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REVIEW ARTICLE
Different diagnostic methods for biliary tract
cancer: A review

Zakariya Abdi Yakub', David Aebisher'(®, Pawel Woznicki',

Justyna Magdalena tabadz? Angelika Mysliwiec? Klaudia Dynarowicz?, and
Dorota Bartusik-Aebisher**

'Department of Photomedicine and Physical Chemistry, Medical College of The Rzeszéw University,
Rzeszoéw, Subcarpathian, Poland

2Department of Biochemistry and General Chemistry, Medical College of The Rzeszéw University,
Rzeszow, Subcarpathian, Poland

Abstract

Cholangiocarcinoma (CCA) is a primary malignant tumor originating from the
epithelium of the bile duct mucosa. It is the second most common primary tumor of
the liver and biliary tract. Based on tumor location, CCA is classified as intrahepatic
and extrahepatic. Clinical diagnosis relies on imaging techniques (ultrasonography,
computed tomography [CT], magnetic resonance imaging [MRI]), while the final
diagnosis is confirmed through histopathological examination of biopsy, brush
swab, or post-operative samples. Imaging plays a critical role in diagnosing, staging,
and guiding the treatment of biliary cancers. Key imaging methods include magnetic
resonance cholangiopancreatography (MRl with MRCP), endoscopic retrograde
cholangiopancreatography, endoscopic ultrasound (EUS), and positron emission
tomography (PET). Selecting the most suitable diagnostic tool is challenging due to
the distinct properties of each method, which are tailored to different diseases and
stages of diagnosis or treatment. For example, MRCP provides superior visualization
of biliary tract narrowing/dilatation compared to direct cholangiography (ERC) and
is more effective in assessing tumor extent. Ultrasound is useful for initial evaluation
of bile duct and gallbladder tumors and for identifying bile duct dilatation. CT
is effective for detecting focal lesions and staging cancer progression, while MRI
is considered the gold standard for tumor visualization. EUS offers a detailed
assessment of extrahepatic bile ducts, gallbladder, hepatic hilar structures, local
lymph nodes, and vessels. Although ERC allows biopsy or smear collection, it does
not assess tumor extent. PET is valuable for detecting distant metastases, monitoring
treatment efficacy, and evaluating recurrence. This review focuses on the role of
various imaging techniques in the diagnosis, staging, treatment response prediction,
and therapy of CCA.

Keywords: Cholangiocarcinoma; Biliary tract cancer; Image-guided therapeutics

1. Introduction

Cholangiocarcinoma (CCA) is an epithelial-origin neoplasm arising from the
mucosa of the bile ducts.* Histologically, it is predominantly adenocarcinoma.’
After hepatocellular carcinoma (HCC), CCA is the second most common primary
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malignancy of the liver and biliary tract.* Despite advances
in diagnosis and treatment, the incidence of new cases and
mortality from this disease continues to rise steadily.>®
Depending on the tumor’s location, CCA is classified into
intrahepatic cholangiocarcinoma (iCCA) and extrahepatic
cholangiocarcinoma (eCCA), which is further divided
into perihilar cholangiocarcinoma (pCCA) and distal
forms.”® Histologically, conventional perihilar and distal
bile duct carcinomas are typically mucin-producing
adenocarcinomas or papillary tumors, while intrahepatic
bile duct carcinomas exhibit greater heterogeneity and
can be subclassified based on the extent or size of the bile
duct involved.” The incidence of CCA is relatively low in
Western countries. However, it is notably higher in regions
such as China and Thailand. CCA also exhibits geographic
concentration, with clusters found in northern India,
Japan, and several South American countries. On the
other hand, the incidence of iCCA has been steadily rising,
particularly in Western nations. Epidemiological data from
developed countries, such as the United Kingdom and the
Unites States of America, demonstrate a steady increase in
the incidence of iCCA over the past three decades. Global
incidence rates of CCA vary significantly across regions.
The highest rates are observed in Asia, with northeastern
Thailand reporting the greatest age-standardized incidence.
In Western countries, the incidence is lower, although Italy
has the highest rate in the West. Mortality patterns for
iCCA and eCCA show distinct regional trends. Over the
past decade, iCCA mortality has notably increased in most
European countries, particularly in Western Europe, with
the highest rates observed in Ireland, the United Kingdom,
Portugal, and Spain.

The Baltic countries, particularly Latvia and Lithuania,
have experienced the most dramatic increases in iCCA
mortality. Since 2008, nearly all European countries
have seen an upward trend in iCCA mortality, except for
Austria. In North America, iCCA mortality has also risen
in both the United States and Canada, with similar trends
in Oceania (Australia and New Zealand) and the Middle
East (Israel and Turkey). East Asia continues to report
higher iCCA mortality rates, although the sharp increases
seen in other regions have not been observed.*

Risk factors for the development of CCA include
primary sclerosing cholangitis, biliary cysts, liver
malformations, choledocholithiasis (especially secondary
to chronic cholangitis), smoking, diabetes mellitus, older
age, certain hereditary diseases (such as Lynch syndrome
and cystic fibrosis), and infestations of the parasitic flukes
Clonorchis sinensis, Opisthorchis viverrini, and Opisthorchis
felineus.'"** However, the majority of patients with biliary
tract cancer do not have any known or suspected risk

factors and are often diagnosed at an advanced stage of
the disease.”>'® Symptoms of biliary tract cancer include
cholestatic jaundice, pruritus, abdominal discomfort
and pain, liver enlargement, unexplained weight loss,
nausea and vomiting, fever, a palpable tumor in the right
hypogastric area, and Courvoisier’s sign - a painless,
enlarged, palpable through the abdomen gallbladder,
typically indicative of tumors located peripherally from
the junction of the cystic duct and the common hepatic
duct."”'® The onset of jaundice and pruritus often signifies
significant tumor progression. In most patients at this
stage, the tumor is inoperable, and the median survival
time is typically <12 months from diagnosis."”?* The
progression of CCA is further aggravated by its dense
stromal environment, which contains numerous cancer-
associated fibroblasts that support tumor growth.!
Surgical resection or liver transplantation remains the only
treatment offering long-term, disease-free survival.>**
Although the 1-year survival rate for CCA patients has
improved over time, the 5-year survival rate has not
shown any significant change, remaining below 5%. To
reduce cancer-related mortality, it is essential to identify
preventable risk factors and implement surveillance
strategies in high-risk populations.”’ The diagnosis of
CCA typically involves a combination of liver function
tests, tumor marker tests, imaging techniques such as
ultrasound, computed tomography (CT), magnetic
resonance imaging (MRI) combined with magnetic
resonance cholangiopancreatography (MRCP), endoscopic
retrograde cholangiopancreatography (ERCP), and biopsy
for histological confirmation.”®” Imaging studies play
a crucial role in assessing the extent of the lesion and
determining resectability, with multi-detector CT (MDCT)
used for overall staging and ERCP for local evaluation.”
Despite technological advances, diagnosing CCA remains
challenging, and up to 20% of biliary strictures may yield
indeterminate results despite extensive evaluation.**
Therefore, optimal management requires the integration of
clinical information, imaging, cytological and histological
studies, and rapid multidisciplinary assessment.>?!
Histopathological biopsy remains the gold standard
for diagnosis, including MRCP, endoscopic ultrasound
(EUS), ERCP, and cholangioscopy, which have improved
diagnostic accuracy.'s

This paper aims to examine the role of various imaging
methods - ultrasonography (USG), CT, MRI, direct
cholangiography (ERC), EUS, and positron emission
tomography (PET) - in the diagnosis, staging, treatment
response prediction, and therapy of biliary tract cancer. The
range of diagnostic tools is extensive, with each method
offering distinct advantages and disadvantages (Figure 1).
The choice of diagnostic approach is often determined by
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the attending physician and the patient’s specific condition.
These imaging methods have been extensively studied
for several decades, yet emerging techniques continue
to provide new insights into the changes occurring in
the patient’s body. Therefore, this review highlights the
most commonly used methods and discusses the types of
changes that can be observed through each technique.

2, Diagnostic methods for biliary tract
cancer

2.1. Ultrasound

USG is a non-invasive, widely accessible diagnostic tool
commonly available in most medical facilities. It offers
a simple procedure without any harmful side effects,
making it a highly favorable option for initial assessment.
Over recent years, intestinal USG has gained increasing
prominence, particularly in diagnosing inflammatory
bowel diseases. Due to its numerous benefits, USG is
now considered as valuable as more complex imaging
techniques, such as CT. Unlike CT, USG does not expose
patients to ionizing radiation, further enhancing its
appeal.

