrophage
ratio were significantly increased in the HFD-fed mice compared with the control group.
Using celecoxib, a cyclooxygenase 2 inhibitor, the promotion of tumor growth by the HFD
was canceled, which suggests that inflammation plays a specific role in tumor progression
caused by HFD. All these hormonal and immune changes in obese people lead to chronic
inflammation and play an important role in the development and progression of PCa [21].

We observed a statistically significant difference in the progression group of de novo
metastases versus the absent metastases group at diagnostic (p = 0.04). The progression
group with metastases present (n = 70) at diagnostic had a shorter progression time,
compared to the absent metastases group (n = 44), 18.04 ± 11.37 months, respectively,
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23.95 ± 16.39 months. No other statistically significant difference was found between the
progression and recurrent metastasis group (p = 0.859) or BMI (p = 0.4).

Our study has its limitations. Since the cohort study has not had enough participants,
it is possible that the results could not meet the criteria for significance. For example, the
progression of PCa in the BMI groups was not statistically significant between the NW
group and the OW, or OB group, but looking at the Kaplan-Meier curve, the NW line
has a more obvious decrease at some point, compared to the OW and OB groups. Some
studies suggest that there is an inverse association in the progression of the disease between
obese and normal-weight patients, where normal-weight patients have a faster relapse and
obesity has a protective effect from the PCa recurrence [22,23]. This inverse association
is called the obesity paradox. A study conducted by Martini et al. and another study
by Schiffmann et al., revealed that obese patients treated with docetaxel and prednisone
for metastatic castration-resistant prostate cancer benefited of a protective factor against
overall mortality and death, respectively, the second team mentioned that increased BMI
was associated with a decreased risk of metastases after radical prostatectomy [24,25].
We propose that urologists should be attentive to radical prostatectomy procedures in
overweight and obese patients in order to avoid positive surgical margins. Marenco et al.
suggests the fluorescent confocal microscopy as a novel technique that could be used
for real-time diagnosis of PCa and also for the evaluation of surgical margins during
radical prostatectomy. An advantage of fluorescent confocal microscopy, compared to
other intraoperative histological evaluations, could be the rapid application to whole tissue
sections [26]. Regarding lymph node dissection, we think that a more aggressive approach
is currently suited for the patients with increased BMI, but we believe that further studies
need to be corelated with the molecular mechanisms underlying PCa migration, in order
to enable a better clinical, surgical and pharmacological management. Such molecular
mechanisms were studied recently in vivo and revealed that the upregulation of HGK
(a component of Mitogen-Activated Protein Kinase Kinase Kinase Kinase 4), Culin 4B (a
scaffold protein with oncogenic activity), overexpression of Human Homebox B9 (a key
transcription factor that promotes metastases) and low levels of Receptor tyrosine kinase-
like receptor (a noncanonical Wnt receptor) play a major role in the aggressive behavior of
PCa [27–30]. Our data about the radical prostatectomy, orchiectomy, lymphadenectomy
and pathological staging is limited because the surgeries and the histopathological exam
were performed in other hospitals.

5. Conclusions

Our results suggest that the median diagnostic age decreases with increasing BMI
category. Furthermore, overweight, and obese patients are more likely to have an advanced
or metastatic prostate cancer at diagnosis. In the metastatic group we observed that the
progression of the disease has a shorter interval, leading to a faster relapse. The levels of
prostate serum antigen tend to become lower in the higher BMI groups, possibly leading to
a late diagnosis. Further studies are needed to determine if there is an inverse association
between progression of prostate cancer in normal weight and overweight or obese patients,
involving excessive fat as a protective mechanism against prostate cancer. We want to
address a further question. Does the subcutaneous fat exert a protective effect on the
development and recurrence of prostate cancer or other pathways are involved?
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Abstract: Ovarian cancer is the most lethal gynecologic malignancy. Platinum-based chemotherapy
is the backbone of treatment for ovarian cancer, and although the majority of patients initially have
a platinum-sensitive disease, through multiple recurrences, they will acquire resistance. Platinum-
resistant recurrent ovarian cancer has a poor prognosis and few treatment options with limited
efficacy. Resistance to platinum compounds is a complex process involving multiple mechanisms
pertaining not only to the tumoral cell but also to the tumoral microenvironment. In this review,
we discuss the molecular mechanism involved in ovarian cancer cells’ resistance to platinum-based
chemotherapy, focusing on the alteration of drug influx and efflux pathways, DNA repair, the
dysregulation of epigenetic modulation, and the involvement of the tumoral microenvironment in
the acquisition of the platinum-resistant phenotype. Furthermore, we review promising alternative
treatment approaches that may improve these patients’ poor prognosis, discussing current strategies,
novel combinations, and therapeutic agents.

Keywords: ovarian cancer; platinum resistance; platinum resistance mechanisms; overcoming
platinum resistance

1. Introduction

Ovarian cancer is a significant cause of morbidity and mortality worldwide, respon-
sible for 300,000 new cases each year and almost as many deaths [1]. Often diagnosed in
an advanced stage, it is the most lethal gynecological cancer, with a 5-year survival rate of
26–42%, depending on the initial stage [2]; however, more than 40% of stage III/IV patients
die within the first year and 25% within the first 90 days following diagnosis [3]. Ovarian
tumors may arise from epithelial, stromal, or germ cells, where over 90% of malignant
ovarian tumors arise from epithelial cells [4]. A heterogeneous disease, epithelial ovarian
cancer (EOC) comprises several histological subtypes: high-grade serous ovarian cancer
(HGSOC) (70–80%), endometrioid (10%), clear cell (10%), mucinous (3%), and low-grade
serous (<5%) [5].

Most high-grade serous tumors are sporadic; however, up to 15% of patients with
ovarian cancer have a genetic predisposition. BRCA1 and BRCA2 mutations are respon-
sible for most hereditary epithelial ovarian cancer, while Lynch syndrome is associated
with clear-cell and endometrioid tumors [6]. Patients with a hereditary predisposition
have a younger age at presentation, a history of other cancers, and positive family history.
Traditionally patients that fit this profile are considered for genetic testing; however, up
to 44% of BRCA carriers have no family history, and the highest annual risk for ovarian
cancers for BRCA carriers is for those between 50 and 69 years old [7,8]. Almost all
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BRCA-mutated cancers are high-grade serous ovarian cancers [9]. However, high-grade
serous tumors are not limited to the BRCA mutation. TP53 mutations are present in
almost 97% of tumors, and other homologous recombination repair mutations, includ-
ing EMSY, RAD51, ATM, BARD1, BRIP1, ATR, PALB2, RB1, and CDKN2A, have been
identified in 11% of patients [10].

Surgery with complete cytoreduction is the standard of care in the management
of EOC. In patients in which resection with no gross residual disease can be achieved,
surgery can be offered upfront, followed by adjuvant systemic therapy. For patients
with stage III and IV, bulky, extensive disease, neoadjuvant chemotherapy followed by
interval debulking surgery and adjuvant chemotherapy was associated with higher R0
resection rates and better survival outcomes than primary debulking surgery [11]. Surgery
continues to play an essential role in the management of EOC, even in recurrent disease.
Secondary debulking surgery in platinum-sensitive recurrent EOC has been linked to a
5-month progression-free survival (PFS) improvement. This survival benefit was more
significant in patients where R0 resection had been achieved [12].

Systemic treatment is essential in the management of ovarian cancer. The EORTC-
ACTION [13] and ICON1 [14] trials established almost 20 years ago the superior out-
comes associated with the use of platinum and taxane-based chemotherapy in ovarian
cancer compared with monotherapy and observation alone. Patient selection for adjuvant
chemotherapy depends on histological subtype and tumor grade. In very early-stage
IA tumors, observation is recommended for low-grade serous, grade 1,2 endometrioid,
and grade 1,2 mucinous ovarian cancer. Nevertheless, there remains a question regard-
ing the benefit of adjuvant treatment for clear-cell carcinoma stage I A, B, and C1; stage
IB and IC; grade 1,2 endometrioid; and stage IB/C low-grade serous [15]. Regarding
the number of chemotherapy administrations, the standard number of cycles remains
six; however, the GOG157 trial reported similar outcomes when using three or six of
paclitaxel and carboplatin [16].

The combination of paclitaxel and carboplatin is the standard of care treatment for
patients with advanced disease [17]. Other various dose-dense administration schedules
and the association of intraperitoneal chemotherapy have been investigated in numerous
trials but with conflicting results [18]. Despite adjuvant treatment and optional surgery,
patients with advanced ovarian cancer often present high recurrence rates. Therefore,
several trials have investigated the use of maintenance therapies; paclitaxel marginally im-
proved progression-free survival (PFS) [19], and maintenance with bevacizumab proved to
provide benefits only in PFS terms, except for a subgroup of poor-prognosis patients where
a trend toward improved overall survival (OS) could be observed [20]. Additionally, for
BRCA-mutated advanced ovarian cancer, a PARP inhibitor (PARPi) can also be considered
as maintenance after first-line treatment [21].

The primary challenge in the treatment of cancer is treatment resistance. Unfortunately,
ovarian cancer is no exception to treatment resistance, with particular importance being
the resistance to platinum compounds. Traditionally platinum resistance was defined on
the basis of the duration of the response to platinum-containing chemotherapy. Patients
who initially respond to platinum-based chemotherapy and relapse 6 months or longer
after the initial treatment were classified as platinum sensitive, while patients who relapse
within under 6 months after platinum-based chemotherapy were considered platinum
resistant. Within the platinum-resistant group, a subgroup of patients presents with the
worst prognosis: platinum-refractory ovarian cancer, with a disease that progresses during
or within 1 month of platinum-containing first-line chemotherapy [22]. However, the
current classification of platinum resistance, which is based on the 6-month platinum-free
interval, has several shortcomings: the use of bevacizumab or bevacizumab with olaparib
as maintenance therapy for patients responding to first-line platinum-based chemotherapy
significantly prolonged PFS, rendering the evaluation of platinum response difficult [23,24];
platinum rechallenge in patients with platinum-free intervals longer than 6 months re-
sults in response rates of only 47–66% [25,26], while a platinum-free interval shorter than
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6 months does not exclude a benefit from the addition of platinum to chemotherapy [27,28].
Furthermore, the studies used to define platinum resistance determined recurrence on
the basis of clinical and radiological evidence of disease or clinical symptoms. These
studies took place before the widespread use of CA125 to detect recurrence, and addition-
ally, the imaging techniques available were inferior to currently used high-resolution CT,
MRI, or PET-CT [22].

Most patients generally respond well to platinum-based chemotherapy, with only
20% of HGSOC presenting from the beginning with the platinum-resistant disease. How-
ever, the majority of initially platinum-sensitive patients will develop secondary platinum
resistance following multiple recurrences with progressively shorter progression-free sur-
vival [15]. Therefore eventually, platinum resistance influences the prognosis of every
ovarian cancer patient, representing one of the key prognostic factors influencing overall
survival. In the following review, we will discuss the underlying mechanisms of platinum
resistance, available biomarkers, and possibilities of overcoming resistance.

2. Molecular Mechanisms of Platinum Resistance in High-Grade Ovarian Cancer

Platinum compounds exert their cytotoxic anticancer effects mainly by forming cova-
lent bonds to the DNA, thus generating DNA crosslinks and inhibiting DNA replication,
eventually leading to cell death. The mechanisms of platinum resistance are multifactorial
and comprise genetic and epigenetic alterations as well as immune and environmental fac-
tors frequently involving more than one mechanism of resistance [29]. Figure 1 summarizes
the main mechanisms in the development of platinum resistance.

 

Figure 1. Schematic overview of the mechanisms of platinum resistance in ovarian cancer.
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2.1. Alteration of Drug Influx and Efflux Pathways

One of the most-agreed-upon mechanisms of platinum resistance is the dysregula-
tion of drug influx and efflux pathways that modulate the transport of platinum salts in
the cancer cell. As a result, platinum-resistant cell lines display a reduction in cisplatin
concentration, varying from 20% to 70% [30]. The copper transporter 1 (CTR-1), a trans-
membrane influx transporter involved in copper homeostasis, also plays a crucial role in
the intracellular uptake of platinum salts. The knockout of CTR-1 in mouse cell lines led to
platinum resistance via decreased intracellular platinum concentrations [31]; similarly, the
overexpression of CTR-1 led to increased sensitivity to platinum in ovarian cell lines [32].
Additionally, Song et al. [33] demonstrated that the upregulation of CTR-1 expression in
cisplatin-resistant small cell lung cancer cell lines restored platinum sensitivity. Ishida et al.
correlated tumoral CTR-1 mRNA levels with a response to platinum-based chemotherapy
in 15 patients with stage III or IV HGSOC who underwent cytoreductive surgery. Patients
with platinum-sensitive disease expressed significantly higher levels of CTR-1 mRNA com-
pared with platinum-resistant or refractory disease. These results were further validated by
using clinical and array-based data from the Cancer Genome Atlas, on a subset of 91 stage
III and IV HGSOC patients who underwent surgery followed by platinum-based adjuvant
chemotherapy. Patients with high CTR-1 expression had significantly prolonged disease-
free survival compared with those expressing low levels of CTR-1 [34]. Organic cation
transporters (OCTs) are part of the solute carrier family and are involved in the cellular
uptake of platinum derivates. Furthermore, low OCT6 expression has been associated with
platinum resistance in human lung cancer cell lines [35].

The copper transporter 2 (CTR-2) is also involved in regulating cellular platinum levels;
however, it acts as a platinum efflux transporter. Higher CTR-2 expression was linked
to platinum resistance in ovarian cancer cell lines [36]. The copper exporters ATP7A and
ATP7B are also involved in platinum efflux and subsequent resistance. ATP7A is responsible
for the intracytoplasmic sequestration of platinum derivates blocking their access to the
nucleus, while ATP7B facilitates drug efflux via the secretory pathway. The overexpression
of both ATP7A and ATP7B has been associated with platinum resistance, whereas blocking
their activity restores platinum sensitivity [37–39]. The altered expression of multidrug
resistance proteins (MRPs) has been linked to multidrug resistance and worse outcomes
in multiple cancers. Arts et al. [40] found that increased MRP2 and MRP4 expression was
linked to platinum resistance and poor outcomes in ovarian cancer. Similarly, three other
reports have associated high MRP2 levels and resistance to platinum-based chemotherapy
in various cancers, including ovarian cancer [41–43].

2.2. DNA Repair

DNA is the main target of platinum-based anticancer drugs, and the cell’s ability to
recognize and repair drug-induced DNA damage can influence its sensitivity or resistance
to platinum chemotherapy. The primary mechanism through which platinum chemother-
apy exerts its cytotoxic effects is the formation of DNA monoadducts that evolve through
covalent binding to DNA crosslinks that can occur either on the same DNA strand or
on the opposite strands, generating interstrand crosslinks that block DNA synthesis and
transcription if they are not repaired. The DNA damage response (DDR) mechanism is
activated in the presence of DNA lesions. DDR consists of several signaling pathways
responsible for enforcing cell-cycle arrest and, depending on the severity of DNA damage,
either DNA repair or the activation of apoptosis for cells presenting with unrepairable DNA
lesions [44]. Six major DNA repair pathways have been described: mismatch repair (MMR),
base excision repair (BER), nucleotide excision repair (NER), homologous recombination
(HR), nonhomologous end joining (NHEJ), and Fanconi anemia (FA). An intertwined ac-
tivation of these pathways is responsible for repairing DNA lesions and preventing the
development of various pathologies, including cancer [45,46].

The same pathways are also accountable for preventing the accumulation of DNA
lesions secondary to platinum-based chemotherapy, and their variation may promote
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platinum sensitivity or resistance. The upregulation of DNA repair proteins may lead to
removing platinum adducts and repairing tumoral DNA, decreasing treatment efficacy.
Most platinum-resistant tumors display the upregulation of DNA damage repair proteins
such as BRCA 1/2, mismatch repair proteins MSH1 and MSH2, excision repair cross-
complementing (ERCC) proteins, RAD51, and Fanconi anemia complementation group
D2 [29,47]. BRCA1/2-mutated HGSOC have increased sensitivity to DNA-damaging
agents such as PARPis and platinum agents and have an improved overall response to
platinum therapy [7,48]. CDK12, a kinase involved in the HR pathway, is mutated in 3% of
ovarian cancer patients. Preclinical data have associated low CDK12 expression with higher
susceptibility to cisplatin and PARPis [49]. Replication protein A (RPA) recognizes single-
stranded DNA lesions interfering with the replication fork and acts as an activation platform
for DNA damage repair via NER. RPA-deficient ovarian cancer cells cannot efficiently repair
cisplatin-induced DNA lesions via NER and display increased platinum sensitivity [50].
NER alterations are present in 8% of HGSOC and are associated with increased sensitivity
to platinum chemotherapy, similar to BRCA1/2-mutated patients [51]. ERCC1, a NER-
associated protein, is one of the most promising biomarkers for platinum sensitivity in
these patients. Low ERCC1 expression was associated with platinum sensitivity [52–54],
but these findings were inconsistent across multiple studies, where some reported an absent
or negative correlation between ERCC1 and a response to platinum [47].