During an ultrasound of the large intestine, clinicians
can detect not only changes within the intestinal wall
but also abnormalities beyond it. Key indicators, such
as variable echogenicity and increased Color-Doppler
signals, may suggest excessive blood supply to tissue or
decreased intestinal peristalsis. These features make USG
a useful tool for assessing disease activity, identifying
complications, characterizing stenoses, and evaluating

Ultrasonography

Positron
emission
tomography

Computed
tomography

Cholangiocarcinoma
imaging

Endoscopic US Magnetic
resonance

imaging

Direct
cholangiography

Figure 1. A map of cholangiocarcinoma imaging techniques
Abbreviation: US: Ultrasound.

treatment effectiveness. In addition, USG aids in evaluating
blood vessels in the digestive system and detecting fluid
in the peritoneal cavity. It can also reveal changes in the
lymph nodes of the abdominal mesentery.

Ultrasound is one of the safest methods for diagnosing
digestive system issues, as its non-invasive nature allows
for frequent repetition over short intervals without
posing any significant health risks to patients. The
primary limitation, however, is the lack of a standardized
protocol for measuring and analyzing parameters during
an ultrasound examination. Transabdominal ultrasound
can confirm biliary dilation and exclude cholelithiasis,
as well as detect masses in the liver.** This technique is
valuable in the early detection of biliary tract cancer.” It
is particularly useful for the initial evaluation of tumor
masses within the bile ducts and gallbladder. On USG,
intrahepatic bile duct cancer can often appear as a mass
lesion.** eCCAs are typically echogenic, but they can still
be demonstrated and characterized using ultrasound.*
Moreover, this examination allows for simple visualization
of papillary tumors and nodular ductal carcinomas of the
biliary tract.®* The extent of biliary tract involvement
can be assessed based on the location of the tumor and
the distribution of biliary obstruction.” However, the
specificity of ultrasound remains unknown. A 5-year
population-based study conducted in Thailand showed
that USG can detect premalignant lesions and resectable
biliary tract cancer at an early stage. For this reason, it is
recommended as the first screening tool for biliary tract
cancer in patients aged >40 years in endemic areas.’”
Technical improvements, such as the use of contrast-
enhanced ultrasound (CEUS) and the ability to perform
both transabdominal ultrasound and EUS, further expand
the potential of this imaging method in evaluating luminal
and extraluminal masses in the diagnosis of biliary tract
cancer.” Rayubkul et al.** showed that ultrasound screening
for gallbladder cancer improves early detection and may
reduce the need for expensive or invasive diagnostic
procedures. Similarly, Thinkhamrop et al.* found that
ultrasound findings were strongly associated with CCA,
particularly in patients diagnosed with biliary dilation
and liver masses. In their study, of the 1,880 people who
underwent ultrasound and had a pathological diagnosis of
CCA, the overall detection rate was 35.74%. The detection
rate for those with liver masses was 54.85%, and for those
with dilated bile duct, it was 62.01%. Ultrasound is also
useful for guiding needle biopsy of intrahepatic lesions.*
Advances in Doppler imaging and three-dimensional
ultrasound have further enhanced the application of
ultrasound in evaluating the biliary system. CEUS, which
combines traditional ultrasound with a contrast agent, has
emerged as a valuable tool.***!
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Elastography is another non-invasive technique that
assesses tissue stiffness by measuring changes in organ
and focal tissue characteristics. Transient elastography
and real-time elastography are commonly used to image
changes in the bile ducts.

The principle of elastography involves assessing the
distribution of tissue elasticity, which is then converted into
an image of the elastic modulus, known as an elastogram.
This technique measures tissue deformation caused by
static or dynamic stress, allowing for the estimation of
tissue stiffness and the differentiation between benign and
malignant changes.

Elastography is also valuable for visualizing, localizing,
and diagnosing various nodules, as well as pancreatic and
liver masses.** While traditional USG is often utilized to
detect liver lesions, it is typically considered less precise
than CT, MRI, or histology. The combination of these
modalities is considered the gold standard for patient
evaluation. However, the introduction of CEUS has
significantly improved the detection and characterization
of liver lesions by providing superior visualization of
the microvasculature, thereby enhancing its diagnostic
accuracy.”?

Ultrasound, and more recently CEUS, is often the first
method employed to assess biliary lesions. CEUS enables
the visualization of microcirculation in liver metastases,
allowing for the monitoring of changes in tumor perfusion
following local ablation or new antiangiogenic therapies.

2.2.CT

Over the past few years, CT imaging has evolved from
single-detector scanners to MDCT technology, enabling
the acquisition of high-resolution images in seconds.*
Multidetector row CT is now the imaging modality of choice
for evaluating and staging CCA,* due to its high spatial
and temporal resolution and widespread availability.*¢
CT allows for the detection of tumor masses, the definition
of local enlargement of cavitary tumors, the assessment
of blood vessel invasion and adjacent organ involvement,
and the identification of metastatic disease, including
lymph node and abdominal metastases.’***>**” This method
is more accurate than ultrasound for detecting biliary
tract cancer,”® which is why CT is used in up to 90% of
patients with suspected biliary tract cancer.® Multiphase
CT protocols, including late arterial phase and portal vein
phase scanning, are now recommended for the primary
staging of biliary tract cancer.**® Moreover, this diagnostic
test can differentiate between types of CCA. Nam et al.*
showed that pre-operative MDCT features of intrahepatic
mass-forming CCAs can help distinguish between small-
duct and large-duct types. Contrast administration greatly

improves tumor visibility, with tumors often being barely
visible without it.*® The appearance of biliary tract cancer
on CT scans depends on the tumor’s location within the
biliary system,* with intrahepatic bile duct carcinomas
being particularly heterogeneous on CT scans.*

Theaccuracy of MDCT inimagingbile ductinvolvement
is 86%, although it tends to significantly underestimate the
extent of longitudinal involvement.® CT and contrast-
enhanced CT can perform precise multidirectional
assessments of bile duct and vascular involvement, which
helps accurately predict tumor resectability and facilitates
successful tumor resection.>”** Studies have shown that
in the primary stage of intrahepatic biliary tract cancer,
CT is more sensitive than MRI in detecting extrahepatic
invasion and vascular involvement.* Specifically, CT
exhibited 84% sensitivity and 93% specificity in detecting
hepatic artery involvement, while the accuracy of
detecting portal vein involvement was 87%.* Infiltration
of adjacent structures, particularly the hepatoduodenal
ligament, duodenum, transverse colon, liver, and lymph
nodes, often indicates the inoperability of the cancer.*
CT arteriography and CT venography are reconstructed
using various techniques to visualize the wvascular
anatomy, assist in surgical planning, and reduce the risk of
complications.* Park et al.>> demonstrated that CT imaging
of vascularization can serve as a non-invasive, accessible,
and valuable prognostic indicator for the treatment of
iCCA. A study involving 345 patients developed a pre-
operative model for predicting post-operative outcomes
in massive intrahepatic biliary tract cancer and showed
that CT, along with clinical and radiomic features, can be
useful for this purpose.®® Furthermore, a deep learning
model based on CT imaging, developed by Wakiya et al.,”
exhibited high predictive performance in forecasting early
post-operative recurrence of iCCA. Moreover, volumetric
scanning techniques can assess the liver volume and
residual function before surgery, helping to prevent post-
operative small-size syndrome.® A new CT technique,
functional CT volume perfusion imaging, may be valuable
in assessing treatment responses to targeted therapies or
antiangiogenic drugs by demonstrating changes in tumor
vascularization.” The sensitivity of CT in detecting lymph
node metastases is 61%, with a specificity of 88%.* For
evaluating distant metastases, CT shows a sensitivity of
67% and a specificity of 94%. However, the accuracy of
CT in assessing the progression of extrahepatic biliary
tract cancer remains unestablished. A key challenge in
this regard is determining the extent of tumor spread
beyond the bile duct wall and its potential involvement
with adjacent anatomical structures.*® Liver Imaging
Reporting and Data System (LI-RADS’) was created to
standardize the reporting and data collection of CT and
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MR imaging for HCC. LI-RADS emerges as an essential
tool in the management of liver tumors. CT remains one of
the primary tools in cancer diagnostics, particularly useful
for imaging bone structures. This examination enables the
detection of tumors and metastases, precise planning of
radiotherapy (allowing for focused radiation delivery), and
monitoring of treatment response, including the reduction
or growth of tumors.®

2.3. MRI

MRI is the non-invasive method of choice for detection,
pre-operative staging, and follow-up on biliary tract
cancer.®"** When combined with MRCP, MRI is optimal
for evaluating bile ducts both above and below their
strictures. It also allows the identification of intrahepatic
mass lesions. The primary role of MRI in biliary tract
cancer is to confirm or establish the diagnosis, assess the
possibility of resection, and aid in differential diagnosis.®*
MRCP is considered one of the most advanced imaging
technologies and offers several advantages over CT.®
Due to their high tissue contrast and multifaceted
capabilities, MRI and MRCP are effective in detecting and
preoperatively evaluating patients with biliary tract cancer,
allowing detailed examination of all involved structures,
such as the bile ducts, vessels, and liver parenchyma.*
MRCP has demonstrated the highest sensitivity and
specificity (92% and 76%, respectively) in identifying the
extension of pCCA.% The role of MRI in diagnosing CCA
has been well-established through numerous studies. For
example, Xu et al.” showed that MRI could differentiate
CCA from metastatic colorectal cancer. Moreover, as
demonstrated in a study by Zhang et al.,*® MRI texture
signatures can serve as a potential predictive biomarker
for immunophenotyping and overall survival in patients
with iCCA. The utility of MRI in predicting therapeutic
response was also tested by Sheng et al.,*” who found that
contrast-enhanced MRI performed before treatment could
predict therapeutic response in advanced iCCA to systemic
therapy. They also determined that the best predictive
value was achieved by a combined model incorporating
key MRI features. Similar findings were reported by Koh
et al.,”” who showed that hepatobiliary phase MRI images
could serve as a prognostic factor after surgery for massive
intrahepatic bile duct carcinomas, likely due to the fibrous
component of the tumor stroma. MRI can also predict
survival and prognosis in patients with eCCA. In a study
involving 78 patients with histopathologically confirmed
cancer, Wang et al.”' demonstrated that MRI could be
used to predict survival and prognosis in these patients.
In addition, Xin et al”> showed that high-resolution
MRI images have excellent capability in assessing the
extent of pCCA and its vascular invasion. The pattern of

arterial MRI enhancement may also serve as a prognostic
marker in the pre-operative evaluation of patients with
resectable intrahepatic mass-forming bile duct cancer, as
demonstrated by Min et al.”

On dynamic MR images, biliary tract cancer shows
moderate peripheral enhancement, followed by progressive
and concentric filling of the tumor with contrast material.
Contrast accumulation within the tumor on delayed MRI
phases suggests peripheral bile duct cancer.® Massive
intraductal lesions may appear hypointense or isointense
on Tl-weighted (T1IW) images relative to the liver
parenchyma. On T2-weighted (T2W) images, tumors
may show variable hyperintensity, as the signal intensity
depends on the severity of necrosis, hemorrhage, fibrosis,
and mucinous material within the tumor.® Central
hypointensity may correspond to fibrosis.®* The degree of
tumor hyperintensity also depends on the tumor subtype:
adenocarcinoma is characterized by higher signal intensity,
especially when well-differentiated, while squamous cell
carcinomas are characterized by lower signal intensity. In
some cases, the tumor may appear as an isointense mass
on both TIW and T2W images.” pCCAs exhibit similar
signal intensity patterns to peripheral tumors on both
TIW and T2W images. On MRCP images, pCCA appears
as moderately irregular thickening of the bile duct wall
(=5 mm) with symmetric widening of the intrahepatic bile
ducts.® The typical appearance of massive iCCA consists
of irregular annular enhancement in the arterial phase,
followed by progressive central enhancement in the portal
vein and delayed phase. An atypical presentation, such as
hypervascular massive iCCA, can also occur and may be
attributed to different pathological features.”

The quality of MRCP imaging is largely independent
of the operator, but careful technique is required to obtain
accurate results. MRCP imaging can be compromised by
previous biliary drainage, as this procedure may lead to the
collapse of the biliary tree. The combination of MRCP and
MR angiography can provide valuable information on the
involvement of vascular structures at the hilum. Compared
to ERCP, MRCP is a more sophisticated and commonly
used technique for identifying tumor location and
assessing the resectability of a pCCA.® However, the use of
MRI in standard diagnostic protocols has some limitations.
These limitations include the high cost of the examination,
failure to detect microcalcifications, and the possibility of
false-positive results, often due to difficulty distinguishing
malignant from benign tumors. Other problems include
patient-related issues, such as claustrophobia (which can
be problematic for both children and adults), various
contraindications, such as metal implants or permanent
makeup, and potential allergic reactions to contrast agents.
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2.4. Invasive techniques

Endoscopic diagnosis is essential for most patients with
CCA.®” The diagnostic performance of these methods
depends on the tumor’s location, as well as the knowledge
and experience of the endoscopist. ERCP and EUS
remain the most commonly used endoscopic diagnostic
tools.”* However, endoscopy should be preceded by
an evaluation of disease severity using cross-sectional
imaging, as cholangitis requiring immediate drainage
occurs in only 10% of patients at the time of their initial
presentation.”® Other technologies, such as fluorescence
in situ hybridization, single-slice cholangioscopy, confocal
laser endomicroscopy, and intraductal ultrasound, are also
increasingly being utilized.”®

Direct ERC is critical in the evaluation and treatment
of CCA and often serves as an essential diagnostic tool.”*
This procedure determines the anatomy of the biliary tract,
enables biopsy collection from the lesion or lancet smear
for cytological evaluation, and functions therapeutically
in biliary stricture dilation and stenting.””* However, ERC
cannot determine the full extent of the tumor.* Detection
of a dominant stricture, with or without accompanying
proximal bile duct dilation or the presence of a polypoid
lesion, indicates the presence of pCCA. These findings
should prompt further cytologic evaluation using bile
duct brushing.” Tissue collection through brush cytology
and tick biopsy allows for cytological and/or histological
confirmation of the disease.”” Conventional cytology
obtained through ERCP is suboptimal due to limited
sensitivity, though it remains the gold standard with high
specificity.®’ ERC is particularly useful for determining
tumor staging, assessing the extent of infiltration into
extrahepatic and perihepatic lesions, and planning
various medical interventions.**®' Despite the diagnostic
advantages of ERC imaging, a study by Kalaitzakis
et al.¥* showed that many patients with immunoglobulin
G4-associated cholangitis can be misdiagnosed with
biliary tract cancer. During ERC, biliary obstruction can
be relieved by placing a stent or drainage catheter, which
offers palliation for patients with an inoperable condition.*

EUS is an alternative to ERC for diagnosing biliary tract
cancer.® This technique allows for accurate evaluation
of extrahepatic bile ducts, the gallbladder, hepatic hilar
structures, regional lymph nodes, and adjacent vessels.**
EUS plays a critical role in the diagnosis and staging of
biliary tract cancer, especially in assessing inoperable
periampullary bile duct cancer for potential liver
transplantation.®* However, there is still a lack of data
regarding the precise role of EUS in diagnosing biliary
tract cancer in patients with unspecified extrahepatic
biliary strictures.*® EUS has a tumor detection rate of