2.3. Epigenetic Alterations

Epigenetic processes influence gene expression without changing the DNA sequence.
They are essential in ensuring normal genome functioning and ensuring altered epigenetic
regulation results in the development of various pathologies, including cancer. Three key
processes are involved in the epigenetic regulation of HGSOC: DNA methylation, histone
modification, and microRNAs (miRs).

2.3.1. DNA Methylation

DNA methylation modulates gene expression via DNA methyltransferase enzymes
that catalyze the addition of a methyl group or an ethyl group onto the fifth carbon of a
cytosine ring to form methylcytosine. DNA methylation frequently occurs in areas known
as CpG islands, often located in the promoter region of genes. Increased cytosine methyla-
tion in the promoter region is known as hypermethylation and decreases gene expression
by inhibiting transcription factors and RNA polymerase from binding DNA and under-
going transcription [55]. The role of DNA methylation in ovarian cancer chemoresistance
has been extensively studied. Lum et al. [56] analyzed DNA methylation in 36 HGSOC
samples segregated on the basis of platinum sensitivity. They identified 749 probes corre-
sponding to 296 genes that were significantly differently methylated in platinum-sensitive
samples and in platinum-resistant samples; furthermore, they observed that hypermethy-
lation was more often present in platinum-resistant samples than in platinum-sensitive
ones. Two other reports found the same association between hypermethylation and plat-
inum resistance [57,58]; however, these findings are inconsistent across studies. Lund
et al. [59] found that the majority (1251 of 1488) of the differentially methylated sites were
hypomethylated in cisplatin-resistant samples. A pathway analysis of the 452 hyperme-
thylated genes associated with platinum resistance, by Cardenas et al. [58], found the
epithelial–mesenchymal transition (EMT) pathway to be the most influenced by aberrant
methylation in the development of the chemoresistant phenotype. MSX1 encodes a member
of the muscle segment homeobox gene family and can influence EMT in ovarian cancer.
The hypomethylation of MSX1 leads to decreased MSX1 expression, which is associated
with cisplatin resistance in ovarian cancer cell lines, while MSX1 overexpression sensitizes
cells to cisplatin [60]. LAMA3 (laminin alpha 3), a component of the cell base membrane,
plays an important role in cell adhesion, migration, and embryo differentiation. Reduced
LAMA3 expression has been associated with EMT in various tumors, including ovarian
cancer. Feng et al. demonstrated that the hypermethylation of LAMA3 was responsible for
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the reduced expression and that decreased LAMA3 levels were correlated with chemoresis-
tance and poor outcomes [61]. The SOX9, ZIC1, and TWIST genes involved in EMT were
also associated with a hypermethylated status in platinum-resistant ovarian cancer [56].
The aberrant methylation of genes involved in the wingless/integrated (Wnt) signaling
pathway was also associated with platinum resistance in HGSOC. FZD1, FZD10, and
GSK3B were found to be differentially methylated in both platinum-resistant samples and
platinum-sensitive ones [62]. Wang et al. found that DNA methylation via the PI3K-Akt
pathway is associated with low BRCA1 expression in ovarian cancer cell lines, and BRCA1
demethylation was associated with the development of platinum resistance [63].

2.3.2. Histone Modifications

Histone modifications, regulated by histone-modifying enzymes, directly affect gene
expression by altering the chromatin structure. Histones are susceptible to several changes,
including acetylation, methylation, phosphorylation, ubiquitination, glycosylation, sumoy-
lation, ADP-ribosylation, and carbonylation. However, histone acetylation is of particular
importance as it has been associated with ovarian cancer pathogenesis [64]. Histone
acetyltransferase (HAT) enzymes add acetyl groups to the histone surface, enabling RNA
polymerase II interaction and favoring gene expression. Meanwhile, histone deacety-
lase (HDAC) enzymes remove acetyl groups from histones and increase chromatin com-
paction, thus restricting RNA polymerase II access with subsequently decreased gene
expression [62]. Cacan et al. [65] demonstrated HDAC1 involvement in cisplatin resis-
tance in ovarian cancer cells. The suppression of HDAC1 and DNA methyltransferase
activity in platinum-resistant ovarian cancer cells restored cisplatin-mediated cell deaths
through the upregulation of RGS10, an essential regulator of cell survival and chemore-
sistance. Liu et al. [66] demonstrated that HDAC1 knockdown in cisplatin-resistant cell
lines suppressed proliferation and increased apoptosis and chemosensitivity through the
downregulation of the c-Myc oncogene and the upregulation of miR-34a. Furthermore,
cisplatin treatment in platinum-sensitive cells increased HDAC1 and c-Myc expression
while inactivating miR-34a, leading cells to acquire chemoresistance to cisplatin.

2.3.3. MicroRNAs

MicroRNAs are small 19–25-nucleotides-long single-stranded noncoding RNAs in the
post-translational regulation of gene expression. Multiple miRs have altered expression
in HGSOC and are associated with carcinogenesis, progression, metastasis, and drug
resistance [67]. MiR-mediated platinum resistance arises through multiple mechanisms
influenced by microRNA dysregulation. MiR-130a was found to be involved in platinum
resistance occurrence by altering cellular cisplatin uptake. The overexpression of miR-130a
was associated with platinum resistance by targeting the SOX9/miR-130a/CTR1 axis [68].
Cisplatin resistance can also be secondary to increased cellular drug efflux. The ATP7A
and ATP7B transporters are associated with platinum chemotherapy resistance and are
influenced by miRs expression. MiR-139 dysregulation influences ATP7A and ATP7B
expression with secondary platinum resistance. Platinum-resistant cell lines presented
low levels of MiR-139 and high ATP7A and ATP7B expression. MiR-139 overexpression
enhanced the suppressive effect of cisplatin on resistant cell lines. Furthermore, there
is an inverse correlation between miR-139 and ATP7A/B expression [69]. MiR-15a and
miR-16 are also involved in ATP7B regulation and platinum resistance. MiR-15a and miR-
16 transfection in cisplatin-resistant cell lines and murine models have restored cisplatin
sensitivity by inhibiting ATP7B expression [70]. MiR also influences MRP2-associated
resistance. The upregulation of miR-490-3p and downregulation of miR-411 was associated
with increased cisplatin sensitivity via the inhibition of MRP2 expression ovarian cell
lines [71,72]. MiR-514 downregulation was associated with advanced stages of and poor
outcomes in ovarian cancer. MiR-514 also increases cisplatin chemosensitivity by targeting
ATP-binding cassette subfamily members ABCA1, ABCA10, and ABCF2 [73].
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MicroRNA modulation influences pathways involved in the process of DNA repair
and the secondary platinum resistance induced by their activation. One study demon-
strated that miR-211 expression enhanced platinum sensitivity in ovarian cancer cells by
targeting DDR. MiR-211 facilitated platinum-induced DNA damage by targeting DDR
effector genes, including POLH, TDP1, ATRX, MRPS11, and ERCC6L2 [74]. Enhanced
nucleotide excision repair is associated with resistance to platinum chemotherapy. ERCC1,
an essential effector of the NER pathway, is characterized as a potential biomarker for
platinum resistance and is a direct target of miR-30a-3p. Increased miR-30a-3p restored
cisplatin sensitivity by targeting ERCC1 and ATP7A [75]. NER-pathway-induced resis-
tance is also influenced by miR-770-5p expression. Downregulated in cisplatin-resistant
cell lines, miR-770-5p overexpression restored cisplatin sensitivity by directly targeting
ERCC2, an effector of the NER pathway [76]. Zhu et al. [77] also demonstrated miR-770-5p
involvement in cisplatin resistance; the long noncoding RNA nuclear paraspeckle assembly
transcript 1 (NEAT1) has been shown to enable treatment resistance by inhibiting miR-
770-5p and upregulating PARP1 expression, a promoter of platinum resistance. MiR-9
inhibits homologous recombination-associated resistance by targeting BRCA1. Patients
with high MiR-9 expression have better chemotherapy responses and increased platinum
sensitivity. MiR-9 levels were inversely correlated with BRCA1 expression and treatment
with miR-9-sensitized BRCA1-proficient cell lines to cisplatin [78]. MiR-506 and miR-152
can increase platinum sensitivity by targeting RAD51 and suppressing HR [79,80]. Choi
et al. demonstrated that miR-622 could be responsible for platinum and PARPi resistance
in BRCA1-mutated tumors by restoring HR-mediated double-stranded break repair [81].
MiR-146a, miR-148a, and miR-545 are linked to improved outcomes in ovarian cancer
patients by targeting BRCA1/2 expression [82]. In contrast, miR-493-5p expression pro-
motes platinum and PARPi resistance in BRCA2-mutated ovarian carcinoma by reducing
nucleases and other factors involved in maintaining genomic stability, thus resulting in
relatively stable replication forks, diminished single-strand annealing, and increased R-loop
formation [83]. The epigenetic mechanisms of resistance are also influenced by microRNA
modulation. Liu et al. demonstrated that the upregulation of miR-200b and miR-200c
restored cisplatin cytotoxicity by directly targeting the DNA methyltransferases (DNMT)
responsible for DNA methylation, often associated with treatment resistance [84]. Low lev-
els of miR-30a-5p and miR-30c-5p are associated with cisplatin resistance through DNMT
upregulation and subsequent hypermethylation. DNMT1 is a direct target of miR-30a-5p
and miR-30c-5p, and the overexpression of miR-30a-5p and miR-30c-5p-inhibited DNMT1
promoted cisplatin sensitivity and partially reversed EMT in ovarian cancer cell lines [85].
MiR-152 and miR-185 were also found to be downregulated in platinum-resistant ovarian
cell lines, and their upregulation reversed cisplatin sensitivity, increased apoptosis, and
inhibited proliferation by targeting DNMT1 [86].

Robust data suggest an EMT association with platinum resistance in ovarian cancer.
MicroRNAs mediate platinum resistance or sensitivity by regulating EMT [87]. MiR-186
downregulation was associated with EMT and chemoresistance by targeting Twist1 in
ovarian cancer cell lines [88]. MiR-363 low expression was also linked to chemoresistance
and carcinogenesis via Snail-induced EMT [89]. Zhan et al. demonstrated that miR-1294 is
downregulated in cisplatin-resistant ovarian cancer cell lines and that the overexpression
of miR-1294 prevented platinum resistance by directly targeting IGF1R and inhibiting
EMT [90]. MiR-20a promotes a cisplatin-resistant phenotype in ovarian cancer cells by acti-
vating EMT [91]. High oncogenic miR-205-5p and miR-216a levels were linked to platinum
resistance in ovarian cancer cell lines by targeting the PTEN/Akt pathway [92,93]. MiR-483-
3p and miR-224-5p conferred platinum resistance by suppressing protein kinase C family
members [94–96]. MiR-1180 was associated with bone-marrow-derived mesenchymal stem-
cell-induced platinum resistance in HGSOC cells. Mir-1180 overexpression leads to Wnt
signaling and secondary glycolysis-induced chemoresistance [97]. A high expression of the
platinum-refractory phenotype miR-98-5p directly targets Dicer1 and suppresses its activ-
ity, causing global miR downregulation; additionally, it inhibits cyclin-dependent kinase
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inhibitor 1A (CDKN1A), a promoter of cisplatin sensitivity [80,98]. Table 1 summarizes
microRNA involvement in ovarian cancer platinum resistance.

Table 1. MicroRNA involvement in HGSOC platinum resistance.

MicroRNA Target Gene Effect on Cisplatin Response Ref.

miR-130a SOX9/miR-130a/CTR1 axis

Resistance

[68]

miR-411 MRP2 [72]

miR-622 Ku70, Ku80 [81]

miR-20a EMT [91]

miR-205-5p PTEN [92]

miR-216a STAT3/miR-216a/PTEN axis [93]

miRr-483-3p PKC-alpha [95]

miR-224-5p PKC-delta [96]

mir-1180 Wnt [97]

miR-98-5p Dicer1, CDKN1A [98]

miR-493-5p MRE11, CHD4, EXO1, RNASEH2A, FEN1, SSRP1 [83]

miR-139 ATP7A/B

Sensitivity

[69]

miR-15amiR-16 ATP7B [70]

miR-490-3p MRP2 [71]

miR-514 ABCA1, ABCA10, ABCF2 [73]

miR-211 POLH, TDP1, ATRX, MRPS11, ERCC6L2 [74]

miR-30a-3p ERCC1 [75]

miR-770-5p ERCC2, NEAT1 [76,77]

miR-9 BRCA1 [78]

miR-506 RAD51 [79]

miR-152 RAD51, DNMT [80,86]

miR-146a, miR-148a, miR-545 BRCA1/2 [83]

miR-200b, miR-200c DNMT [84]

miR-30a-5p, miR-30c-5p DNMT [85]

miR-185 DNMT [86]

miR-186 Twist1 [88]

miR-363 Snail-induced EMT [89]

miR-1294 IGF1R [90]

2.4. Tumoral Microenvironment

Ovarian cancer arises in a unique tumoral microenvironment (TME) that plays a
crucial part in the natural history of the disease. The TME comprises stromal cells, immune
cells, endothelial cells, adipocytes, bone-marrow-derived cells, lymphocytes, and the
extracellular matrix (ECM), which play essential roles in supporting tumor progression
through signaling molecules that promote cell growth, differentiation, and invasiveness.
Unlike the cells of other epithelial tumors, ovarian cancer cells detach from their origin in
the ovary and the fallopian tube and adhere to the mesothelial layers of the peritoneum,
covering the abdominal organs and invading the submesothelial layers. In addition, ovarian
cancer cells can survive in the ascitic fluid, which acts as a medium wherein tumor cells
disseminate throughout the entire abdominal cavity. Alongside ovarian tumor cells, the
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ascitic fluid also includes multiple types of nontumorigenic cells regulated by soluble
factors and extracellular vesicles that promote tumor growth and metastasis [99–102].

The extracellular matrix consists of glycosaminoglycans, proteoglycans, hyaluronan,
collagen, fibronectin, vitronectin, elastin, laminin, and other glycoproteins that sustain
tissue integrity but also regulate cell migration, growth, and protein synthesis [102,103].
In ovarian cancer, the ECM signaling is dysregulated through the activation of cancer-
associated fibroblasts (CAFs) and tumor-associated macrophages (TAMs), which leads to
excessive ECM remodeling associated with tumor progression but also treatment resistance
through the activation of multiple signaling pathways [99]. Osterman et al. demonstrated
the role of ECM in promoting platinum resistance in ovarian cancer, in which ECM in-
hibits focal adhesion kinase (FAK), a cytosolic tyrosine kinase activated by matrix and
integrin receptors that controls cell motility. High FAK expression is associated with
ovarian cancer cells resistant to platinum chemotherapy. Combining FAK inhibition with
platinum chemotherapy overcame this resistance and increased apoptosis [104]. Cell-
adhesion-mediated drug resistance (CAM-DR) enables cells to rapidly evade cytotoxic
stress by interacting with the elements of the ECM. CAM-DR markers CD44, basigin
(CD147), HE4, integrin α5, and β1 were elevated in chemoresistant HGSOC patients
and were associated with poor outcomes [105]. Growing ovarian cancer cells in collagen
type 1 decreased their platinum sensitivity by activating CAM-DR via integrin β1. Inte-
grin β1 knockdown restored platinum sensitivity in platinum-sensitive ovarian cell lines
but not in platinum-resistant ones, suggesting CAM-DR activation via integrin β1 as an
initial mechanism of resistance in ovarian cancer [106]. Proteomic profiling of chemore-
sistant HGSOC revealed the overexpression of 10 ECM-associated proteins, specifically
decorin, versican, CD147, fibulin-1, extracellular matrix protein 1, biglycan, fibronectin
1, dermatopontin, alpha-cardiac actin, and an EGF-containing fibulin-like extracellular
matrix protein 1 [107]. Additionally, carboplatin treatment increased hyaluronan expres-
sion in ovarian cancer cells, leading to chemoresistance by the upregulation of the mem-
brane ATP-binding cassette transporter proteins (ABCB3, ABCC1, ABCC2, and ABCC3) in
CD44-expressing ovarian cells. Treatment with hyaluronan oligomers restored platinum
sensitivity in chemoresistant cells [108].