94% in patients with CCA, although it has a significantly
higher detection rate for distal tumors (100%) compared
to proximal tumors (83%).” Tissue sampling from
extrahepatic localized primary tumors using EUS is
typically reserved for inoperable or metastatic CCAs,
particularly for distal stenosis or mass CCAs.¥” EUS-
guided biopsy of tumors or lymph nodes is a highly
sensitive diagnostic method. In a study of 263 patients,
the accuracy of EUS-guided fine-needle aspiration (EUS-
FNA) compared with ERC-based tissue sampling was
76.1% versus 60.5%, with diagnostic sensitivities of 73.6%
for EUS-FNA and 56.5% for ERC.** Onda et al.* suggest
that EUS-FNA could be used as a first-line diagnostic
method, although its exact usefulness remains to be fully
verified. EUS can assess the status of regional lymph nodes
and the local extent of eCCA. Although ERC, with or
without brushing and biopsy, remains the primary choice
for diagnosing CCA, EUS-ENA plays an important role in
clinical practice. EUS-FNA can be performed not only to
collect tissue samples from tumors but also from enlarged
lymph nodes.* The method provides slightly better
results than ERCP in diagnosing biliary tract cancer.”
The information from EUS can be used to guide patient
care and improve outcomes, though it can also be used in
ways that compromise patient well-being.*> A study by De
Jong et al®* demonstrated that EUS with tissue harvesting
can be useful in patients with potentially resectable pCCA
based on pre-operative cross-sectional imaging, regardless
of lymph node enlargement. A modification of ultrasound
technology allows for the placement of an intraductal high-
frequency ultrasound (IDUS) probe. Although certain
features, such as irregular wall thickening, may strongly
suggest malignant neoplasm, IDUS currently lacks the
capability to acquire tissue samples.®

2.5. PET/CT

PET is a non-invasive imaging method that provides
functional images by detecting the uptake of the
radiolabeled 18F-fluorodeoxyglucose (FDG) in cancer
cells. Over the past decade, integrated PET and CT (PET/
CT) imaging systems have enabled the acquisition of both
anatomical and functional images.* FDG-PET in oncology
is performed with the patient fasting and at rest, which
enhances the uptake of the tracer in tumor cells while
minimizing its uptake by skeletal muscle.”* PET and PET/
CT are now considered the standard methods for staging
various malignancies and have also proven valuable
in the diagnosis and staging of biliary tract cancer.”® A
meta-analysis of the diagnostic accuracy of FDG-PET in
detecting primary biliary tract cancer demonstrated that
the combined sensitivity and specificity of FDG-PET
were 95% and 83% for intrahepatic cancer, 84% and 95%
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for perihilar cancer, and 76% and 74% for extrahepatic
cancer, respectively.” In a recent study, PET exhibited 90%
sensitivity and 78% specificity for diagnosing pCCA.%
Another study on the clinical role of 18-FDG PET-CT in
patients with suspected and potentially operable biliary
tract cancer found a sensitivity of 84.0% and a specificity
of 79.3% for this imaging modality. In this study, PET-CT
showed no significant difference in detecting different
morphological tumor types: Periampullary infiltrating,
intraductal growing, or mass-forming.”>*® Furthermore,
data from a scientific study indicated that PET can reliably
detect nodular bile duct cancer >1 c¢m in size.”® However,
PET-CT has shown limited reliability in evaluating
regional lymph node metastases, with a sensitivity of 12%
and specificity of 96%.” PET is a useful imaging test for
diagnosing distant metastases, monitoring treatment
responses, and detecting recurrence.”**** It can identify
metastatic lymph nodes, distant metastases, or clarify
indeterminate lesions, especially in patients with primary
sclerosing cholangitis.”® However, due to its low sensitivity
(<70%), PET should only be considered in selected cases.
In fact, distant metastases are more accurately identified
by CT, while EUS remains the gold standard for lymph
node evaluation.*”® Fiz et al. demonstrated that PET-based
radiomics for iCCA can predict pathological data and
enable reliable pre-operative prognostic assessment. The
combined clinical and radiomic models outperformed

purely clinical pre-operative models and provided results
comparable to post-operative models.” To enhance the
diagnostic performance of PET/CT imaging in iCCA,
it can be combined with MRI, as demonstrated by Jiang
et al.'™ Another emerging technology in CCA imaging
is simultaneous PET and MRI (PET/MRI). Theoretically,
PET/MRI may be advantageous in this context by
combining the functional information from FDG-PET
with the high contrast resolution of MRI to assess ductal
involvement, although no significant studies have yet
evaluated PET/MRI for this purpose. This technique
may be particularly useful in differentiating CCA from
HCC."" PET, particularly in combination with PET/
CT or PET/MR], is increasingly being used to assess the
molecular characteristics of malignant tumors in the
hepato-pancreato-biliary system (Table 1). In cases of
suspected or confirmed HCC or biliary tract tumors, PET
is performed using 11C-labeled acetate. This imaging
method is crucial for evaluating tumor progression and
staging before making therapeutic decision-making.
Testing with 11C-labeled acetate is also recommended
to rule out potential metastases in distant organs, as PET
demonstrates higher sensitivity, accuracy, and specificity
in detecting metastases.

The strong interaction between radioisotopes and tumor
cells, such as increased glucose consumption and DNA
synthesis, underscores PET’s important role. PEt allows for

Table 1. Selected studies evaluating the use of magnetic resonance imaging in diagnosing cholangiocarcinoma

Authors Title Year of Conclusions
publication
Wang et al”"  The value of an MRI-based radiomics model in predicting the 2024 MRI radiomics model can be used to predict survival and
survival and prognosis of patients with eCCA prognosis in patients with eCCA
Xu et al. MRI-based radiomics nomogram for preoperatively 2023 MRI can differentiate cholangiocarcinoma from metastatic
differentiating intrahepatic mass-forming cholangiocarcinoma colorectal cancer
from resectable colorectal liver metastases
Sheng et al.®*  Contrast-enhanced MRI could predict the response of 2022 Pre-treatment contrast-enhanced MRI can be used to
systemic therapy in advanced iCCA predict therapeutic response to systemic therapy for
advanced iCCA
Zhang et al.®®* iCCA: MRI texture signature as predictive biomarkers of 2021 MRI texture signature may serve as a potential predictive
immunophenotyping and survival biomarker for immunophenotyping and overall survival in
patients with iCCA
Xin et al.” Hilar cholangiocarcinoma: Value of high-resolution enhanced 2020 High-resolution MRI (HR-MRI) can predict the ability of
MRI for pre-operative evaluation cholangiocarcinoma to invade the vasculature
Minetal”?  Intrahepatic mass-forming cholangiocarcinoma: Arterial 2019 MRI arterial enhancement pattern may serve as a
enhancement patterns at MRI and prognosis prognostic marker in the pre-operative evaluation of
patients with resectable intrahepatic bile duct cancer
presenting as masses
Koh etal”™  Intrahepatic mass-forming cholangiocarcinoma: prognostic 2016 Hepatobiliary phase MRI images may be a prognostic

value of pre-operative gadoxetic acid-enhanced MRI

factor after surgery for intrahepatic massive bile duct
carcinomas

Abbreviations: MRI: Magnetic resonance imaging; eCCA: Extrahepatic cholangiocarcinoma; CCA: Cholangiocarcinoma; iCCA: Intrahepatic

cholangiocarcinoma.
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the assessment of the tumor’s metabolic activity, detection
of metastases throughout the body, including those too
small to be detected by CT or MRI, and combining this
functional information with anatomical imaging for a
more comprehensive view.

Modern diagnostic imaging integrates multiple
advanced techniques to provide a comprehensive
understanding of pathological changes. Combined
imaging systems, such as PET/CT and PET/MRI, allow
for simultaneous anatomical (CT, MRI) and metabolic
(PET) assessment of tumors. This approach is particularly
valuable for accurately localizing lesions, evaluating
their aggressiveness, and determining tumor spread. For
instance, PET/CT not only reveals the size of a brain
tumor but also identifies the most metabolically active
areas, directly influencing therapy planning - surpassing
the capabilities of CT imaging alone.'” It is worth
noting that before PET/CT examination, the histological
features of tissues and inflammatory conditions should be
assessed, taking into account specific clinical features and
complications related to the treatment.'®

In addition, other complementary methods should
be considered, such as initial diagnostic approaches, like
laboratory tests and morphological imaging techniques
that assess the metabolic changes in tissues.'™

PET is also one of the diagnostic methods that enable
the assessment of disease stage (including lymph nodes
and distant metastases) and the identification of relapse
in patients with biliary tract cancer. It primarily aids
in treatment planning, particularly in cases of distant
metastases, which are frequently assessed. The role of
PET in diagnosing the primary tumor, however, remains
a subject of debate. Although its diagnostic range is broad,
ongoing studies are still analyzing the effectiveness of PET
compared to other methods.'®

PET, utilizing various tracers, is an advanced functional
imaging technique that is increasingly recognized for its
value and cost-effectiveness in the pre-operative staging
of numerous cancers. By capitalizing on the metabolic
characteristics of tumors, PET can detect occult metastatic
disease that might be missed or appear ambiguous on
standard cross-sectional imaging. This capability can
significantly alter disease staging and influence treatment
decisions.'® Traditional radiological examinations, such as
abdominal X-ray, oral cholecystography, and intravenous
or infusion ERC, are now rarely used due to advances in
technology and the development of innovative diagnostic
methods. An overview X-ray of the abdominal cavity is
typically performed where there is suspicion of air in the
bile ducts, for example, following surgeries that involve
anastomosis between the bile ducts and the digestive tract, or

to confirm a diagnosis of a porcelain gallbladder. Meanwhile,
cholecystography is a radiological examination of the
gallbladder. Cholecystography, once considered the standard
test for suspected cholelithiasis, is now rarely used due to its
low diagnostic value. At present, for gallbladder diseases,
USG of the bile ducts (hepatobiliary USG) is the preferred
imaging method. If cholecystography is still deemed
necessary, the procedure involves administering a contrast
agent to the patient — either orally (typically in the form of
dragees, known as oral cholecystography) or intravenously
(intravenous cholecystography). The contrast agent enters
the bloodstream and is secreted through the liver into the bile.
Subsequently, a series of X-rays are taken of the gallbladder,
cystic duct, and common bile ducts (biliary ducts), although
the latter is usually not well-visualized. The bile, along
with the contrast agent, outlines the gallbladder, allowing
the assessment of its location, shape, and size, and helping
to detect possible obstructions, such as stones. In cases of
cholecystitis, the characteristic feature is the absence of
visualization of the gallbladder. As for ERC, the term refers to
various methods used to examine the bile ducts and pancreas,
including retrograde, percutaneous, intraoperative, and post-
operative techniques. ERC is often performed in conjunction
with cholecystography, a radiographic examination of the
gallbladder. Table 2 summarizes the imaging methods used
in biliary tract cancer.

2.6. Advanced imaging techniques

Digital cholangioscopy is a valuable technique that
enables direct endoscopic visualization of the biliary
tree, facilitating optical diagnosis, targeted biopsy, and
therapeutic interventions. Its applications encompass both
diagnostic and therapeutic roles.

Diagnostic  indications include: (i) evaluating
indeterminate biliary strictures; (ii) clarifying unclear filling
defects; (iii) staging CCA; (iv) assessing ampullary tumors
for extension into the common bile duct; (v) investigating
unexplained bile duct dilation; (vi) exploring cystic lesions
of the biliary tree; (vii) diagnosing unexplained hemobilia;
and (viii) managing post-transplant biliary complications.

Therapeutic indications include: (i) lithotripsy for
difficult stones; (ii) retrieving migrated stents; (iii)
removing foreign bodies; (iv) assisting in guidewire
placement; (v) transpapillary gallbladder drainage; and
(vi) endoscopic tumor ablation therapy.

One of the most well-established and widely studied
applications of digital cholangioscopy is the diagnosis of
indeterminate biliary strictures and the performance of
intraductal lithotripsy for challenging bile duct stones. The
adverse events associated with digital cholangioscopy are
similar to those of ERCP, with no significant increase in
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Table 2. Characteristics of common diagnostic methods for biliary tract cancer

Ultrasonography CT MRI Positron emission Endoscopic US Direct
tomography cholangiography

Enables Used to assess and MRI combined with Now considered the Enables accurate Essential in the

confirmation determine the stage of magnetic resonance standard method assessment of the evaluation and

of biliary tract advancement of bile duct  cholangiopancreatography for staging various extrahepatic bile ducts, treatment of CCA,

dilatation and cancer is optimal for assessing the

bile ducts both above and

malignancies and has gallbladder, liver hilum often serving as

exclusion of also proven useful in the structures, regional a crucial tool for

gallstones and liver below their strictures diagnosis and staging of lymph nodes, and diagnosis
masses biliary tract cancer vessels
Useful for the Characterized by high Useful for confirming or Its sensitivity and Tumor detection Determines the

initial assessment  spatial and temporal
of tumor masses in resolution
the bile ducts and

gallbladder

as well as assessing the

differential diagnosis

establishing the diagnosis,

possibility of resection and

rate of 94% in CCA
patients

specificity ranges are
the broadest among all
diagnostic methods

anatomy of the bile
ducts and allows
for biopsy or smear
test from the site of
damage

Facilitates easy More accurate than an Its usage alone is

Sensitivity drops to Can assess the status ~ Functions as a

visualization of ultrasound insufficient to determine 12% and specificity to  of regional lymph therapeutic tool for
papillary tumors the correct surgical strategy 96% when assessing nodes and the local dilating and placing
and nodular ductal metastases to regional  extent of extrahepatic  stents in biliary tract
carcinomas of the lymph nodes cholangiocarcinoma  strictures
biliary tract
Accuracy ranges  Performed in 90% of Has the best sensitivity PET-based radiomics The information Particularly useful
from 87% to 96%  patients with suspected bile (92%) and specificity (76%) of iCCA can predict obtained can be used  in determining

duct cancer compared to CT pathological findings to guide patient care  the stage of cancer

and enable reliable
pre-operative prognostic
assessment

and improve outcomes progression and the
extent of extrahepatic
and perihepatic
lesion invasion

Allows examination of
all relevant structures,

Can be used to
guide needle

Characterized by relatively
low sensitivity (61%)

biopsy of and specificity (88%) in including the bile
intrahepatic detecting lymph node ducts, vessels, and liver
lesions metastases parenchyma

Abbreviations: CCA: Cholangiocarcinoma; CT: Computed tomography; EUS: Endoscopic ultrasound; MRI: Magnetic resonance imaging;
PET: Positron emission tomography; US: Ultrasound; iCCA: Intrahepatic cholangiocarcinoma.

complication rates. Digital cholangioscopy is regarded as
a safe and effective complement to standard ERCP, with
advancements in digital technology addressing many
of the limitations observed in earlier generations of
cholangioscopes.'"”

Digital cholangioscopy provides high-quality, direct
visualization of biliary lesions and enables precise, targeted
biopsies. Key cholangioscopic features suggestive of
malignancy include dilated, tortuous tumor vessels, infiltrative
strictures with irregular margins and partial lumen occlusion,
an uneven surface, and areas prone to easy bleeding.

An emerging application of digital cholangioscopy is
the mapping of biliopancreatic neoplasia. This technology
allows for the precise visual delineation of neoplastic
margins within the biliary and pancreatic ducts, thereby
improving the accuracy of malignancy staging. As a result,
enhanced visualization can significantly impact and alter

surgical planning. Digital cholangioscopy provides a safe
and effective method for pre-operative assessment of the
extent of biliopancreatic neoplasia, including surgical
decisions in a considerable number of cases.'*

Gene panel testing, in combination with advanced
genomic mutation analysis using next-generation
sequencing (NGS) or similar technologies, enables the
simultaneous detection of multiple genomic alterations.
These methods are essential for identifying cancer-related
mutations in individual patients and facilitating the
development of personalized treatment plans. Typically, a
gene panel test focuses on a selection of genes that are critical
for predicting responses to medication and prognosis,
thereby aiding in more accurate medical diagnoses.

These panels can assess a wide range of genomic
alterations, including mutations, deletions, insertions, gene
fusions, and duplications, by analyzing multiple transcripts
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simultaneously. As diagnostic and therapeutic strategies
continue to advance, the depth and scope of information
provided by gene panel testing expand, leading to a more
precise and effective integration of genetic data into patient

care.'”

Typically, the amount of DNA required for a gene panel
test ranges from 10 to 500 ng, with the proportion of tumor
cells in the sample playing a crucial role in maintaining
the accuracy and quality of the test results. Ensuring an
adequate percentage of tumor cells is essential for reliable
genomic analysis and mutation detection.'

In clinical practice, tumor panel assays detect drug-
targetable mutations in approximately 10 - 15% of
pancreatic cancers and 40 - 50% of CCAs. As a result, the
use of multigene tumor NGS is strongly recommended for
identifying actionable mutations in CCA, enabling more
personalized and targeted treatment approaches.

Radiomics is currently considered a distinct branch
of science focused on developing methods for analyzing
diagnostic images (from MRI, CT, or nuclear medicine) to
better characterize pathological changes. These methods
rely on complex computer algorithms.'!