Ovarian cancer cell and mesothelial cell crosstalk promotes tumor adhesion and inva-
sion, but ovarian-cancer-associated mesothelial cells also induce chemoresistance through
the ATP-binding cassette transporter protein induction of the fibronectin 1/Akt signaling
pathway [109]. Cancer-associated fibroblasts (CAFs) occur in the TME secondary to inflam-
mation and hypoxia. They promote tumor growth, proliferation, and metastasis; inhibit
immune regulation; and modulate cell metabolism but are also involved in treatment
resistance [110]. CAFs can obstruct chemotherapy transport to the cancer cell by creating
physical barriers and microvascular compression. Additionally, they can mediate resis-
tance by secreting cysteine and glutathione, thus reducing the intracellular concentration
of cisplatin via competition to DNA binding sites and platinum efflux through an ATP-
dependent glutathione S-conjugate export pump [111]. Functional studies have revealed
that CAFs and cancer-associated adipocytes (CAAs) are also able to transfer miR-21 to
the ovarian cancer cell, where it inhibits apoptosis and confers chemoresistance by the
downregulation of APAF1 [112]. CAAs represent essential elements of the ovarian cancer
milieu, promoting metastasis and chemoresistance. Lipidomic analysis found that CAAs
were responsible for the secretion of arachidonic acid, a chemoprotective lipid mediator
that acts directly on the ovarian tumor cell and inhibits cisplatin-induced apoptosis through
Akt pathway activation [113]. Tumor-associated macrophages (TAMs) were also found
to promote chemoresistance. Hypoxic TAMs were responsible for the exosomal trans-
fer of miR-223 to the ovarian cancer cells that promote drug resistance by activating the
PTEN-PI3K/AKT pathway [114].
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3. Overcoming Platinum Resistance in Ovarian Cancer

Platinum resistance is one of the most important prognostic factors in ovarian cancer
and one of the main factors driving HGSOC mortality. Therefore, overcoming platinum
resistance is considered one of the most significant challenges in ovarian cancer. The
current management of platinum-resistant disease involves treatment with nonplatinum
chemotherapy, such as paclitaxel, pegylated liposomal doxorubicin, or topotecan alone or
in association with the antiangiogenic agent bevacizumab, which improved PFS compared
to chemotherapy alone [115]. Alternative treatment strategies may include gemcitabine or
etoposide. Nevertheless, platinum rechallenge can also be an option even for platinum-
resistant disease. Various studies demonstrated longer PFS and higher response rates for
platinum-based associations compared with monotherapy, especially in patients with a
platinum-free interval longer than 3 months. However, new biomarkers that may enable
the selection of patients that benefit from this strategy are needed [27,116–118].

PARP inhibitors make up a class of drugs that inhibits the activity of an alternate
DNA repair pathway. Single-strand DNA breaks are detected by the PARP family of
proteins that initiate DNA repair through the BER pathway. PARPis block the activity
of PARP1, leading to the accumulation of single-strand DNA breaks and, eventually,
double-stranded DNA breaks, which only a functional HR pathway can repair. Therefore,
PARPis exploit HR deficiency to promote cancer cell death [119]. Although platinum and
PAPRis share a common mechanism of resistance, specifically through the reactivation of
the HR pathway, PARPis are an option worth exploring in the management of platinum-
resistant disease. Kaufman et al. [120] reported an objective response rate of 31.1% and
stable disease in 40.4% of the platinum-resistant BRCA-mutated ovarian cancer patients
treated with olaparib. A similar response rate of 33.5% was reported by Fong et al. They
demonstrated a clear connection between the platinum response and the clinical benefit
of olaparib in BRCA-mutated ovarian cancer. Further, 61.5% of the platinum-sensitive
patients responded (partial or complete response) according to the RECIS or GCIG
criteria, compared with 41.7% in the platinum-resistant group. Platinum-refractory
patients had the lowest response rates; there were no radiologic responders, and only
one patient had stable disease lasting for more than four cycles [121]. Similar response
rates were reported for rucaparib, niraparib, and veliparib administration in the setting
of platinum-resistant HGSOC [121–124].

Recently, combinational therapy with PARPi has gained attention. The association
between PARPis and antiangiogenic agents was investigated across several clinical trials.
Niraparib and the antiangiogenic tyrosine kinase inhibitor (TKI) anlotinib demonstrated
promising objective response rates (ORR): 50% with a PFS of 9.2 months in platinum-resistant
ovarian cancer patients [125]. A combined treatment of olaparib and bevacizumab resulted
in a superior response and 3-year survival compared with bevacizumab and albumin-bound
paclitaxel [126]. However, the association of cediranib and olaparib failed to achieve superior
outcomes in platinum-resistant disease compared with chemotherapy [127,128].

Ataxia telangiectasia and RAD3-related protein kinase (ATR)/checkpoint kinase
1 (CHK1) have attracted significant attention as possible targets for anticancer therapy
because of their role in regulating cell-cycle checkpoints. The ATR/CHK1 pathway acts
as a sensor detecting single-stranded DNA breaks that lead to cell-cycle arrest. Combined
ATR and PARP inhibition has been evaluated across multiple studies; despite promis-
ing preclinical data, the phase 2 CAPIRI trial failed to demonstrate a clinical benefit in
platinum-resistant epithelial ovarian cancer [129,130]. Prexasertib, a CHK1 inhibitor, was
also evaluated in BRCA wild-type HGSOC, where the majority (79%) of the patients had
platinum-resistant or refractory disease. Prexasertib showed clinical activity, where 33% of
the patients had a partial response (PR) and 29% had stable disease (SD) [131]. WEE-1 in-
hibitors target the WEE-1 kinase, a G2 cell-cycle checkpoint regulator, resulting in increased
apoptosis secondary to the accumulation of irreparable genetic lesions [132]. The WEE-1
inhibitor AZD1775 was evaluated in a phase 2 trial and demonstrated clinical activity, with
a 43% ORR and 5.3-month PFS in p53-mutated platinum-resistant or refractory ovarian
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cancer patients [132]. BET inhibitors bind the bromodomains of BET proteins interfering
with BRCA1 and RAD51 expression. BET inhibition in ovarian cancer cell lines resulted
in HR deficiency, thus providing an argument for combined BET and PARP inhibition.
Olaparib combined with various BET acted synergistically, increasing either treatment’s
efficacy alone, irrespective of HR status. Additionally, the association of BET inhibition
with cisplatin chemotherapy exhibited the same synergistic activity. The coadministration
of cisplatin and BET inhibitors increased ovarian cancer cells’ sensitivity to cisplatin even
in resistant cell lines [133,134].

Epigenetic dysregulation is involved in the acquisition of the platinum-resistant phe-
notype through multiple mechanisms; thus, epigenetic modulators have been investigated
as potential therapies to reverse platinum resistance and resensitize tumors to platinum
salts. DNMT inhibitors showed modest clinical activity in monotherapy, but combined
treatment may enhance sensitivity to platinum compounds. When combined with carbo-
platin, the DNMT inhibitor guadecitabine showed a superior 6-month PFS compared with
physicians’ choice treatment: 37% vs. 11% [135]. Similarly, combining carboplatin with
low-dose decitabine resulted in a clinical benefit rate of 70%, with an ORR of 35% and a
median PFS of 309 days [136]. Hypermethylation has been associated with an immuno-
suppressive tumoral milieu by silencing tumoral antigen expression and downregulating
programmed death ligand (PDL) expression [137,138]. On the basis of these findings, it was
hypothesized that the association of epigenetic therapy and immune checkpoint inhibitors
(ICIs) could boost ovarian cancer tumoral immunogenicity and increase ICI efficiency [139].
Chen et al. [140] evaluated the hypomethylating agent guadecitabine in association with
pembrolizumab in 35 platinum-resistant ovarian cancer patients, where 8.6% of the patients
had PR and 22.9% SD, resulting in a clinical benefit rate of 31.4%, with a median response
duration of 6.8 months. The association of the CC-486 hypomethylating agent and dur-
valumab was also investigated in a phase II basket trial that included platinum-resistant
ovarian cancer; however, the association failed to achieve any clinical activity [141].

HDAC inhibitors were also evaluated; however, they failed to demonstrate consis-
tent efficacy across studies [142,143]. An association between avelumab and entinostat, a
class I selective HDAC inhibitor, was also assessed in pretreated ovarian cancer patients
but failed to improve PFS compared with avelumab alone [144]. The association between
HDAC inhibitors and DNMT inhibitors was also evaluated to determine their synergistic
activity [145]. Falchook et al. [146] investigated the association of azacytidine and val-
proic acid in restoring carboplatin sensitivity in a phase 1 trial, with a clinical benefit rate
of 18.8% but with high toxicity, where 81% of the patients reported grade ≥ 3 adverse
events, including fatigue, neutropenia, and vomiting. Preclinical models evaluated the
association between immunotherapy and the combination of DNMT1 with an enhancer
of zeste homologue 2 (EZH2) inhibition in ovarian cancer cells. EZH2-mediated histone
H3 lysine 27 trimethylation and DNMT1-mediated DNA methylation were shown to
repress the production of the T helper 1 type of chemokines: CXC-motif chemokine
9 (CXCL9) and CXCL10. Combined EZH2 and DNMT1 inhibition increased effector
T-cell tumor infiltration, inhibited tumor progression, and improved the therapeutic
efficacy of PDL-1 blockade [147].

An immune checkpoint blockade aims to restore T-cell function and reverse tumor-
associated immune-evasion mechanisms, with the aim of producing a sustained T-cell-
mediated antitumoral response. Unfortunately, despite promising results in various solid
tumors, checkpoint inhibition has failed to provide a significant benefit in ovarian cancer.
Immune checkpoint inhibitor monotherapy with nivolumab, pembrolizumab, avelumab,
or atezolizumab showed a favorable toxicity profile but was unable to provide substantial
clinical benefit, with an ORR of 6–22% [148].

The disappointing efficacy of ICI monotherapy represented the rationale for investi-
gating ICI-combined treatment strategies. One promising combination is ICIs and PARPi
because HR-deficient tumors display high PD-1 expression, and the accumulation of
double-stranded DNA breaks enables the buildup of neoantigens [149]. The efficacy of the
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niraparib and pembrolizumab combination was assessed in recurrent platinum-resistant
ovarian cancer patients. An ORR of 18% with a disease control rate of 65% was observed
irrespective of platinum sensitivity, BRCA, or HR status [150]. Lampert et al. evaluated
a durvalumab and olaparib combination in recurrent ovarian cancer. Most patients were
platinum resistant (86%) and had the BRCA wild type (77%). Although the disease control
rate was 71%, the clinical activity was modest, with an ORR of 14% [151].

The association between antiangiogenic therapy and ICI was also investigated.
Hypoxia and VEGF dysregulation promote an immunosuppressive microenvironment
by shifting the T helper 1 antitumoral response to a T helper 2 protumorigenic response;
antigen presentation by dendritic cells is also inhibited; and VEGF itself has immuno-
suppressive properties [152]. Liu et al. [153] assessed the efficacy of a nivolumab and
bevacizumab combination in relapsed ovarian cancer. The ORR was 40% in platinum-
sensitive and 16.7% in platinum-resistant disease. The median PFS was 7.7 months in
the platinum-resistant subgroup and 12.1 months in the platinum-sensitive one. Beva-
cizumab was also evaluated in combination with pembrolizumab and cyclophosphamide
in recurrent ovarian cancer. Patients with platinum-resistant disease had an ORR of
43.3%, where 93.3% of patients exhibited a clinical benefit and had a 5.5-month median
duration of response [154].

Chemotherapy was shown to induce an immunogenic antitumoral response and pro-
mote a proinflammatory tumoral microenvironment through the release of inflammatory
signals from dying tumor cells [155]. This rationale was the basis for investigating the
safety and efficacy of chemotherapy and ICI association in multiple solid tumors, including
ovarian cancer. The JAVELIN Ovarian 200 trial evaluated compared avelumab and pegy-
lated liposomal doxorubicin (PLD) monotherapy to the avelumab and PLD combination in
566 platinum-resistant ovarian cancer patients. Neither avelumab monotherapy nor the
combination of avelumab and PLD improved PFS or OS compared with PLD monotherapy.
However, there was a higher ORR for the combo in the PDL1-positive group compared
with the PDL1-negative one: 18.5% vs. 3.4%. This ORR also translated into a survival
advantage for the PDL1-positive patient subgroup [156]. The association between PLD and
pembrolizumab was also evaluated in 23 platinum-resistant ovarian cancer patients, where
52.2% of patients achieved a clinical benefit from the combinational treatment, with an
ORR of 26.1% and a favorable toxicity profile. There was no significant correlation between
PDL1 expression and an objective response [157].

Copper transporter dysregulation has been validated as a critical mechanism of plat-
inum resistance in HGSOC, and this is the basis for targeting copper homeostasis as a
mechanism to resensitize ovarian cancer cells to platinum compounds. Using cisplatin-
resistant ovarian cancer cell lines, Liang et al. [158] demonstrated that cisplatin resistance is
associated with the decreased expression of the high-affinity copper transporter 1 (hCTR1).
Furthermore, they revealed that copper chelators resensitize cells to cisplatin by enhancing
hCTR1 expression. Following this preclinical data, the association between carboplatin
and the copper-lowering agent trientine was evaluated in platinum-resistant patients. The
association was well tolerated and displayed antitumor activity, especially in patients with
lowered ceruloplasmin and copper levels, but the response rates remained low, warranting
improvement [159]. The association between trientine carboplatin and PLD was also as-
sessed in a dose escalation study involving patients with relapsed epithelial ovarian, tubal,
and peritoneal cancers. The combination was well tolerated and safe, rendering a clinical
benefit rate of 33.3% in the platinum-resistant group and 50% in the partially platinum-
sensitive group [160]. Tranilast (an analog of tryptophan metabolite and an inhibitor of
histamine release) and telmisartan (an angiotensin II receptor antagonist) were shown to
facilitate platinum compound delivery to the nucleus by targeting ATP7B expression and
trafficking in platinum-resistant IGROV-CP20 ovarian cancer cell lines. Amphotericin B
was also shown to promote cisplatin toxicity by inhibiting ATP7B expression but with an in-
ferior safety profile compared with tranilast and telmisartan [161]. Theaflavin-3,3′-digallate
(TF3), a black tea polyphenol, was also shown to enhance ovarian cancer cells’ sensitivity to
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cisplatin. TF3 increased the intracellular accumulation of cisplatin and enhanced platinum
DNA damage by decreasing glutathione levels and upregulating CTR1 levels [162].

4. Conclusions

Alongside surgery, chemotherapy is the cornerstone of treatment in advanced ovar-
ian cancer, and platinum-based combinations continue to be the most effective first-line
treatment for these patients. Despite the initial efficacy, most patients will present recurrent
disease. Rechallenge with platinum-based chemotherapy is the treatment of choice for
patients with platinum-sensitive disease, defined as a platinum-free interval longer than
6 months. These patients usually respond to platinum rechallenge and have a better prog-
nosis than those who are platinum resistant. Therefore, we can safely consider platinum
resistance as one of the most important prognostic factors in ovarian cancer.

Although classically defined on the basis of the 6-month platinum-free cutoff interval,
the concept of platinum resistance is an everchanging concept owing to the widespread
availability of CA125, high-resolution and functional imaging that enables early recurrence
detection, and the changes in maintenance therapy now that bevacizumab and PARPis
have managed to prolong PFS, thus delaying recurrence. Nevertheless, resistance to
platinum-based cytotoxic agents is a complex concept resulting from an interplay between
mechanisms. Tumor cells can modify the intracellular concentration of chemotherapy by
changing the expression of cellular influx and efflux transporters. Changes in the DNA
repair pathways are involved in platinum resistance, but they can also represent targetable
therapeutic opportunities. Recent data have revealed that the dysregulation of epigenetic
control processes with aberrant miR expression, histone acetylation, and DNA methylation
modulates these resistance mechanisms’ expression. The tumoral microenvironment is
essential in ovarian cancer carcinogenesis and progression but can also promote treatment
resistance through EMT and various adaptative signals modulated by the stromal cells
of the tumoral milieu. Despite the substantial progress in understanding the underlying
mechanisms of platinum resistance, more research is necessary to understand their interplay
and contribution to achieving the resistant phenotype.

Several treatment strategies have been evaluated in the setting of platinum-resistant
ovarian cancer, and treatment associations involving PARP inhibition, antiangiogenic agents,
immune checkpoint inhibitors, and chemotherapy have shown promising results. However,
more research is necessary to identify biomarkers that enable better patient stratification.
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Abstract: Standard care for stage I testicular germ cell cancers (seminomatous—STC or non-seminomatous—
NSTC) is orchiectomy followed by active surveillance, 1 or 2 cycles of adjuvant chemotherapy, surgery or
radiotherapy. The decision on the adjuvant therapeutic approach is guided by the associated risk factors of
the patient and the potential related toxicity of the treatment. Currently, there is no consensus regarding the
optimal number of adjuvant chemotherapy cycles. Although in terms of overall survival, there is no proven
inconsistency regarding the number of cycles of adjuvant chemotherapy, and the rate of relapse may vary.

Keywords: stage I testicular germ cell cancers; seminomatous—STC; non-seminomatous—NSTC

1. Introduction

Background

Testicular cancer is a rare type of tumor that accounts for about 1% of all cancers in
adults [1]. In 98% of cases, the cell of origin is represented by a germ cell that failed to
differentiate and continued to express its pluripotency which is afterward translated into
an uncontrolled malignant growth due to the accumulation of chromosomal aberrations [2].
The uncontrolled proliferation can lead to the genesis of two histological types of testic-
ular cancer, represented by seminoma and non-seminoma, the latter being characterized
within the pathology report as being a component of embryonal carcinoma, yolk sac tumor,
choriocarcinoma or immature teratoma. Orchiectomy is required for diagnosis and is also
the initial therapeutic approach. Further treatment depends on the histopathological fea-
tures, tumor markers reference interval (α-feto protein, β-human chorionic gonadotropin,
lactate dehydrogenase) and imaging-based diagnostic analysis. Stage I testicular cancer
is defined by the absence of metastasis on the retroperitoneal lymph nodes and distant
organs on the CT scan. The different adjuvant therapeutic approaches depicted by one or
two cycles of Carboplatin, radiotherapy of the para-aortic and ipsilateral iliac lymph nodes
or active surveillance for stage I seminoma and chemotherapy using one or two cycles of
BEP, RPLND or active surveillance for stage I non-seminoma provide a similar outcome in
terms of overall survival [3,4]. However, it can alter the risk of relapse which can fluctuate
from 15–30% for stage I seminoma to 40–50% for stage I non-seminoma [5,6] Adequate
management of this stage is required, as the 5-year survival rate is close to 100% [3–6].

When chemotherapy is administered, guidelines variably recommend the administra-
tion of one or two cycles, but the specific number of cycles is not well defined yet. The aim
of this systematic review is to assess the difference between one versus two administered
cycles of chemotherapy in stage one testicular germ cell cancers (STC and NSTC) with
reference to overall and disease-free survival, short-term and long-term toxicities. Given
the high rates of survival among the patient population and the associated risk of relapse,
it is necessary to identify the right approach for this stage of the disease.
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2. Methods

2.1. Literature Search Strategy

The articles reviewed for this paper needed a systematic search conducted in PubMed
(1970–December 2022) using the following key words: ’testicular neoplasms’, ’testicu-
lar cancer’, ’germinal testicular cancer’ and ’non-seminomatous tumors’ combined with
’chemotherapy’ or ’treatment’.

2.2. Selection Criteria

Papers that were reviewed for this article included the following criteria:

- Articles written and published in English
- Evidence-based clinical practice guidelines
- Randomized and non-randomized studies referring to stage I seminoma or non-

seminoma treated with adjuvant chemotherapy that reported a rate of recurrence
and/or survival and/or toxicity of the treatment

- If any article included other stages of seminoma or non-seminoma, outcome was
reported separately for stage I disease

- If any article included other options of treatment for stage I seminoma or non-
seminoma (surveillence, radiotherapy and surgery), outcome was reported separately
for the patients who received chemotherapy

3. Results

3.1. Literature Search Results

We identified 30 articles that met the selection criteria of this paper and included
3 clinical practice guidelines, 2 randomized studies and 25 non-randomized studies. The
results of the literature search are summarized in Table 1. The PRISMA guidelines were
followed for drafting of this paper.

Table 1. Literature search results.

Study Type Number [References]

Clinical practice guidelines 3 [7–9]

Randomized controlled studies 2 [10,11]

Non-randomized studies 25 [12–36]

3.2. Clinical Practice Guidelines

Three clinical practice guidelines were reviewed for this paper and the recommenda-
tions are summarized in Table 2.

Table 2. Guideline recommendations.

Guideline Stage I Seminoma Stage I Non-Seminoma

1 × Carboplatin AUC 7 2 × Carboplatin AUC 7 1 × BEP 2 × BEP

ESMO [7] X Recognizes better results,
but limited data available X N/A

EAU [8] X N/A X X

NCCN [9] X X X Not indicated because of
adverse events

BEP—Bleomycin, Cisplatin, Etoposid; ESMO—European Society for Medical Oncology; NCCN—National Com-
prehensive Cancer Network; EAU—European Association of Urology.

3.2.1. Clinical Stage I Seminoma

ESMO [7] and EAU [8] guidelines recognize tumor size > 4 cm and invasion of rete
testis as risk factors for recurrence and recommend the administration of chemotherapy
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in the presence of any of these factors. Moreover, the ESMO [7] guideline highlights the
potential benefit of the administration of two courses of Carboplatin; however, due to
insufficient evidence, it is not recommended. In contrast, the NCCN [9] guideline does
not support stratification of the patients using the aforementioned risk factors due to
limited evidence that fails to prove their predictive value and, therefore, recommends
the administration of one or two cycles of chemotherapy whenever active surveillance is
not feasible.

3.2.2. Clinical Stage I Non-Seminoma

All three guidelines recommend active surveillance whenever it is feasible or one cycle
of BEP in the presence of risk factors.

NCCN8 does not recommend two cycles given the possible associated adverse events,
but EAU9 recognizes it as a potential option.

3.3. Randomized and Non-Randomized Studies
3.3.1. Clinical Stage I Seminoma

When deciding on the adjuvant treatment for stage I seminoma, several studies
suggested that the administration of chemotherapy should be guided by the presence of
one of the two risk factors, represented by tumor size and invasion of rete testis [37]. Only
one of the twelve studies exposed in Tables 3 and 4 investigating the efficacy of adjuvant
chemotherapy for clinical stage I seminoma used these factors to stratify the patients.
Chemotherapy was mostly administered as an option of treatment chosen either by the
physician or the patient.

Table 3. Studies of single cycle adjuvant chemotherapy in seminomatous testicular cancer.

Study Eligibility
Number of

Patients
Chemotherapy

Regimen

Median
Follow-Up
(Months)

Number of
Relapses

Oliver et al. [12] (1994) - 25 1 × Carboplatin
AUC 7 29 0

Dieckmann et al. [13]
(2000) - 93 1 × Carboplatin

400 mg/mp 48 8

Oliver et al. [10]
(2005) Randomized 573 1 × Carboplatin

AUC 7 48 27

Dieckmann et al. [14]
(2016) - 362 1 × Carboplatin

AUC 7 30 18

Tanstad et al. [15]
(2011) - 188 1 × Carboplatin

AUC 7 40 7

Chau et al. [16]
(2015) - 517 1 × Carboplatin

AUC 7 47.2 21

Diminutto et al. [17]
(2015) - 115 1 × Carboplatin

AUC 7 22.1 6

Single-cycle adjuvant Carboplatin provided satisfactory results in multiple studies [15–17].
In the randomized prospective study published in 2005, Oliver et al. [10] not only proved
the non-inferiority of Carboplatin to radiotherapy for stage I seminoma, but after a median
follow-up of 4 years, the relapse rate in the single cycle chemotherapy arm was only 4.7%.
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Table 4. Studies of 2 cycles of adjuvant chemotherapy in seminomatous testicular cancer.

Study Eligibility
Number of

Patients
Chemotherapy

Regimen
Follow-Up
(Months)

Number of
Relapses

Oliver et al. [12]
(1994) - 53 2 × Carboplatin

AUC 7 51 1

Dieckmann et al.
[13]

(2000)
- 32 2 × Carboplatin

400 mg/mp 48 0

Reiter et al. [18]
(2001) - 107 2 × Carboplatin

400 mg/mp 74 0

Steiner et al. [19]
(2002) - 108 2 × Carboplatin

400 mg/mp 59.8 2

Argirovic D [20]
(2005) - 163 2 × Carboplatin

400 mg/mp 48 3

Aparicio et al. [21]
(2005)

T > 4 cm
Rete testis

involvement
214 2 × Carboplatin

AUC 7 34 7

Koutsoukos et al.
[22] (2016) - 138 2 × Carboplatin

AUC 6 5

Dieckmann et al.
[14]

(2016)
- 66 2 × Carboplatin

AUC 7 30 1

T—tumor size.

In 2016, Dieckmann et al. [14] published a prospective non-randomized study that
included a total of 725 patients with clinical stage I seminoma. Adjuvant treatment was
decided by local physicians and included active surveillance, radiotherapy or chemotherapy
(1 or 2 cycles of Carboplatin). After a median follow-up of 30 months, stratification of tumor
size revealed that in the group of patients who received one cycle of Carboplatin, tumor
dimension > 4 cm can predict a higher risk of relapse than those whose tumor is below this
limit (6.8% versus 2.3%). Moreover, the risk of relapse was statistically higher for tumor
sizes >5 cm (9.3%). Although the direct comparison of the number of relapses was not
significantly lower for the patients treated with two courses of Carboplatin (1.5% versus
5%; p = 0.2048), it appears that large tumor size can predict a low efficacy of one course of
Carboplatin. Similar results were obtained by Chau et al. [16] who revealed a relapse-free
survival of 97.4% after one cycle of chemotherapy with Carboplatin but with a relapse rate
that was nearly double for the patients with tumor size above 4 cm (5.9% versus 3.3%).
Tumor size was recognized as a prognostic factor in other studies as well [22] but limited
data exist regarding the role of rete testis invasion in the risk of relapse [21]. On the other
hand, Oliver et al. [12] (1994) found no significant correlation between tumor size and risk
of relapse which is in accordance with the results of other studies [15]. Moreover, his trial
did not reveal any additional benefit in the administration of two cycles of Carboplatin
when compared to one cycle, showing instead higher rates of acute and late toxicities. In
contrast, the study published by Dieckmann et al. [13] (2000) revealed no relapses after
two courses of Carboplatin compared to 8.6% for those treated with one cycle (p = 0.088).
Toxicity on the reproductive system was reported, but after 20 months the median FSH
levels returned to the normal range.

Reiter et al. [18] also obtained favorable results after two courses of Carboplatin with-
out any relapses when a group of 107 patients having stage I seminoma and a toxicity profile
of WHO grade I or II underwent treatment. In the study published by Steinner et al. [19],
the 5-year relapse-rate after two courses of Carboplatin was 1.85% but exhibited a more
hematological toxicity than previously reported: 44.4% developed thrombocytopenia, 2.8 of
which was grade 4.
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Aparicio et al. [21] also obtained a favorable relapse rate of 3.3% at a median follow
up of 36 months and an overall 5-year survival of 100% after two cycles of Carboplatin
AUC 7. Patients were stratified by tumor size (>4 cm) and invasion of rete testis, and
there was a significant correlation between invasion of rete testis and relapse (DFS of
99.2% versus 91.6%; p = 0.0108).

3.3.2. Clinical Stage I Non-Seminoma

Tables 5 and 6 include selected trials that investigated the role of adjuvant chemother-
apy in patients diagnosed with high-risk clinical stage I non-seminoma. Although the
definition of high-risk disease varied, all studies had at least one risk factor in common.

Table 5. Studies of single cycle adjuvant chemotherapy in non-seminomatous testicular cancer.

Study Eligibility
Number of

Patients
Chemotherapy

Regimen
Follow-Up
(Months)

Number of
Relapses

Oliver et al. [23]
(2004)

VI
LI
Absence of yolk sac elements
Presence of
• Undifferentiated areas
• Malignant teratoma
• Undifferentiated or

malignant trophoblastic
teratoma

46 1 × BEP 33 3

Gilbert et al. [24]
(2006)

VI
LI
Absence of yolk sac elements
Presence of undifferentiated
elements

22 1 × BEP 122 0

Albers et al. [11]
(2008) Randomized 191 1 × BEP 56 2

Westermann et al. [25]
(2008)

VI
LI
≥50% embryonal carcinoma

40 1 × BEP 96 1

Tandstad et al. [26]
(2009)

VI+
VI−

157
155

1 × BEP
1 × BEP

57
49

5
2

Vidal et al. [27]
(2015)

VI
>50% embryonal carcinoma 40 1 × BEP 186 1

Cullen et al. [28] (2020) VI
Combined seminoma + NSGCTT 236 1 × BEP 49 4

BEP—Bleomycin, Cisplatin, Etoposid; VI—vascular inasion; LI—lymphatic invasion; NSGCTT—nonseminomatous
germ cell tumors of the testis.

Only two studies conducted a direct comparison between the outcome of patients
receiving one versus two cycles of BEP. Oliver et al. [23] (2004) observed that after a median
follow-up of 33 months, relapses were seen in 6.5% (3/46) of patients treated with one cycle
of BEP and only in 3.6% (1/28) of patients treated with two cycles of the same regimen.
No significant toxicities were reported except for permanent ototoxicity in a music teacher
that led to the inability to teach. Although he was treated with two cycles of BEP, many of
the studies included in this paper reported ototoxicity even after one cycle of BEP [25,27]
In the SWENOTECA large prospective study, Tandstad et al. [26] stratified the patients
according to the LVI invasion and offered surveillance or one cycle of BEP to those without
LVI and two cycles of BEP to those LVI +. Results showed that one cycle of BEP reduces
the risk of relapse by 90% to both LVI + and LVI—compared to surveillance. Furthermore,
after 2 cycles of BEP relapse-free survival after a median follow-up of 60 months was
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100%, with no significant additional adverse events compared to one cycle of BEP except
for obstipation.

Table 6. Studies of 2 cycles of BEP in non-seminomatous testicular cancer.

Study Eligibility
Number of

Patients
Chemotherapy

Regimen
Follow-Up
(Months)

Number of
Relapses

Studer et al. [29]
(1993)

VI
pT > 1
Presence of embryonal carcinoma

41 2 × BEP 42 1

Pont et al. [30]
(1996) VI 29 2 × BEP 79 2

Cullen et al. [31]
(1996)

Any 3 of the following criteria:
• VI
• LI
• Absence of yolk

sac elements
• Presence of

undifferentiated elements

114 2 × BEP 48 2

Bohlen et al. [32]
(1999)

VI
LI
pT > 1
Presence of embryonal carcinoma

59 2 × BEP 93 1

Oliver et al. [23]
(2004)

VI
LI
Absence of yolk sac elements
Presence of
• Undifferentiated areas
• Malignant teratoma
• Undifferentiated or

malignant trophoblastic
teratoma

28 2 × BEP 33 1

Chevreau et al. [33]
(2004)

VI
Presence of embryonal carcinoma 40 2 × BEP 113.2 0

Maroto et al. [34]
(2005)

VI
Local invasion of adjacent
structures
Presence of embryonal carcinoma

231 2 × BEP 40 2

Guney et al. [35] (2009)

VI
LI
pT > 1
≥80% embryonal carcinoma
Preorchiectomy AFP ≥ 80 ng/dL

71 2 × BEP 26 4

Tandstad et al. [26]
(2009)

VI+
VI−

70
2

2 × BEP
2 × BEP

60
34

0
0

Bamias et al. [36]
(2011)

VI
LI
Invasion of tunica vaginalis,
spermatic cord, rete testis or
scrotal wall
>50% embryonal carcinoma

142 2 × BEP 79 1

BEP—Bleomycin, Cisplatin, Etoposid; VI—vascular inasion; LI—lymphatic invasion; pT—pathologycal stage of
tumor according to TNM staging.