Radiomics can be used to detect tissue characteristics,
particularly in evaluating variations such as shape or
heterogeneity during treatment or surveillance.
oncology, the assessment of tissue heterogeneity is of
particular interest, as genomic analyses have shown that the
degree of tumor heterogeneity is a prognostic determinant
of survival and a challenge to cancer control.

In

Recent studies have demonstrated the potential benefits
of radiomics in non-invasive prediction of pathological
type and long-term survival in patients undergoing
resectable treatment.'?

The combination of radiomics with artificial intelligence
(AI) is another example of how new technologies are
being applied in diagnostics. Al refers to systems that
can accurately derive results and conclusions from large
datasets using advanced computational algorithms. It
encompasses various learning algorithms, including
machine learning and, more recently, deep learning.'"

Radiomics can be applied to a range of imaging
techniques, including CT, MR, PET, X-ray, and ultrasound.
There are numerous acquisition techniques in use today,
and the choice of method can significantly impact
radiomics analyses. Differences in acquisition and image
processing can lead to inconsistent results in radiomics
analyses of independent datasets, which represents one
of the primary challenges in the field. The main goal
of radiomics is to identify the most stable and accurate

radiomics models that can be applied to images obtained
using different protocols. Radiomics is widely used in the
diagnostic, prognostic, and predictive evaluation of CCA,
offering valuable insights into clinical indicators that can
be measured or predicted.!'*!

3. Summary

As mentioned earlier, bile duct cancer rarely produces
early symptoms, which is why it is frequently diagnosed
at an advanced stage.'” The disease is commonly identified
late, primarily due to non-specific symptoms."'¢

Early diagnosis and timely treatment of CCA are
essential for improving treatment outcomes in patients.
Early diagnostic methods and recognition of symptoms
preceding these aggressive tumors are invaluable. It is
worth mentioning that non-specific symptoms (e.g.,
general weakness, lack of appetite, nausea, or abdominal
pain) can prolong the diagnostic process for an extended
period.*

Symptoms attributed to bile duct cancer may also
be indicative of other conditions. For example, upper
abdominal pain can be caused by various factors and does
not necessarily point to bile duct cancer. Consequently, an
increasing number of patients seek medical attention only
when the disease is already in an advanced stage. Due to
these factors, early diagnosis of bile duct cancer is rare, and
the prognosis often depends on the speed of diagnosis and
the initiation of treatment. Therefore, it is important that
individuals in high-risk groups undergo regular check-ups."’

Improving early diagnosis remains a key area for
development. One of the major challenges is the late
detection of bile duct cancer. The future direction for
progress lies in the development of more effective early
diagnostic methods. Innovative improvements in imaging
techniques, including diagnostics based on tumor markers,
are also being explored.'®

Doctors report that in 8 out of 10 cases, bile duct cancer
is diagnosed too late and is often found at an advanced,
inoperable stage.

In the case of HCC, the US is highly specific but lacks
sufficient sensitivity to detect HCC in many patients
with liver cirrhosis, which limits its effectiveness in
surveillance programs. The diagnostic performance of
CT is comparable, while MRI offers greater sensitivity.
However, the accuracy of ultrasound, spiral CT, and MRI
in diagnosing HCC in patients with chronic liver disease
has not been systematically evaluated. It is estimated that
MRI has a sensitivity of 81% and specificity of 85%, which
is higher than that of ultrasound but lower than that of
CT. These findings highlight the individualized nature
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of diagnostic decision-making. Given the absence of
standardized treatment regimens, a combined diagnostic
approach is often necessary. Therefore, further research
and development of a comprehensive review of diagnostic
methods for specific biliary tract diseases should be
pursued in the future.'

4, Conclusion

Imaging plays a crucial role in the management of CCA.
It serves several purposes: First, enabling a confident
diagnosis; second, characterizing and staging the tumor,
which is essential for planning optimal therapy; and
third, predicting treatment response and overall patient
survival. Despite the availability of numerous imaging
methods, the diagnosis of CCA remains challenging. To
date, no single imaging modality has been established as
the most optimal for this tumor. Advancements in modern
imaging technologies, particularly USG, CT, and MRI,
aim to improve the accuracy of distinguishing CCA from
other biliary diseases. However, further research is needed
to assess the accuracy of various imaging techniques,
especially emerging intraductal methods. An interesting
avenue for development would be to leverage the strengths
of the imaging methods described above and create a
diagnostic algorithm that maximizes imaging accuracy.
Moreover, the integration of these methods could not only
enhance the precision of CCA detection but also aid in
making more effective therapeutic decisions, ultimately
improving patient prognosis.
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Abstract

Concurrent chemoradiotherapy (CCRT) involves the simultaneous administration
of chemotherapy and radiotherapy, in which low-dose chemotherapy enhances the
effectiveness of radiotherapy. This combined approach mitigates tumor recurrence
and metastasis, ultimately improving patient prognosis. The primary mechanism
behind the increased radiosensitivity induced by concurrent chemotherapy involves
inhibiting tumor cell repair and the complementary effects of chemotherapy and
radiotherapy on different phases of the cell cycle. Despite CCRT application in patients
with locally advanced cervical cancer (LACC), the 5-year survival rate remains at
60%. To improve treatment efficacy, a series of exploratory investigations have been
conducted, encompassing the integration of targeted therapy, immunotherapy,
and utilization of immunomodulatory agents in neoadjuvant protocols preceding
CCRT. Although targeted therapies and immunomodulators represent efficacious
interventions for LACC management, the scarcity of robust, large-scale evidence-
based data necessitates the undertaking of multicenter prospective randomized Phase
Il clinical trials and dissemination of high-quality publications to elevate the standard
of evidence-based medicine. This consensus acts as a valuable resource for clinicians
and researchers, highlighting recent seminal evidence-based studies and the evolving
landscape of clinical research on targeted and immunomodulatory agents.

Keywords: Immunotherapy; Targeted therapy; Concurrent chemoradiotherapy; Locally
advanced cervical cancer
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1. Introduction agents in combination with CCRT for LACC treatment,
which merited attention and discussion. These issues
were subsequently harmonized and categorized by the
facilitator into six items, which were presented to the panel
members during a virtual meeting. To achieve consensus,
the harmonized items were thoroughly discussed. Then,
each board member individually formulated one or
more statements addressing each of the six agreed-upon
items. In a second meeting, the panel members reviewed
and further deliberated on the harmonized statements,
ultimately agreeing on eight statements. The grading
of recommendations, assessment, development, and
evaluation framework was utilized to assess the evidence

Cervical cancer, a prevalent gynecological malignant
tumor, ranks as the second most common female
malignancy in China.' According to the 2020 global cancer
statistics analysis report, over 600,000 new cases of cervical
cancer are recorded globally, with over 340,000 deaths.
Notably, 85% of these cases were identified in developing
countries. In China, approximately 110,000 new cases and
60,000 deaths are recorded annually.'” Despite significant
advances in the diagnostic accuracy and therapeutic
efficacy of cervical cancer in recent years, 37% of patients
are still diagnosed at locally advanced stages.*

The International Federation of Gynecology and levels and recommendation grades. Levels of evidence
Obstetrics (FIGO) defines locally advanced cervical were classified as high, medium, low, and very low, whereas
cancer (LACC) narrowly as stage IB3/IIA2 and broadly recommendations were categorized as strong or weak

as stage IB3-IVA (as per the 2018 FIGO stage). LACC has (Table 1).

a propensity for distant metastasis even after undergoing

standard  concurrent chemoradiotherapy  (CCRT), 3. Results
resulting in a 3-year overall survival (OS) rate of only 72%. 3.1.Targeted drug combined with CCRT for LACC
This is attributed to large local tumor size and high-risk treatment

factors, such as lymph node metastasis and paravaginal

i ) 3.1.1. Combination therapy involving anti-vascular
infiltration.’

endothelial growth factor (VEGF) antibody

In recent years, targeted drugs and immunotherapy
have significantly progressed. The LACC working group,
comprising gynecologic tumor oncologists and radiation
oncologists, has developed a Chinese expert consensus
on combining targeted and immunological drugs with
CCRT for treating LACC. This consensus aims to provide