The most encouraging outcome regarding the administration of one cycle of BEP was
obtained by Gilbert et al. [24]: no relapses were observed after a median follow up of
10.2 years. Similar results were published by Vidal et al. [27] and Westerman et al. [25] that

244



Medicina 2023, 59, 916

obtained a relapse rate of only 2.5% and 2.7%, respectively. Results may be influenced by
the small number of patients included in the studies mentioned above. Albers et al. [11]
conducted a randomized phase III trial that included 191 patients comparing retroperi-
toneal lymph node dissection to one cycle of BEP. The authors achieved a statistically
significant recurrence-free survival in favor of chemotherapy with only two relapses in
the chemotherapy arm and fifteen relapses in the surgery arm after a median follow-up
of 4.7 years (p = 0.0011). The largest and most recent prospective trial investigating the
efficacy of one cycle of BEP was conducted by Cullen et al. [28] that included 246 of stage I
NSGCTT. With four relapses at a median follow-up of 49 months, results showed a two
year metastatic recurrence of 1.3% which is similar to the results reported for two cycles of
BEP but having the advantage of low levels of serious adverse events.

Currently, there are more studies published in the literature that investigated the
efficacy of two cycles of BEP than of one cycle of BEP as summarized in Table 6. In a large
prospective study conducted by Cullen et al. [31], at a median follow-up of 4 years, 2 out of
114 patients had a relapse with no long-term toxicity on fertility and lung function being
observed. However, the authors reported the death of a 45-year-old patient caused by a
cerebrovascular event eight days after the administration of the first cycle of BEP without
having hematological changes that could explain the affection. The link to the treatment
was unclear. Tha data published by Maroto et al. [34] also relied on a large number of
patients suffering of high-risk stage I NSGCTT (n = 231). After the administration of
two cycles of BEP, only two reoccurrences have been observed. Regarding the toxicity
on the reproductive system, out of the 19 patients who have fathered a child, only one
needed to use cryopreserved semen. A total of 1.3% developed a tumor affecting the
contralateral testicle.

In a non-randomized prospective trial, Studer et al. [29] obtained a relapse-free survival
of 97.5% after the administration of two cycles of BEP at a median follow up of 42 months,
with only one relapse that was mature teratoma treated surgically and without late toxicities
reported. The results are consistent with the data published by Pont et al. [30] that registered
2/42 relapses after two cycles of BEP for high-risk stage I NSGCTT with no significant
acute or late adverse events compared to the control group. Similar rates of relapses were
reported by Guney et al. [35] (4/71).

Long-term results after the administration of two cycles of BEP were published by
Bohlen et al. [32], revealing only one relapse in 59 patients followed for a median time
of 93 months. One case of transient nephrotoxicity, one of neurotoxicity and one of car-
diotoxicity were reported. The long-term efficacy of two cycles of BEP was also studied by
Chevreau et al. [33]. At a median follow-up of 113.2 months, no relapses were observed in
the 40 patients receiving two cycles of chemotherapy. Two patients developed a second
cancer in the contralateral testis and no impact on fertility was observed as previously re-
ported by other studies [30,31]. Another prospective study conducted by Bamias et al. [36]
reported one relapse after a median follow-up of 79 months of 142 patients.

4. Discussion

Historically, adjuvant chemotherapy with Carboplatin in stage I testicular seminoma
was used as an alternative to radiotherapy because of the growing concerns of the side
effects to this treatment [13]. Currently, adjuvant Carboplatin may be administered as
an option to all patients or in the presence of risk factors (tumor size > 4 cm, invasion
of rete testis). However, these risk factors have been the subject of a long debate in the
past years since no prospective study has been conducted in order to validate them. In
this setting, a tumor size > 4 cm was correlated with an increase in the risk of relapse in
contrast to rete testis invasion that lacked evidence in most of the trials [14,16,22]. The first
studies that assessed the efficacy of Carboplatin in eradicating micro-metastasis used two
cycles of adjuvant chemotherapy, but subsequent evidence revealed that one cycle might
be equivalent. [12]. However, one course of adjuvant Carboplatin seems to be insufficient
to lower this risk when tumor size is above 4 cm [14].
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When comparing studies that investigated the role of adjuvant BEP in stage I non-
seminoma, one should be aware that different studies used different groups of risk factors,
and this could be a risk of bias. One risk factor that was common in all the studies
was lymphovascular invasion. The right definition of high-risk disease for stage I non-
seminoma has been investigated by many trials. One of the most significant was a meta-
analysis published by Vergouwe et al. [38] that examined 23 studies and analyzed a total of
2587 patients with stage I NSTC. 29% of the patients had occult metastasis diagnosed either
during follow up or at retroperitoneal lymph node dissection. Several predictors for occult
metastasis were identified, but the strongest was vascular invasion defined as venous and
lymphatic invasion (OR, 5.2; 95% CI, 4.0 to 6.8). The presence of embryonal carcinoma,
a high pathologic stage or size of the primary tumor were also statistically significantly
associated with the presence of occult metastasis but with a weaker effect.

Adjuvant chemotherapy with BEP for stage I NSTC was first explored around 1990
with the argument that using more limited chemotherapy in patients with high-risk disease
will restrict exposure to a higher amount of chemotherapy in case of a relapse [39]. Although
the first studies published used two cycles of chemotherapy, more recent trials proved
similar results with one cycle of BEP regarding relapse-free survival. Currently, there is
no agreement between the use of one or two cycles of BEP. At first glance at the number
of relapses reported in Tables 5 and 6, two cycles of BEP seem to provide better results,
although the difference is not obvious. The only two studies that made a direct comparison
with one cycle of BEP obtained a lower number of relapses with two cycles but with
no survival benefit reported [23,26]. Meanwhile, the debate is centered on the issues of
dose-related toxicities from BEP. Table 7 summarizes adverse events from BEP, grouped
by dose and non-dose related [39]. The acute toxicities reported in the trials mentioned in
this paper were mainly hematological and gastrointestinal (nausea, vomiting). Bleomycine-
induced lung injury is a well-known dose-limiting toxicity. Lung function was analyzed
before and after chemotherapy describing a discreet decrease in respiratory parameters
but with no symptomatic respiratory dysfunction 32 or pneumonitis reported in any of the
studies selected for this paper. Perhaps one of the most concerning dose-related toxicity
is infertility. Most of the studies reviewed for this article reported outcomes on fertility
with the majority of the patients being able to conceive one or two years after the treatment.
This was applicable not only to the patients that performed one cycle of BEP but also
for those who performed two cycles of BEP with minimal toxicity on fertility [34]. This
is in accordance with the results obtained by Bujan et al. [40] regarding the impact of
chemotherapy and radiotherapy on spermatogenesis. The authors concluded that after two
or fewer cycles of BEP sperm count returns to pretreatment levels after twelve months, but
not after radiotherapy or more then two cycles of BEP.

Table 7. Toxicities of BEP chemotherapy [39].

Dose-Related Non-Dose Related

Infertility
Fatigue

Pneumonitis or lung fibrosis
Renal damage

AnaemiaPeripheral neuropathy
Ototoxicity

Skin toxicity
Reynaud’s phenomena
Avascular necrosis hip

Neutropenia
Alopecia

Nausea andvomiting

BEP—Bleomycin, Cisplatin, Etoposid.

5. Conclusions

Taking into account the fact that the data we currently have, we suggest that all
treatment options for clinical stage I testicular cancer provide similar survival outcomes
and considering the potential dose-related toxicity associated with chemotherapy, we can
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conclude that at the moment there is not enough evidence to support the superiority of two
cycles of chemotherapy instead of one.
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Abstract: Melanoma is the most aggressive type of skin cancer. Half of melanoma cases are charac-
terized by the mutation BRAF V600. The case presented concerns a 41-year-old patient with locally
advanced melanoma, being positive in mutation BRAF V600. The patient underwent surgery and
received additional targeted therapy as part of a clinical study. In subsequent disease progression,
immunotherapy was used. When the disease progressed again while the patient was in a good perfor-
mance status, targeted therapy was administered again, and a good response was noted, making the
patient reach a statistically significant overall survival, exceeding four years. Targeted therapy has
proven to be an important tool in the treatment of melanoma. The use of BRAFi targeted therapy does
not exclude the option of readministration at subsequent disease progression (BRAFi rechallenge).
Preclinical models suggest that the resistance mechanism of cancer cells to BRAFi therapy bends,
as these cell clones lose their evolutionary advantage after stopping BRAFi. Cell clones sensitive
to BRAFi may then outcompete, making the treatment effective again. Therapeutical dilemmas in
the management of patients with locally advanced melanoma that progresses to metastatic cancer
are discussed.

Keywords: targeted therapy; BRAFi rechallenge; metastatic melanoma; BRAF V600 mutation;
BRAF inhibitor

1. Introduction

Melanoma is a very aggressive type of skin cancer. Over the past years, its incidence
has increased steadily. Despite progress in therapeutic approaches, the overall survival
rates have remained relatively low. The progress in the quest for better management is
obvious; novel treatment options have developed and gained approval, including targeted
therapy and immunotherapy.

Targeted therapy has been a major breakthrough in the last decade, addressing
melanoma BRAFV600-mutant tumors. The COMBI-AD clinical trial advanced the treat-
ment of BRAFV600E/K-mutant melanoma. In this trial, patients with Stage III melanoma,
who were positive for the BRAFV600E/K mutation, received oral dabrafenib plus tram-
etinib after the surgical resection as adjuvant therapy. The results of five-year follow up
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are posted, showing obvious benefit in relapse-free survival (52% vs. 36%) and distant-
metastasis-free survival (65% vs. 54%) [1]. Despite the beneficial outcome that has been
described, many patients receiving targeted therapy, as well as immunotherapy, experi-
ence resistance quickly, raising concerns about the next treatment step. There is intense
research to forestall resistance, leading to some conclusions in clinical practice, such as the
BRAFi-MEKi rechallenge [2–4].

This case report describes a patient who was diagnosed with stage IIIC melanoma.
Based on the staging, it was considered a high-risk type of disease, with a five-year survival
rate less than 50%. This patient was treated with targeted therapy, immunotherapy, and
then targeted therapy rechallenge, reaching five-year survival mostly with a good quality
of life (based on PFS [Performance Status Scale]). Rechallenge with targeted therapy is
highlighted hereby; it offered survival benefit when treatment options had been eliminated,
while the patient remained in good performance status.

2. Case Presentation

A 41-year-old man presented to our clinical department in February 2014 with a
rapidly changing black mole on his left leg. Initially, it was a flat brownish macule, which
he had for many years. The patient reported that the lesion had become slightly raised.
Physical examination and review of systems showed nothing remarkable, and there was
no lymphadenopathy. When asked about past medical history or family history, he did not
report any relevant issues.

The excision biopsy was performed, and the histopathologic examination demon-
strated obvious proliferation of atypical melanocytes in all the levels of the epidermis
(pagetoid spread). Additionally, the patient demonstrated atypical melanocytes, both
individually and in small nests extended into the papillary dermis. The histologic diagnosis
was consistent with malignant melanoma of the superficial spreading type, and the margins
were clear (0.3 cm). The Breslow thickness was 4.3 mm (Clark level IV). There was no
vascular invasion or satellite lesions. Appropriate histochemistry and immunohistochem-
istry techniques were used to confirm the diagnosis: HMB45(+), S-100 (+). In March 2014,
a wider excision was performed, and the sentinel lymph node biopsy was positive for
disease. Lymph nodes clearance did not show further lymph nodes to be positive. Finally,
referring to the BRAF mutation, the patient was positive for the mutation–V600E.

With the above data, in April 2014, the patient took part in the COMBI-AD clinical
study. This study concerns the evaluation of adjuvant treatment with BRAF and MEK
inhibitors–Dabrafenib and Trametinib, and it provided this treatment for high-risk BRAF
V600 mutation-positive melanoma after surgical resection. The patient was introduced to
the treatment, with no adverse events. The clinical trial has already posted some results,
referring to the relapse-free survival and the distance metastasis-free survival [1].

After two years, in March 2016, during the re-examination of the patient, pelvic
lymphadenopathy was detected (Figures 1 and 2), which, with the subsequent biopsy, was
identified as disease progression with Vimentin(+), Melan C(+), S-100 (+), and AE1/AE3(-).

 

Figure 1. Pelvic lymph node metastases.
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Figure 2. Pelvic lymph node metastases.

Due to disease progression, in May 2016, the patient started receiving an immunother-
apy regimen as follows: Nivolumab 1 mg/kg and Ipilimumab 3 mg/kg every three weeks
for four cycles, as well as maintenance immunotherapy with Nivolumab 3 mg/kg every
two weeks. The patient responded to this new regimen with a significant regression of the
lymph node metastasis, visible on imaging (Figure 3). During immunotherapy, the patient
experienced adverse reactions. He presented grade I-II lethargy, grade I myalgia, and
grade I-II diarrhea during Nivolumab + Ipilimumab combination therapy. Subsequently,
with maintenance monotherapy, the patient developed grade I lethargy, grade I-II skin
rash, grade I toxic ophthalmopathy, and hypothyroidism. These toxic effects were treated
appropriately. Eye drops and topical corticosteroids were given for ophthalmopathy. Con-
currently, the patient was treated with Levothyroxine, 50–75 μg/day. The patient remained
in good condition with an excellent performance status (Karnofsky PS = 0) and continued
to work during treatment.

 

Figure 3. Pelvic lymph node metastases before and after immunotherapy, comparison showing
regression (red arrow).

One year after starting immunotherapy, in May 2017, the patient experienced pro-
gression of the disease. Specifically, the CT scans showed nodular metastatic sites in the
lungs, bilaterally, and metastasis in the liver. At the same time, the pelvic lymph nodes
showed deterioration.

At this point, targeted therapy—BRAFi and MEKi—as well as immunotherapy, had
already been used. Metastatic melanoma does not respond well to chemotherapy, as
patients do not seem to benefit much in terms of overall survival. Therefore, having
used the “powerful weapons” in the fight against melanoma, the management of this
recurrence has raised concerns. Targeted therapy, which the patient had started years ago,
was considered a good choice, as the tumor cell resistance mechanisms that may have
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formed may have been eliminated by stopping BRAFi and MEKi for a significant period of
time [2,3,5,6].

The patient, therefore, restarted the regimen of targeted therapy with BRAF and MEK
inhibitors (BRAFi and MEKi retreatment), specifically with Vemurafenib and Cobimetinib,
from June 2017. The results showed a significant improvement, being that, in October
2017, the CT scan showed complete disappearance of the lung metastases, and the disease
remained stable, since then, for several months. Regarding treatment toxicity, the patient
developed a grade II skin rash and fever, which were treated with dose modification.

In April 2018, due to headache and dizziness, the patient underwent a neurological
examination and brain imaging. Brain CT and MRI showed new brain metastases in the left
occipital lobe (Figure 4). The next step was brain radiotherapy in May 2018, with 3000cGy
to the whole brain and 600cGy boost. The patient subsequently continued receiving BRAFi
+ MEKi and showed clinical improvement. A CT scan of the brain performed after two
months showed stability of the disease.

 

Figure 4. MRI showing brain metastases in the left occipital lobe.

The patient has since remained in good performance status—PS:0—for five months. In
November 2018, due to clinical worsening of the disease, he stopped targeted therapy and
continued with symptomatic treatment with corticosteroids. The overall patient survival
reached five years from the initial disease onset, with good quality-of-life—Karnofsky
PS:0—for a long time. The prospect of administering targeted therapy a second time to the
same patient (BRAFi rechallenge/retreatment) is recommended, with optimistic results in
the mentioned patient, and also in relevant preclinical and clinical studies that have been
taking place in recent years.

3. Discussion

Melanoma is a type of skin cancer, which—while its incidence is constantly increasing—
is better treated with the evolution in oncology therapy. The overall survival of these
patients increased statistically by the emergence of immunotherapy in melanoma and the
development of targeted therapies [1]. Patients with BRAF-mutated melanoma are being
treated more and more effectively by employing targeted therapy and immunotherapy.
Specifically, for BRAFV600-mutant patients, the development of BRAF and MEK inhibitors
was highly encouraging. These advances were made in the last decade, and the patient
described above derived benefit from COMBI-AD, a clinical trial that brought dabrafenib
and trametinib into the adjuvant therapy setting [1]. Still, nearly all patients treated with
BRAFi and MEKi eventually develop resistance. Thus, studying the results of targeted
therapy rechallenge seems crucial, based on the absence of further efficient treatment
regimens, other than immunotherapy. Combination treatments are also studied currently
as an alternative when resistance occurs [4].

The path to precision-oriented medicine clearly includes the molecular targeting
offered by BRAFi-targeted therapy, but also the recognition of the patient’s prognostic
profile and the time point at which each treatment regimen can act. Consequently, the
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decision to re-administer the aforementioned targeted therapy should be made for a selected
group of patients in a selected timeframe. Studies show that prognostic factors for patients
treated with combination BRAF and MEK inhibition include PS, tumor burden (number of
metastatic sites), and LDH level [3]. Specifically, patients with less than three metastatic
sites, low LDH, and a good score on PS scales, were the ones who seemed to benefit from a
BRAFi–MEKi rechallenge–resulting in a better overall survival.

It was stated that interruption of BRAFi therapy for longer than 12 weeks—whether
immunotherapy-mediated or not—appears to be able to confer an advantage to its re-
administration [7,8]. The minimum time length of the break is still not well established. In a
retrospective study, it has been documented that the duration of the interval between BRAFi
cessation and rechallenge is not associated with survival, suggesting that a specifically
long drug holiday is not required for resensitisation [3]. Further comparative studies will
hopefully clarify the therapeutical outcome regarding the interval duration.

At a molecular level, many resistance mechanisms are reported to reactivate the MAPK
pathway, offering a growth advantage while on inhibitor drugs. Some well established
mechanisms include BRAFV600E amplification, different splicing of BRAFV600E, and other
mutations in the BRAF pathway [9,10]. Adaptive resistance also develops in the absence
of genomic alterations involving transcriptional changes by epigenetic mechanisms that
trigger the epithelial-to-mesenchymal transition (EMT), melanocyte dedifferentiation, and
neural crest stem cell-like reemergence [11,12]. Additionally, activation of autophagy is one
of the known mechanisms of resistance to BRAF/MEK inhibitors.

Based on the above resistance mechanisms, studies have been made in the quest for
a way to escape resistance. Hydroxychloroquine is an autophagy inhibitor, and it has
been suggested in preclinical melanoma models, where it could decrease resistance to
BRAF/MEK inhibitors. It has been evaluated in vivo and in safety studies, but clinical
conclusions have not been noted yet [13]. Another way of escaping resistance that has been
proposed is “Intermittent Treatment” with BRAF and MEK inhibitors. This is a method
that has been suggested because of the phenotypic plasticity in drug resistance, but it has
not been proven to show benefit. Two recent phase II trials revealed worse progression-
free survival in patients with melanoma, who were treated intermittently with BRAFi
and MEKi, compared with those treated with continuous therapy, with no difference in
overall survival [12]. In conclusion, the considerable benefit of targeted therapy rechallenge
in melanoma has triggered different approaches in the BRAFi and MEKi methods of
administration in the quest for the most effective treatment in terms of delaying resistance.
Still, no clinically proven alternative method for escaping resistance has been developed yet.
Thus, when we are faced with progression after targeted therapy and checkpoint inhibitors,
the best next step seems likely to be targeted therapy rechallenge, with that being in the
context of a patient with good PFS and less than three metastatic sites.

BRAFi rechallenge in advanced-stage melanoma is supported both by cases, such as
the aforementioned, and by preclinical and clinical studies looking for the mechanisms
of resistance and resensitization of cancer cells to targeted therapies [5,14]. The clues are
clear; more than 30% of patients who progress to BRAF or MEK inhibitors have been
reported to show a second clinical response after a drug holiday period [3,7]. It is a
new plausible treatment option for selected patients with BRAF-mutated melanoma who
had, at first, responded to BRAFi, who have subsequently progressed, and who have
completed a following treatment. The best clinical response is noted by Valpione et al.
when administering combination therapy in patients with less than three metastasis sites [3].
It is supported because of the promising survival data, the known toxicity profile, and the
absence of favorable treatment alternatives. The recognition of different prognostic groups
offers methods for the design of clinical trials assessing intermittent dosing approaches or
rechallenge therapy with BRAFi after a different regimen.
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4. Conclusions

Treatment of melanoma has significantly advanced in the light of new therapies:
immunotherapy and targeted therapy. However, many patients experience early resistance
and progression. Patients, such as the one we described, who are young and keep a good
PFS, are eligible for further treatment. Still, effective treatment options other than the
aforementioned remain few in number. This case report describes the management of a
patient who benefited from adjuvant targeted therapy, immunotherapy, and, when he had
progressed, he was administered targeted therapy again (rechallenge), reaching a relatively
long OS and a good quality-of-life for most of time. In the context of progression to both
targeted therapy and checkpoint inhibitors, patients who have a good PFS, low tumor
burden (less than three metastatic sites), and relatively low LDH, are noted to have the
most favorable outcome with this treatment approach of rechallenge with combination
BRAFi and MEKi [2,3]. Further research is still expected to shed light on this treatment
option regarding best timepoint of readministration, possible combination treatment, and
more detailed patient selection for targeted therapy rechallenge.
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Abstract: Background: Maffucci syndrome is a rare genetic disorder associated with the development
of multiple enchondromas and soft tissue cavernous hemangiomas, as well as an increased risk of
malignant tumors. Case Description: Here we report a case of Maffucci syndrome in a patient who
presented with a giant left frontal lobe tumor. Molecular genetic analysis of the tumor revealed an
isocitrate dehydrogenase (IDH) mutation p.R132H (c.395C>A) mutation in the IDH1 gene and a
heterozygous duplication of the CDKN2A genes. Conclusions: The presence of an IDH1 mutation
is notable because this mutation is frequently seen in glial tumors and other neoplasms, and its co-
occurrence with Maffucci syndrome may represent a novel risk factor for the development of gliomas.
This case underscores the importance of genetic testing in patients with Maffucci syndrome who
present with central nervous system tumors, as well as the need for further research to understand
the relationship between IDH1 mutations and the development of gliomas in this population.

Keywords: astrocytoma; IDH-mutation; multiple enchondroma; Maffucci syndrome

1. Introduction

Enchondromatosis is a rare skeletal disorder that is characterized by the presence of
multiple benign enchondromas that affect the metaphyses of the bones. These enchondro-
mas can cause considerable deformities in the affected area, as well as multiple asymmetric
edemas with unilateral prevalence. Ollier disease and Maffucci syndrome are the two
most common subtypes of enchondromatosis, both of which are typically diagnosed in the
first decade of life [1–3]. Apart from the presence of enchondromas, Maffucci syndrome
is characterized by several vascular anomalies, such as hemangiomas of the skin and soft
tissues, particularly in the limbs and abdominal wall, as well as lymphangiomas [3,4].
Enchondromas and hemangiomas in Maffucci syndrome have a higher likelihood of trans-
forming into malignant tumors and tend to be diagnosed in adults who are over the age
of 30 [2,4,5]. The exact cause of enchondromas remains unknown, but recent studies have
shown that somatic mutations in metabolic enzymes, specifically isocitrate dehydrogenase
1 and 2 (IDH1/2), are a common observation in the development of enchondromas [2,6,7].

Significant advancements in cancer genetics over the past decade have revealed that
genes encoding IDHs are frequently altered in various types of human malignancies,
especially gliomas. Numerous studies have demonstrated that IDH mutations play a signif-
icant role in altering cellular physiology, resulting in modifications to cellular metabolism,
changes to epigenomes, and abnormal regulation of redox homeostasis [7,8].

The co-occurrence of Maffucci syndrome with glial tumors, specifically astrocytomas,
is an extremely rare phenomenon. The association between the two conditions is not fully
understood, but some studies have suggested that the IDH mutations present in Maffucci
syndrome may predispose individuals to the development of certain types of tumors,
including astrocytomas.
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Corvino et al. reported that the medical literature contains over thirty documented
cases of glioma associated with Ollier disease, whereas the number of reported cases of
astrocytoma in combination with Maffucci syndrome is significantly fewer, and the majority
of those cases were described before the era of molecular genetics [9].

The available evidence suggests that gliomas in patients with enchondromatosis share
similar characteristics with cartilaginous tumors and are likely caused by somatic IDH
mosaicism. The timing of IDH mutation acquisition may also impact the molecular features
and location of the gliomas. Patients with enchondromatosis-related gliomas tend to
develop the tumors at a younger age and have a higher frequency of multicentric tumors.
The molecular profile of these gliomas reveals IDH mutations and loss of ATRX expression,
while no co-deletion of 1p/19q is observed, which is different from sporadic IDH-mutated
gliomas [5].

The rarity of this co-occurrence poses a significant challenge for diagnosis and treat-
ment. Due to the limited number of reported cases, there is a lack of standardized protocols
for managing these patients, and the optimal treatment approach remains unclear. However,
the identification of the common IDH mutations in both conditions presents a potential
avenue for targeted therapy. As genetic studies on the co-occurrence of astrocytoma and
Maffucci syndrome are rare, we present a confirmed case of astrocytoma associated with
Maffucci syndrome through molecular genetic analysis.

2. Case Presentation

A 32-year-old female, previously diagnosed with Maffucci syndrome, presented to
the hospital with a three-month history of headaches and weakness in the right upper and
lower extremities. There was no birth record or family history of congenital defects, brain
tumors, or bone disease. The patient had several enchondromas on her left humerus and
forearm, both lower extremities. The patient had undergone ten tumor resection surgeries
for multiple hemangiomas located on both sides of her abdominal wall, hand, and foot and
also suffered from lymphedema affecting her right hand and foot (Figure 1). Eight years
ago, she was diagnosed with a left-sided ovarian cyst and underwent a left oophorectomy,
and two months before admission, she underwent pregnancy termination due to multiple
fetal malformations.

 
Figure 1. (a). Lymphedema of the right hand and cartilage lesion of the left thumb, phalanges
deformity of the left hand. (b). Thumb and thenar hemangiomas (on both sides). (c). Hemangiomas
of the abdominal wall and scars after hemangioma resections (arrows). (d). Lymphedema of the right
foot. (e). Hemangiomas of the left foot.

Physical examination revealed multiple enchondromas affecting her left humerus,
forearm, and both lower extremities, an S-shaped spinal deformity, an O-shaped deformity
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and lower extremities hypoplasia, as well as left upper limb hypoplasia. The patient pre-
sented with right-sided hemiparesis, and a subsequent neurological examination revealed
the same.

A magnetic resonance imaging (MRI) scan showed a massive (83 × 58 × 62 mm) lesion
in the left frontal lobe, invading the corpus callosum, with heterogeneous hyperintense T2
and FLAIR signals, hypointensity on T1-weighted images, and peritumoral edema. After
gadolinium administration, the lesion showed heterogeneous enhancement on T1-weighted
imaging. The preoperative radiological diagnosis was high-grade glioma (Figure 2).

 

Figure 2. Brain MRI. Axial (a), sagittal (b) and frontal (c) contrast T1−weighted image demonstrates a
large (83 × 58 × 62 mm) heterogeneously enhancing tumor in the left frontal lobe, results in a midine
shift to the right side to 12 mm. Arterial Spin Labeled MRI Perfusion Imaging (d,e): elevated regional
Cerebral blood perfusion (rCBF) and Cerebral blood volume (CBV) in lesion. Mean transit time (MTT)
and Time to peak (TTP) is prolonged. MR spectroscopy (MRS): elevated choline/creatine peaks.

The CT scan of the chest revealed a large, well-circumscribed, destructive lytic lesion
(11.7 × 13.1 × 11.2 mm) that had extended into the left lung and mediastinum, confirmed
as chondroma by histological analysis. Additionally, a CT scan demonstrates numerous
lesions on the sternum, left 5, 6, and 7 ribs, scapula, and humerus (on both sides) with a
maximal size of 60 × 49 × 44 mm. There are numerous nodular lesions with calcifications
on the anterior chest wall, the largest of which can measure up to 2.3 × 1.0 cm (Figure 3).

The patient underwent frontoparietal craniotomy for subtotal removal of the tumor.
Follow-up brain MRI conducted on the second day after the surgery revealed a considerable
reduction in tumor size, and neurological examinations showed improvement in the right-
sided hemiparesis.

A pathological examination was carried out using an Axioskop 40 microscope by Carl
Zeiss (Oberkochen, Germany) and a Pannoramic MIDI scanning microscope, with a total
magnification of ×40, ×100, and ×200. The pathological examination with hematoxylin-
and eosin-stained slides showed that the tissue was hypercellular, with nuclei that varied in
shape and size and had hyperchromatic and polymorphic features (Figure 4). Additionally,
the presence of microcysts, glomerular proliferations of vessels, and foci of coagulation
necrosis was noted.
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Figure 3. Axial (a,b), sagittal (c) and frontal (d) CT scan of the chest demonstrates a well-
circumscribed, destructive lytic lesion of the left 1st rib (11.7 × 13.1 × 11.2 mm) and sternum
(60 × 49 × 44 mm).

 

Figure 4. Histological specimen from the tumor resection demonstrates Astrocytoma, WHO grade 4,
ICD-O code 9445/3. Hematoxylin and eosin. (A). (×100). (B). (×200).
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The molecular genetic study identified a p.R132H (c.395C>A) mutation in the IDH1
gene and a heterozygous duplication of the CDKN2A genes, which confirmed the diagnosis
of astrocytoma, IDH-mutant, WHO grade 4, ICD-O code 9445/3.

The neurological deficit regressed during the postoperative period, and the patient’s
symptoms gradually improved. On the tenth day following surgery, the patient was
discharged for postoperative radiation and chemotherapy.

3. Discussion

This case represents a rare manifestation of Maffucci syndrome, where multiple en-
chondromas can be associated with the development of glial tumors in the central ner-
vous system.

Enchondromas are benign cartilaginous tumors that arise from the medulla of bones,
typically in the metaphysis. Enchondromas are the most common type of benign bone
tumor and usually do not cause any symptoms.

However, when multiple enchondromas occur, they can be a sign of a more serious
condition, such as Ollier disease or Maffucci syndrome. Ollier disease is a rare disorder
characterized by the development of multiple enchondromas in different bones, typically
unilateral in distribution with a predilection for the appendicular skeleton. The onset of
Ollier disease usually occurs in the first decade of life, but it can occur in early adolescence
or adulthood.

Maffucci syndrome is a rare disease identified by the development of multiple en-
chondromas with vascular anomalies. In addition to multiple enchondromas, individuals
with Maffucci syndrome may also develop soft tissue hemangiomas, which are abnor-
mal growths of blood vessels. The hemangiomas can be present on the skin or internal
organs [4].

Both Ollier disease and Maffucci syndrome can cause significant symptoms and
complications. Multiple swellings on the extremities can lead to deformity around the
joints, limitations in joint mobility, scoliosis, bone shortening, leg-length discrepancy,
gait disturbances, pain, loss of function, and pathological fractures. Treatment of these
conditions is typically aimed at managing the symptoms and preventing complications.

The co-occurrence of Maffucci syndrome and a glial tumor is an uncommon phe-
nomenon. In individuals with Maffucci syndrome, the occurrence of a glial tumor may
present unique challenges in diagnosis and treatment due to the presence of multiple
enchondromas and hemangiomas throughout the body.

It has been found that both gliomas and chondromas share a common IDH1/2 mu-
tation mechanism. This discovery has led to a molecular analysis of brain tumor cases
associated with multiple enchondromas. About 80% of individuals diagnosed with Ollier
disease and Maffucci syndrome have somatic mutations in IDH1 and IDH2 detected ex-
clusively in their tumors, which include enchondromas, chondrosarcomas, and vascular
anomalies [10].

Skull base enchondromas, chondrosarcoma, and non-mesenchymal neoplasms such as
glioma (less than 1/100,000 cases) represent the majority of intracranial involvement [10–13].
Additionally, a rare case of pituitary adenoma associated with systemic enchondromatosis
has also been reported [14].