Anti-VEGF antibodies inhibit tumor proliferation by
suppressing angiogenesis and inducing endothelial cell
apoptosis. Bevacizumab, a humanized immunoglobulin
G1 monoclonal antibody targeting VEGE serves as the
primary treatment for recurrent metastatic cervical cancer
when used alongside chemotherapy. Its efficacy has also

a reli.able reference and academic guidance for clinical been investigated in LACC cases. In the RTOG 0417 trial,?
practice. a Phase I study incorporating CCRT and bevacizumab for
2. Methods LACC treatment included 60 pétiegts with sizable tumors

(n = 49 were evaluated), resulting in a 3-year OS rate of
The consensus process commenced with the application of 81.3%, a disease-free survival (DFS) rate of 68.7%, and a
the estimate-talk-estimate methodology.®” A multicenter locoregional lymph node failure rate of 23.2%. However,
panel comprising 20 health professionals involved in 36.7% of participants reported significant adverse effects
the diagnosis, treatment, and follow-up of LACC was (grade 3, 26.5%; grade 4, 10.2%). Given the limited
assembled. This panel included two medical oncologists, sample size of the RTOGO0417 trial and the observed
15 radiation oncologists, and three gynecologists. Each clinical toxicities, caution is advised when considering
panelist independently identified the most pertinent issues bevacizumab combined with CCRT in patients with LACC
(or items) related to the use of targeted and immunological and substantial tumor burden (Table 2).
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Table 1. Grading of evidence quality and consensus
recommendation strength

Evidence level Definition

Evidence quality grade
High Future research is unlikely to significantly change the
credibility of existing efficacy evaluations

Medium Future research may have a significant effect on
existing efficacy evaluations, potentially altering the

credibility of the results

Low Future research is likely to have a significant effect on
existing efficacy evaluations, with a higher likelihood

of changing the credibility of the results
Very low Evaluation of any efficacy is highly uncertain

Consensus recommendation grade

Strong Clearly indicates that the benefits of the intervention
outweigh the harms or vice versa
Weak Uncertainty in the balance of benefits and harms or

evidence, regardless of its quality, shows a balance
between benefits and harms

e Level of evidence: Low
e  Grade of recommendation: Weak.

3.1.2. Combination therapy involving recombinant
human vascular endothelial inhibitors

Recombinant human vascular endothelial inhibitor
impedes the migration of vascular endothelial cells,
thereby preventing tumor neoangiogenesis and cutting off
the nutrient supply to the tumor, which hinders its growth
and metastasis. For example, Endostar, primarily used for
treating advanced non-small cell lung cancer (NSCLC),
has been recently utilized in managing LACC treatment. In
a Phase II randomized controlled trial (n = 116), the trial
group exhibited 1- and 2-year progression-free survival
(PES) rates of 91.4% and 80.8%, respectively, surpassing
those of the control group at 82.1% and 63.5%, respectively;
however, the difference was not significant (P=0.091). Both
groups demonstrated analogous safety profiles.” Another
randomized controlled trial revealed a higher complete
response rate (CRR) in the experimental group (83% vs.
65%, P < 0.05), with no significant differences in objective
response rate (ORR) or disease control rate (DCR) (93% vs.
90% and 95% vs. 95%; P > 0.05) compared with the control
group.'® The experimental group experienced higher
frequencies of infections (50% vs. 18%), hypertension
(16% vs. 2%), and neutropenia (68% vs. 44%). Despite the
limited sample size, low evidence level, and lack of long-
term follow-up data (e.g., 3-year PFS and OS), patients
may be advised to consider participation in clinical trials.
e Level of evidence: Low

e  Grade of recommendation: Weak.

3.1.3. Combination therapy involving anti-epidermal
growth factor receptor (EGFR) antibodies

EGFR monoclonal antibodies suppress the malignant
biological behaviors of tumor cells by recognizing the
extracellular segment of the EGFR receptor and competing
with the ligand for binding. This action involves blocking
the ligand binding site of EGFR, disrupting receptor
phosphorylation, impeding activation, and inhibiting the
signaling pathway. Cetuximab and nimotuzumab are two
frequently employed pharmaceuticals targeting EGFR.

Cetuximab is a human-mouse chimeric anti-EGFR
monoclonal antibody that competitively interacts with
EGFR to inhibit tumor cell growth by impedingintracellular
proliferative signals. It can be utilized for the treatment of
head and neck squamous cell carcinoma and metastatic
colorectal cancer. Research investigating the efficacy of
cetuximab in treating LACC is ongoing. In a Phase II
randomized controlled study involving 78 participants
with a median 31-month follow-up, a combination of
cetuximab with CCRT for LACC revealed 2-year DFS rate
0f 63% (95% confidence interval [CI], 49 - 80%) compared
with 76% (95% CI, 63 - 91%) in the control group, with
non-significant between-group differences (P = 0.18)."
The experimental group exhibited a 2-year OS rate of 83%
(95% CI, 72 - 96%), appearing similar to 87% (95% CI,
76 - 98%) in the control group. Both groups exhibited
comparable safety profiles, and no grade >3 adverse events
occurred.

In 2022, a Phase I feasibility study was conducted,
involving 21 participants who received varying cetuximab
doses (250 or 200 mg/m?) in combination with CCRT
(cisplatin, 30 or 40 mg/m?).”> The study reported 5-year
PES and OS rates of 57.5% and 58.5%, respectively.
Notably, when administering cetuximab at 250 mg/m?
combined with CCRT (cisplatin, 30 mg/m?), only one
patient was diagnosed with dose-limiting toxicity (DLT,
grade 4 renal failure), and other patients demonstrated
tolerability. However, the study primarily concentrated
on toxicology and provided limited evidence of efficacy;
thus, cetuximab has not been recommended for treating
patients with LACC.

e Level of evidence: Low (cetuximab)
e  Grade of recommendation: Weak (cetuximab).

Nimotuzumab is utilized for treating stage III/IV
nasopharyngeal carcinoma that expresses EGFR, and
Phase III studies on LACC are ongoing. Patients diagnosed
with LACC receive nimotuzumab, and measuring EGFR
expression is recommended in facilities where available.
No discernible variations in efficacy and safety based on
pathology type were observed. The trial group receiving
nituzumab with CCRT comprised 147 participants,
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whereas the control group included 144 participants.” The
ORRs in the two groups were 86.3% and 76.3%, respectively,
exhibiting a significant difference (P = 0.028). Notably, no
significant variance (P > 0.05) was noted in the incidence
of grade 23 adverse events between the two groups.

In this prospective multicenter single-arm Phase
IT trial," 122 older patients with cervical cancer who
were ineligible for chemotherapy received nituzumab
combined with radiotherapy. The partial response rate
(PRR), ORR, DCR, and CRR were 45.0% (55/122),
87.7% (107/122), 92.6% (113/122), and 42.6% (52/122),
respectively, with Grade 1 - 2 adverse events being the
most common. A meta-analysis involving 393 patients
indicated that the nimotuzumab plus CCRT group
displayed significantly improved CRR (RR = 1.34, 95%
CI 1.08 - 1.65, P = 0.007), ORR (RR = 1.30, 95% CI
1.16 - 1.44, P < 0.05), and 3-year OS rate (RR = 1.27,
95% CI 1.06 - 1.51, P = 0.008) compared with the
radiotherapy group.”” Notably, the incidence of adverse
events, such as leukopenia, gastrointestinal reactions,
radiation cystitis, and radiation proctitis, did not exhibit
significant differences between the two groups (P > 0.05).
The evidence supports the safety and clinical benefits of
nimotuzumab in combination with CCRT, exhibiting
positive short-term eflicacy outcomes, such as ORR and
favorable long-term survival (e.g., 3-year OS rate). The
recommended nimotuzumab dosage is 200 - 400 mg
once weekly for 6 weeks.
e Level of evidence: Medium (nimotuzumab)
e  Grade of recommendation: Strong (nimotuzumab).

3.2. Integration of ICls with CCRT in LACC treatment

The integration of ICIs with CCRT in LACC treatment
represents significant progress over the last decade. ICIs
have revolutionized the management of malignant tumors
and reshaped the tumor therapy landscape. The potential of
ICIs in cervical cancer treatment has remarkably attracted
the attention of clinicians. By inhibiting T-cell activation
and cytokine production, ICIs reactivate T-cell-mediated
cytotoxicity and enhance antitumor immune responses by
impeding immunological checkpoints and ligand binding.
To ensure precise medication dosing, programmed death
ligand-1 (PD-L1) and tumor mutation burden testing are
recommended before initiating ICIs along with CCRT
(Table 3).