It is important to note that the presence of IDH1/2 mutations in glioma samples
from enchondromatosis cases suggests a possible link between these two conditions [11].
The biomolecular studies performed in some reported cases of Ollier disease with brain
glioma have shown a positive IDH1 mutation in a majority of cases. Corvino S et al.
described 31 reported cases of Ollier disease with brain glioma, and biomolecular studies
were performed only in 10 patients, where 8 patients showed positive IDH1-mutation [9].
Prokopchuk et al. described the non-skeletal neoplasms worldwide and found only 5 cases
of astrocytoma associated with Maffucci syndrome [15]. According to previous studies,
somatic mosaicism of IDH1/2 leads to the development of II-III grade gliomas in this
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disease [5,16,17]. This suggests that IDH1/2 mutations may be involved in the development
of gliomas in patients with Ollier disease and other related disorders.

The presence of IDH1 mutations in astrocytomas is a common finding, and specifically,
the c.395 G>A (IDH1 R132H) mutation is frequently observed in these tumors. Other
genomic alterations, such as mutations in the ATRX, TP53, and CDKN2A/B genes, are
also frequently observed in IDH-mutant astrocytomas [18,19]. Overall, the molecular
profiling of IDH-mutant astrocytomas can provide important insights into the mechanisms
underlying the development and progression of these tumors.

The hypothesis that somatic IDH mosaicism may be responsible for the development of
gliomas in enchondromatosis patients is an interesting one. Bonnet et al. [5] suggested that
the cartilaginous nature of these tumors may be related to the presence of IDH mutations,
which are frequently observed in chondromas.

There have been a few reported cases of IDH1 R132C mutation in patients with Maffucci
syndrome, and some of these cases were associated with glial tumors [5,15,16]. Additionally,
IDH2 R172S and TP53 mutations have been identified in anaplastic astrocytomas in a patient
with Maffucci syndrome [17]. These findings suggest that IDH mutations may play a role in
the development of gliomas in patients with enchondromatosis and related disorders.

The case presented in this report is particularly interesting as it involves a grade IV
astrocytoma with a c.395 G>A (IDH1 R132H) mutation. This mutation is one of the most
common IDH mutations observed in gliomas [5,14,16,18], and its presence in this patient
supports the hypothesis that IDH mutations may contribute to the development of gliomas
in patients with enchondromatosis and related conditions.

Identification of these mutations can aid in accurately classifying these disease entities
and providing targeted treatment options for patients. However, it is noteworthy that
although these tumors share similar appearances, the genes responsible for their develop-
ment are diverse and have distinct functions, and there is no apparent close relationship
between them in terms of their signaling pathways.

The absence of specific diagnostic and surveillance guidelines for individuals with
Maffucci syndrome has resulted in the delayed diagnosis of certain malignancies, partic-
ularly gliomas. This underscores the importance of having tailored medical monitoring
protocols to detect any potential tumors early. The identification of the common IDH1/2
mutation mechanism in gliomas and enchondromas offers a promising avenue for further
research to understand the molecular mechanisms underlying these associations. This
knowledge can help in the development of effective treatments for patiets with Maffucci
syndrome who may be at an increased risk of developing these tumors.

Saiji et al. reported that next-generation sequencing (NGS) analysis enables the de-
tection of IDH mutations in enchondromas, which suggests that most, if not all, central
cartilaginous tumors could be treated using novel therapeutic approaches that target IDH
mutations. Despite the limited sensitivity of IDH1 R132H antibody-based immunohisto-
chemistry due to the diverse IDH1/2 variants found in enchondromas, it confirms the
existence of intratumoral mosaicism along with NGS analysis [7].

While there is still much to be learned about these genetic mutations and their roles
in tumor development and progression, targeted treatments that address these specific
mutations hold significant potential for improving outcomes.

The identification of common IDH mutations in both Maffucci syndrome and glial
tumors, such as astrocytomas, presents a potential avenue for targeted therapy. By identi-
fying the presence of IDH mutations in patients with Maffucci syndrome and associated
glial tumors, physicians may be able to tailor treatment strategies that specifically target
these mutations. This approach could potentially result in better treatment outcomes and
reduced side effects compared to traditional treatments that are not specifically targeted to
the genetic mutations present in these tumors.

However, it should be noted that further research is still needed to fully understand
the effectiveness of targeted therapy for these patients. The rarity of the co-occurrence of
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Maffucci syndrome and glial tumors means that clinical trials are limited and it is difficult
to draw definitive conclusions.

It is critical for individuals with Maffucci syndrome to receive regular medical moni-
toring and follow-up, including imaging studies, to enable early detection of any potential
tumors. Furthermore, genetic counseling may be recommended to provide individuals
with a comprehensive understanding of their condition and its associated risks.

4. Conclusions

Based on the presented case of grade IV astrocytoma with a c.395 G>A (IDH1 R132H)
mutation, it is important to consider IDH1/2 mutations as a predictive marker for the
development of gliomas. It is also necessary to establish appropriate monitoring protocols
for patients with Maffucci syndrome to detect malignant tumors at an early stage.

Further studies can be conducted to better understand the relationship between IDH1/2
mutations and the development of gliomas, as well as to investigate potential treatments that
can target these mutations. It is crucial to continue advancing our knowledge in this field to
improve diagnosis and treatment for patients with gliomas and related conditions.
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Abstract: Background and Objectives: BRAF mutational status in resected non-small cell lung cancer
(NSCLC) in the Korean population is poorly understood. We explored BRAF (particularly BRAF
V600E) mutational status among Korean patients with NSCLC. Materials and Methods: This study in-
cluded 378 patients with resected primary NSCLC who were enrolled from January 2015 to December
2017. The authors obtained formalin-fixed paraffin-embedded (FFPE) tissue blocks and performed
peptide nucleic acid (PNA)-clamping polymerase chain reaction (PCR) for detecting BRAF V600, real-
time PCR for detecting BRAF V600E, and immunohistochemical analyses using the mutation-specific
Ventana VE1 monoclonal antibody. For positive cases in any methods mentioned above, direct Sanger
sequencing was additionally performed. Results: The PNA-clamping method revealed the BRAF
V600 mutation in 5 (1.3%) of the 378 patients. Among these five patients, real-time PCR, direct
Sanger sequencing detected BRAF V600E mutations in three (0.8%) patients. Thus, two cases showed
differences in their PNA-clamping and the others. Direct Sanger sequencing of PNA-clamping
PCR product was performed for two cases showing negative results on direct Sanger sequencing;
both contained BRAF mutations other than V600E. All patients harboring BRAF mutations had
adenocarcinomas, and all patients with V600E mutation exhibited minor micropapillary components.
Conclusions: Despite the low incidence of the BRAF mutation among Korean patients with NSCLC,
lung adenocarcinoma patients with micropapillary components should be prioritized in terms of
BRAF mutation testing. Immunohistochemical staining using Ventana VE1 antibody may serve as a
screening examination for BRAF V600E.

Keywords: lung cancer; B-type Raf kinase (BRAF); immunohistochemistry; Ventana VE1 antibody

1. Introduction

The BRAF gene is responsible for encoding the V-Raf murine sarcoma viral homolog
B (BRAF) kinase, which plays a crucial role in cellular signaling, survival and prolifera-
tion [1]. BRAF gene is located on chromosome arm 7q34 and is composed of 18 exons [2].
BRAF is associated with mitogen-activated protein kinase (MAPK) pathways including
the rat sarcoma (RAS), rapidly accelerated fibrosarcoma (RAF), mitogen-activated pro-
tein/extracellular signal regulated kinase (MEK), extracellular signal-regulated kinase
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(ERK), and mitogen-activated protein kinase. Mutations in the BRAF gene lead to sustained
activation of the MAPK pathway, causing it to become a potential oncogenic driver [1].
Almost 300 different BRAF mutations were discovered in melanoma, colorectal cancer,
papillary thyroid carcinoma and non-small cell lung cancers (NSCLCs) [3,4]. In addi-
tion, BRAF mutations have been classified into three classes. Class I BRAF mutation is
RAS-independent and has higher kinase activity even in a monomer state. Class I muta-
tion occurs in the valine residue at amino acid position 600 of exon 15; thus, it includes
V600 mutations. Class II BRAF mutation has an intermediate kinase activity but should
form homodimers to be fully activated. Finally, Class III BRAF mutation has an impaired
kinase activity that requires RAS activation. Class II and III mutations occur either in the
glycine of the G loop in exon 11 or in the activation part in exon 15 [5,6]. According to
Owsley et al., Class I BRAF mutations represented the majority (62.1%) of all BRAF -mutant
cases (2.4% of all cancers) in 114,662 different tumor sequencing analyses [7].

Now, dabrafenib (BRAF inhibitor) and trametinib (MEK inhibitor) combination ther-
apy is the preferred first-line therapy for the BRAF V600E-mutation-positive lung cancer
according to the NCCN (National Comprehensive Cancer Network) guidelines. In the
French AcSe program, four patients with V600 non-E mutated lung cancer treated with
vemurafenib monotherapy had outcomes comparable to the activity of vemurafenib in the
BRAF V600E mutation [8]. Consequently, a clinical trial targeting V600 non-E mutation in
lung cancer, corresponding to Class I BRAF mutation, is ongoing to evaluate the activity of
dabrafenib and trametinib (NCT04775095). However, Class II and III BRAF mutations are
not considered to respond to approved BRAF inhibitors [6,8]. Therefore, the evaluation of
BRAF V600 of exon 15 mutational status, beyond V600E, could become more important.

According to the NCCN guidelines, real-time polymerase chain reaction (PCR), Sanger
sequencing, and next-generation sequencing (NGS) are the most commonly recommended
methods for BRAF mutation examination and immunohistochemistry, with an anti-BRAF
p. V600E-specific monoclonal antibody recommended only after extensive validation.

In this study, BRAF V600 mutation, particularly the BRAF V600E mutational status,
was explored with real-time PCR, peptide nucleic acid (PNA)-mediated clamping PCR,
direct Sanger sequencing, and immunohistochemistry, which are relatively more feasible to
use than NGS. The clinical and pathologic characteristics of the BRAF V600E mutation in
non-small cell lung cancers were also investigated.

2. Materials and Methods

2.1. Patients, Tissue Specimens, and DNA

This study was performed retrospectively. Three hundred and sixty-eight patients
who underwent surgical resection for primary non-small cell lung cancer between 2015 and
2017 at Pusan National University Hospital were included. Among them, five patients had
synchronous primary lung cancer. The final cohort was 378 cases of primary non-small cell
lung cancers. Formalin-fixed paraffin-embedded (FFPE) tissue blocks, which were made at
the time of diagnosis, were used. Clinicopathological data were retrieved from the electric
medical records and pathologic reports. Genomic DNA was extracted from FFPE blocks
using Maxwell 16 FFPE LEV DNA Purification (Promega corp).

2.2. PNA-Mediated Clamping PCR (PNA Clamping PCR)

PNA Clamp BRAF mutation detection kit (Seegene, Seoul, Korea) was used. Extracted
DNA was mixed with a PNA probe, primers (5′-AAACTCTTCATAATGCTTGCTCTG
(forward) and 5′-GGCCAAAAATTTAATCAGTGGA (reverse)). SYBR green PCR master
mix and all reactions totaled 20 μL. Real-time PCR reaction was performed according to
the manufacturer’s instructions using a CFX96 real-time PCR system (BioRad, Pleasanton,
CA, USA). The PNA probe sequences were complementary to wild-type (V600). The
PNA probe hybridizes to the wild-type BRAF sequence, inhibiting the amplification of
the wild-type allele and enhancing preferential amplification of mutant sequences. The
positive signal was detected by the intercalation of SYBR green fluorescent dye. The cycle
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threshold (CT) value was automatically calculated. The delta (ΔCT) value was calculated
by subtracting the CT value of a test sample from the standard CT value of a control sample
(ΔCT = Standard CT − Sample CT). The cutoff for the presence of mutant was ΔCT of 2.
BRAF V600 PNA clamping PCR was performed in all 378 cases of non-small cell carcinoma.

2.3. Real-Time PCR

The real-time PCR used the Real-Q BRAF V600E detection kit (Real-Q; Biosewoom,
Seoul, Republic of Korea). Real-time PCR was performed with CFX96 real-time PCR
Detection system (Bio-Rad) according to the manufacture’s instruction. The master mixture
contained 12.5 μL of the 2X PCR reaction mixture and 2.5 μL of the BRAF probe and primer
mixture. A total of 15 μL of the master mixture was dispensed into PCR tubes. Then, the
extracted DNA of 10 μL (containing 50 ng of DNA) was added to each PCR tube. The
sample was considered positive for V600E mutation when both the sample and the internal
control were amplified and both CT value of the sample and the internal control were
less than 40. If a sample showing the difference between CT value of the sample and the
internal control was more than 13, the test was repeated. BRAF V600E real-time PCR was
performed in all 378 cases of non-small cell carcinoma.

2.4. Immunohistochemistry

Immunohistochemistry was performed on the same FFPE block used for molecular
testing. An automatic staining device (BenchMark XT, Ventana Medical Systems, Tucson,
AZ, USA) was used for staining. All samples were cut into 3 μm thick sections and the
sections were deparaffinized in an EZ prep. The slides were pretreated with CC1 (cell
conditioner 1, pH8.4 buffer) for 64 min antigen retrieval and followed by pre-primary
antibody peroxidase inhibition. Then, the slides were incubated with the Ventana BRAF
V600E (VE1) mouse monoclonal primary antibody, and Hematoxylin II ® and Bluing
Reagent was used for counterstaining. A sample known to have V600E mutation was used
as a positive control. A case was considered to be positive when a signal was present in the
cytoplasm [9]. Any nuclear staining was ignored.

2.5. Direct Sanger Sequencing

BRAF exon 15, which potentially contains the c.1799 T > A transversion mutation, was
amplified from genomic DNA by PCR using primers 5′-AAACTCTTCATAATGCTTGCTCTG
(forward) and 5′-GGCCAAAAATTTAATCAGTGGA (reverse). Amplification was performed
under the following conditions: 1 cycle at 94 ◦C for 5 min, 40 cycles of denaturation at 94 ◦C for
30 s, annealing at 63 ◦C for 30 s, and extension at 72 ◦C for 30 s; then a final extension at 72◦C
for 5 min using BioRad C1000 (Pleasanton, CA). After purification of the PCR products, direct
bidirectional sequencing was performed using the ABI 3730XL DNA Analyzer. Additionally,
direct bidirectional sequencing was repeated using the BRAF PNA clamping PCR product,
which is rich in mutant alleles, to detect the variants of low level. Direct Sanger sequencing
using extracted DNA from FFPE blocks was performed in 5 cases of any positive results for
BRAF V600 PNA clamping, BRAF V600E real-time PCR and immunohistochemistry for VE1.
Particularly, direct Sanger sequencing using PNA clamping PCR product was conducted in
cases of discordance in other methods.

3. Results

3.1. Clinicopathologic Characteristics of Resected Non-Small Cell Lung Cancers

A total cohort of 378 patients with resected non-small cell carcinoma was included in
this study. All included patients were Korean. Basic data for included patients are shown
in Table 1. Patient age ranged from 36 to 86 years (mean: 66.84 ± 8.76 years). The size of the
cancer ranged from 0.9 cm to 10.0 cm (mean: 3.37 ± 1.55 cm). There were 238 males (63.0%)
and 140 females (37.0%). The study cohort included 255 cases of adenocarcinoma (67.5%),
91 cases of squamous cell carcinoma (24.1%), 5 cases of adenosquamous cell carcinoma
(1.3%), 9 cases of large cell neuroendocrine carcinoma (2.4%), 15 cases of sarcomatoid
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carcinoma (4%) and others (3 cases, 0.8%). Three hundred and five patients (80.7%) had
early-stage disease (stage I and II) and the remaining 73 patients (19.3%) had advanced
disease (stage III and IV). Among the patients, 168 (44.4%) patients never smoked, 112 pa-
tients (29.6%) were ex-smokers and the other 98 patients (25.9%) were current smokers.
Information about an EGFR-activating mutation and ALK fluorescence in situ hybridiza-
tion (FISH)/ALK D5F3 CDx Ventana immunohistochemistry was retrieved from the prior
pathologic reports in electronic medical records. One hundred and twenty patients (31.7%)
had EGFR-activating mutations and 11 patients (2.9%) had ALK translocation.

Table 1. Clinical characteristics of study population.

Characteristics Number (%)

Age (years) 66.84 ± 8.76
Sex

Male 238 (63.0)
Female 140 (37.0)

Smoking status
Never-smoker 168 (44.4)

Current smoker 98 (25.9)
Ex-smoker 112 (29.6)

Pack-years among ever-smokers (years) * 34.68 ± 19.81
Tumor size (cm) 3.37 ± 1.55
Histologic type

ADC 255 (67.5)
SqCC 91 (24.1)

SC 15 (4.0)
LCNEC 9 (2.4)

ADSqCC 5 (1.3)
Other 3 (0.8)

Differentiation
WD 19 (5.0)
MD 269 (71.2)
PD 90 (23.8)

Stage
Early (I–II) 305 (80.7)

Advanced (III–IV) 73 (19.3)
EGFR mutation

Absent 258 (68.3)
Present 120 (31.7)

ALK translocation
Absent 367 (97.1)
Present 11 (2.9)

Ethnicity Korean 378 (100.0)
* Among the ever-smokers, pack-year data were unavailable in six cases. ADC, Adenocarcinoma; SqCC, Squamous
cell carcinoma; SC, sarcomatoid carcinoma; LCNEC, Large-cell neuroendocrine carcinoma; ADSqCC, Adeno-
casquamous cell carcinoma WD, Well-differentiated; MD, Moderately differentiated; PD, Poorly differentiated;
EGFR, epidermal growth factor receptor; ALK, anaplastic lymphoma kinase.

3.2. BRAF V600 PNA Clamping and BRAF V600E Real-Time PCR

BRAF V600 mutation was detected in five cases (1.3%) using a PNA clamping method
among 378 non-small cell carcinoma cases (Tables 2 and 3). By using BRAF real-time
PCR, a BRAF V600E mutation was detected in 3 patients (0.8%) among the total 378 co-
hort (Tables 2 and 4), and all these positive cases for real-time PCR had positive results
in PNA clamping PCR. There were two discordant cases between PNA clamping and
real-time PCR.
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Table 2. The results of BRAF mutation according to BRAF mutation assay.

Case Number
BRAF V600 PNA

Clamping
BRAF V600E

Real-Time PCR
IHC for VE1

Direct Sanger
Sequencing

Direct Sanger
Sequencing

of the Clamping PCR
Product

142 + + + V600E Not done
270 + – – WT V600K
324 + – – WT V600V, K601E
348 + + + V600E Not done
358 + + + V600E Not done

BRAF, B-type Raf kinase; IHC, immunohistochemistry; PNA, peptide nucleic acid; PCR, polymerase chain reaction;
WT, Wild-type; +, positive; −, negative.

Table 3. The results of BRAF V600 on PNA-clamping.

Case
Number

DNA
Loading (ng)

Cycle Threshold (CT) ΔCT-2 ΔCT-1

Non-PNA V600 V600 V600

Clamping
Control

24.38 36.33 11.95 −1.33

Positive
Control

24.03 30 5.97 5

142 10 28.59 31.7 3.11 3.3
270 10 26.91 32.44 5.53 2.56
324 10 25.98 31.82 5.84 3.18
348 10 26.02 30.3 4.28 4.7
358 10 26.21 31.46 5.26 3.54

142 25 27.15 31.13 3.97 3.87
270 25 26.31 32.42 6.1 2.58
324 25 25.15 31.89 6.74 3.11
348 25 25.22 29.6 4.38 5.4
358 25 25.26 31.02 5.76 3.98

BRAF, B-type Raf kinase; PNA, peptide nucleic acid, PC, positive control, ΔCT = standard CT—sample CT.

Table 4. The results of BRAF V600E on real-time PCR.

Patient Number Internal Control CT Sample CT Result

142 25.9 31.9 +
270 24.6 NA −
324 26.6 NA −
348 24.7 29.6 +
358 24.4 30.6 +

BRAF, B-type Raf kinase; CT, cycle threshold; NA, not applicable; +, positive; −, negative.

3.3. Immunohistochemistry for VE1

Immunohistochemistry for VE1 was performed in all included patients with full-face
sections of FFPE blocks. Regarding the results of immunohistochemistry, three patients
(0.8%) showed positive staining for tumor cytoplasm (Figure 1, Tables 2 and 5). All three
cases with positive staining showed diffuse positivity for tumor cells. However, two cases
had heterogenous staining intensity, though all tumor cells were positive. The other case
had diffuse positivity with homogeneous intensity for tumor cytoplasm. The detailed
information of staining is shown in Table 5. However, two patients, with positive results
for PNA clamping, had negative immunostaining. Regarding the results of immunohis-
tochemistry for VE1, there were two cases showing discordance with the PNA clamping
method, and there was no discordant case with real-time PCR.
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Figure 1. Histologic feature and immunohistochemistry. (A–D). Patient 142; all ×200. (A) A Hema-
toxylin and eosin (H&E)-stained section showing acinar and micropapillary structures. (B) Immuno-
histochemistry for VE1 (staining intensity 3). (C) Immunohistochemistry for VE1 (staining intensity 2).
(D) Immunohistochemistry for VE1 (staining intensity 1). (E,F) Patient number 270; all ×200. (E) An
H&E-stained section showing solid and acinar growth patterns. (F) Negative immunostaining for
VE1. (G,H) Patient number 324; all ×200. (G) An H&E-stained section showing an acinar growth pat-
tern. (H) Negative immunostaining for VE1. (I,J) Patient number 348; all ×200. (I) An H&E-stained
section showing an acinar pattern and a few micropapillary structures. (J) Immunohistochemistry for
VE1 (staining intensity 3). (K,L) Patient number 358; all ×200. (K) An H&E-stained section showing
an acinar pattern and a few micropapillary structures. (L) Immunohistochemistry for VE1 (staining
intensity 2).

Table 5. Immunohistochemistry results of patients who were V600E-positive on either or both BRAF
PNA-clamping and BRAF real-time PCR.

Case Number
Proportion

of Cytoplasm
Positive Rate

Intensity
Pattern

Intensity Scores
of Tumor Cells

Result

142 100 Heterogeneous

3+: 40%
2+: 50%
1+: 10%

0: 0%

+

270 0 Homogeneous

3+: 0%
2+: 0%
1+: 0%
0: 100%

−

324 0 Homogeneous

3+: 0%
2+: 0%
1+: 0%
0: 100%

−

348 100 Homogeneous

3+: 100%
2+: 0%
1+: 0%
0: 0%

+

358 100 Heterogeneous

3+:70%
2+:30%
1+: 0%
0: 0%

+

BRAF, B-type Raf kinase; +, positive; −, negative.
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3.4. Direct Sequencing

There were five patients (1.3%) who had positive results for BRAF PNA clamping,
real-time PCR and immunohistochemistry. For these five patients, direct Sanger sequencing
was performed. The results of Sanger sequencing were the same with those of real-time
PCR and immunohistochemistry (Figure 2). Considering the PNA clamping method is a
very sensitive method to detect a low allele level of mutation, direct sequencing using a
clamping PCR product was performed [10]. Regarding the results of sequencing using a
clamping PCR product, all cases showed mutation for the BRAF gene other than the V600E
genotype (Figure 3). Finally, there were five mutated cases (1.3%) for BRAF in the total
cohort. Among them, three cases (0.8%) had a V600E mutation and the other two had V600K
and V600V/V601E mutations, respectively. Among the total number of BRAF mutations,
V600E genotype was present in three cases, comprising 60% of the BRAF mutant.

Figure 2. Results of direct Sanger sequencing. (A) Case number 142 carries the c.1799 T > A (p. V600E)
mutation. (B) Case number 270 is wild-type for B-type Raf kinase (BRAF). (C) Case number 324 is
wild-type for BRAF. (D) Case number 348 carries the c.1799 T > A (p. V600E) mutation. (E) Case
number 358 carries the c.1799 T > A (p. V600E) mutation.

Figure 3. Direct sequencing of peptide nucleic acid (PNA) polymerase chain reaction (PCR) products
reveals two p. V600E-negative cases. (A) Case number 270 carries the c.1798_1799 CA > TT (p. V600K)
for B-type Raf kinase (BRAF) mutation. (B) Case number 324 carries the c.1800 C > T (p. V600V) and
c.1801 T > C (p. K601E) BRAF mutations.
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3.5. Clinicopathologic Aspects of BRAF Mutation in Lung Cancers

There were three cases (0.8%) of the BRAF V600E mutation among 378 non-small cell
carcinomas. It was 1.2% among 255 adenocarcinoma and 246 non-small cell carcinomas
without EGFR/ALK aberrations. In addition, it was 2.3% among 129 adenocarcinomas
without EGFR/ALK aberrations. There were two cases of BRAF mutation other than
V600E, comprising 0.5% of all non-small cell carcinoma, 0.8% of adenocarcinoma and
non-small cell carcinoma without EGFR/ALK aberrations and 1.5% of adenocarcinoma
without EGFR/ALK aberrations (Table 6).

Table 6. Incidence of BRAF mutations.

BRAF
Mutation

BRAF
V600E Mutation

BRAF
Non-V600E
Mutation

N (%) N (%) N (%)

NSCLC (n = 378) 5 (1.3) 3 (0.8) 2 (0.5)
Adenocarcinomas (n = 255) 5 (2.0) 3 (1.2) 2 (0.8)

NSCLC lacking EGFR
mutation and ALK

translocation (n = 246)
5 (2.0) 3 (1.2) 2 (0.8)

Adenocarcinomas lacking
EGFR mutation and ALK

translocation (n = 129)
5 (3.8) 3 (2.3) 2 (1.5)

Among the V600E mutated patients, one patient was a never-smoker and the other
two were ever-smokers. There was a micropapillary component in all the V600E-mutated
cases (Table 7). All patients harboring a BRAF mutation had no concomitant EGFR or ALK
aberrations. Detailed clinicopathologic characteristics of individual patients with a BRAF
mutation are listed in Table 7.

Table 7. Clinicopathological characteristics of individual patients with BRAF mutations.

Case No.
BRAF

Mutation
Age

(Years)
Sex

Smoking
Status

Pack
Years

Predominant
Histological

Subtype

Present of Mi-
cropapillary
Component

pT
Size (cm)

pN
Stage

pM
Stage

Stage

142 V600E 72 Male Current 50 Solid + 6.5 2 0 IIIA
270 V600K 83 Male Current 15 Acinar - 3.6 0 0 IB

324 V600V,
K601E 67 Female Never 0 Acinar - 1.6 0 0 IA

348 V600E 51 Female Never 0 Acinar + 2.2 0 0 IA
358 V600E 52 Male Ex-smoker 7.5 Acinar + 1.8 0 0 IA

4. Discussion

In this study, the BRAF V600 mutation incidence was found in five patients (1.3%)
among all cases of non-small cell carcinoma, and the BRAF V600E mutation was present
in three patients (0.8%) with adenocarcinoma. It is relatively low when compared to most
reports from the Western population [11–14]. On the other hand, the incidence is similar to
that of Japanese patients [15]. In this study, there were 2.3% and 1.5% of the BRAF V600E
mutation and BRAF V600 non-E mutation, respectively, among adenocarcinoma without
EGFR/ALK alterations. According to one Korean dataset, there were four patients (1.8%)
with a BRAF mutation among 222 Stage III/IV lung adenocarcinoma patients without
EGFR/ALK aberrations [16]. The difference from these data probably resulted from the
difference in stage distribution of the study cohort. This study included 305 cases (80.7%)
of early-stage (Stage I and II) disease, contrary to their advanced stage cohort. This study
included 123 cases of non-adenocarcinoma patients, and none of these patients harbored a
BRAF mutation. However, other data reported the detection of a BRAF mutation in non-
adenocarcinoma patients, though the incidence was very low [11,13–15,17]. Among five
BRAF V600-mutated lung cancer patients, two patients (40%) were never-smokers and three
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(60%) were ever-smokers. This is in accordance with the molecular testing guideline for
the selection of patients with lung cancer for treatment, suggesting that BRAF mutational
testing should be performed on all advanced adenocarcinoma patients, irrespective of
clinical characteristics [18].

BRAF V600 non-E mutation was present in two cases. However, the result of direct
sequencing showed the wild type of BRAF using amplified DNA extracted from FFPE
blocks following sequencing using PNA clamping product detected mutation. Through
PNA clamping PCR, the wild-type alleles are inhibited in the amplification process by
hybridization with PNA, resulting in mutant enrichment. Though detected mutation was
not the V600E genotype in this study, this result suggests that sequencing using the PNA
clamping PCR product can help the detection of a mutant of low level in suspected or
equivocal cases. In addition, Zengarini et al. presented some treatment effects on BRAF
V600K mutated melanoma patients [19], and there is also an ongoing phase 2 clinical trial
on the application of dabrafenib and trametinib in tumors with the BRAF V600E or V600K
mutation including non-small cell lung cancer (ClinicalTrials.gov Identifier: NCT04439292).
Additionally, BRAF V600E real-time PCR showed both 100% of sensitivity and specificity.
All these results are in accordance with the principles of molecular and biomarker analysis
for BRAF by NCCN guideline: “Real-time PCR, Sanger sequencing (ideally paired with tu-
mor enrichment), and NGS are the most commonly deployed methodologies for examining
BRAF mutation status” (NCCN Guidelines Version 3.2023).

All patients harboring the BRAF V600 mutation had adenocarcinoma and all patients
with the V600E genotype had a micropapillary component. The result is similar to those of
prior reports [9,20,21]. Theis may suggest that lung adenocarcinoma with micropapillary
should be first considered to conduct BRAF mutation testing.

The VE1 mouse monoclonal antibody was utilized in this study. VE1 antibody is
a mutation-specific antibody able to differentiate a V600E-mutated protein from wild-
type and other BRAF-mutated proteins [22]. In this study, immunohistochemistry for
VE1 showed both 100% of sensitivity and specificity. Gow et al. validated the usefulness of
the Ventana VE1 antibody in lung cancer [20]. They reported that immunohistochemistry
for VE1 antibody showed a 96.6% sensitivity to detect the BRAF V600E mutation and a
98.6% specificity to discriminate tumors without the BRAF V600E mutation. However,
one positive case affecting the specificity value had weak positive cytoplasmic staining
in 5% of tumor cells and the case had ROS1 gene fusion. According to their criteria, the
case was considered to be negative. Ilie et al. reported that VE1 immunohistochemistry is
specific and sensitive to detect the BRAF V600E mutation [9]. Similar results were shown
by Hofman et al., suggesting that VE1 staining is a rapid, specific and very sensitive
method [23]. In addition, Chang et al. reported that VE1 immunohistochemistry showed
almost perfect interobserver agreement, suggesting that this could be a screening test for
BRAF mutation [24]. In present study, BRAF V600E mutated cases showed diffuse (100%
of proportion) positivity, though the intensity was heterogeneous in two cases. Overall,
these results suggest that immunohistochemistry for the Ventana VE1 antibody can be a
useful screening tool in lung cancers, especially for small biopsy specimens, which must
be handled with care to obtain the maximum information for treatment choice. Moreover,
immunohistochemistry has many advantages over molecular diagnostics, namely because
it needs much less tissue and the turn-around time is far shorter.

There are limitations in this study. The detection rate of BRAF mutation was only
1.3% of the study cohort, so statistical analyses could not be performed. In addition, these
data are from one single institution, which makes it difficult to generalize these findings.
However, this study cohort was composed of only the Korean population, and for all
experiments, we only used consecutive resected samples of primary lung cancer.

5. Conclusions

BRAF V600 mutation status in resected primary non-small cell carcinoma was tested.
There were five cases (1.3%) of a BRAF V600 mutation among 378 non-small cell carcinomas,
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comprising three cases of a BRAF V600E mutation and two cases of a BRAF V600 non-
E mutation. All cases harboring a BRAF V600 mutation were adenocarcinoma without
EGFR mutation and ALK translocation. All three cases of a BRAF V600E mutation had
micropapillary component. Immunohistochemistry for Ventana VE1 antibody can be a
useful screening method to detect a BRAF V600E mutation.

This study preliminarily suggests that the incidence of a BRAF V600E mutation might
be low in Korean population. In addition, adenocarcinoma showing micropapillary compo-
nent, especially without EGFR/ALK aberration, should be first considered for BRAF testing,
including immunohistochemistry.
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