Nivolumab,ahuman monoclonalantibodytargeting the
PD-1 receptor, is the pioneering ICI to receive approval. It
has demonstrated efficacy in conditions, such as advanced
gastric cancer, recurrent or metastatic squamous head and
neck cancer, and locally advanced or metastatic NSCLC.
During the 2022 ASCO congress, a Phase I clinical trial
investigating nivolumab in combination with CCRT
to treat LACC (n = 16) unveiled its findings.'® The trial
reported an impressive ORR of 93.8% (15/16), CRR of
50% (8/16), and PRR of 43.75% (7/16). The 2-year PFS
rate was 75% (95% CI 56.5 — 99.5%). Among 15 patients
evaluable for DLT, three experienced DLT, consisting of
two cases of Grade 3 hypotension and one case of Grade 3
acute renal injury. No fatalities occurred during the DLT
evaluation. Given that the outcomes of a Phase I trial
with a small sample size have yet to be substantiated by
comprehensive data from a large randomized controlled

Table 3. Clinical studies of immunotherapy drugs in combination with CCRT for LACC

Drug name Researcher  Study type  No. of RT Follow-up Efficacy Adverse reactions/events
cases (Mo.)

Atezolizumab ~ Mayadev Phase I study 40  EFRT 20 A Arm ORR 69%, 2-year 3 DLT cases, 7 cases of grade

et al® DFS 79%; B Arm ORR 40%, >3 adverse reactions

2-year DFS 59%

Nivolumab Rodrigues  Phase I study 16 Not 23.8 ORR 93.8%, CRR 50%, 3 DLT cases

et al.' reported PRR 43.75%, 2-year PES 75%
Camrelizumab  Xiao etal” PhaseIIstudy 25 IMRT Not CRR 28%, ORR 96.0%, 16% incidence of grade >3 adverse

reported DCR 100% reactions
Durvalumab ~ Monk et al?> Phase Il study 714 EBRT 18.5 1-year PFS 76.0% versus 73.3%  Overall rate of grade >3 adverse
reactions 28% versus 23%
Pembrolizumab Duska ef al? Phase II Study 88  IMRT, 9.2 NA 88% incidence of >2-grade TRAEs
EBRT

Pembrolizumab Lorusso Phase IIl study 1060 EBRT 17.9 2-year PFS 67.8% versus 57.3%,  67.0% versus 60.0% incidence of

et al*

2-year OS 87.2% versus 80.8% grade >3TRAEs

Abbreviations: CRR: Complete response rate; DCR: Disease control rate; DFS: Disease-free survival; DLT: Dose-limiting toxicity; EBRT: External
beam radiotherapy; EFRT: Extended-field radiotherapy; IMERT: Intensity-modulated external radiotherapy; IMRT: Intensity-modulated radiotherapy;
LACC: Locally advanced cervical cancer; LRF: Locoregional failure; mOS: Median overall survival; ORR: Objective response rate; OS: Overall survival;
PFS: Progression-free survival; SAE: Severe adverse events; TRAE: Treatment-related adverse events.
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clinical study, nivolumab is not recommended for treating
patients with LACC.

e Level of evidence: Low (nivolumab)

e  Grade of recommendation: Weak (nivolumab).

Cedelizumab, a humanized anti-PD-1 monoclonal
antibody initially developed by a Chinese company, can
be employed in the treatment of Hodgkin’s lymphoma,
hepatocellular carcinoma (HCC), esophageal cancer, and
advanced lung cancer. A Phase II study investigating the
combination of cedelizumab with CCRT in patients with
LACC was presented at the 2022 ESMO congress.'” The
study outcomes were CRR, ORR, and DCR of 28% (7/25),
96.0% (24/25), and 100% (25/25), respectively. Among
the immune-related adverse events, reactive capillary
hyperplasia was the most prevalent (92.0%), followed by
enterocolitis (80.0%) and anemia (56.0%), with severity
Grades 1 — 2. Severe adverse events affected 16.0% of
participants (4 out of 25). Further studies are needed to
collect long-term survival data.

e Level of evidence: Low (cedelizumab)
e  Grade of recommendation: Weak (cedelizumab).

Durvalumab, a humanized monoclonal antibody,
targets PD-L1 to inhibit its engagement with PD-1 and
CD8, thereby impeding tumor immune evasion and
provoking immune responses. It is also employed as a
frontline therapy for SCLC, advanced biliary tract cancer,
unresectable locally advanced or metastatic bladder cancer,
and advanced HCC."®' A recent Phase III trial assessed
the efficacy of durvalumab in treating LACC. The primary
endpoint of the CALLA trial,”? a multicenter double-
blind study, was PFS in 714 patients with high-risk LACC
who were randomized to receive durvalumab or placebo
alongside CCRT. The 2023 follow-up data from the CALLA
trial revealed that neither group achieved a median PFS.
The 12-month PFS rate for the durvalumab group was
76.0% (95% CI, 71.3 - 80.0), whereas the placebo group
reached 73.3% (95% CI, 68.4 - 77.5).2 Notably, in both
groups anemia (20% [76/385] with durvalumab and 15%
[56/384] with placebo) and leukopenia (10% [39/385] with
durvalumab vs. 13% [49/384] with placebo) were the most
prevalent Grade 3 - 4 adverse events. Furthermore, serious
adverse events were reported in 23% (89/385) of placebo
recipients and 28% (106/384) of durvalumab recipients.
The integration of immunotherapy with CCRT in treating
LACC has not been endorsed based on the disappointing
results of the Phase III study.

e Level of evidence: Low (durvalumab)
e  Grade of recommendation: Strong (durvalumab).

Pembrolizumab is approved for managing melanoma,
NSCLC, esophageal cancer, head and neck squamous
carcinoma, and metastatic colorectal cancer with high

microsatellite instability or deficient mismatch repair genes.
In 2020, a Phase II randomized trial was performed to
evaluate the safety of pembrolizumab combined with CCRT
for treating LACC. Group A received pembrolizumab post-
CCRT, whereas Group B received pembrolizumab plus
CCRT.?® Among 88 patients, 52 completed the treatment
regimen as per the findings. Adverse events of grade >2
linked to therapy were noted in 88% of cases. No significant
difference was found in the occurrence of grade >1 severe
diarrhea between the two groups (63% in group A vs.
68% in group B). Notably, two patients experienced three
instances of dose-limiting adverse events.

The results of the midterm analysis from a Phase
II randomized controlled clinical trial investigating
pembrolizumab combined with CCRT for LACC treatment
were unveiled at the 2023 ESMO congress.** The study
encompassed 1060 patients with high-risk LACC, who
were diagnosed using the 2014 FIGO as having clinical
stages IB2-1IB with lymph node metastases or stages ITI-
IV irrespective of lymph node involvement, where PD-1
testing was not obligatory. The average follow-up time was
17.9 months. The trial group exhibited a 2-year PFS rate of
67.8%, whereas the control group showed 57.3% (hazard
ratio [HR] = 0.70 [95% CI, 0.55-0.89; P = 0.0020]). The
2-year OS rate was 80.8% (95% CI, 74.8 - 85.5%) and
87.2% (95% CI, 82.4 — 90.8%) in the trial and control
groups, respectively. Grade >3 adverse events occurred
in 67.0% of the trial group compared with 60.0% in the
control group. The Phase III trial indicated the therapeutic
potential of pembrolizumab for patients with high-risk
LACC, illuminating novel insights for immunotherapy in
conjunction with CCRT. However, comprehensive long-
term follow-up data are eagerly anticipated. Encouraging
patient participation in clinical trials is crucial, and
vigilance toward the adverse effects of immunotherapy
in combination with CCRT is vital. The recommended
administration involves 200 mg of pembrolizumab
alongside CCRT every 3 weeks for five cycles, followed by
400 mg every 6 weeks for a total of 15 cycles.

o Level of evidence: high (pembrolizumab)
e  Grade of recommendation: Strong (pembrolizumab)

3.3. Induction chemotherapy (IC) before CCRT in
LACC

A randomized, controlled Phase III trial involving
500 patients with LACC was presented at the 2023 ESMO
Congress to assess the safety and efficacy of IC preceding
CCRT.* The average follow-up time was extended to
64 months. The study incorporated a CCRT control arm
and an IC/CCRT arm (comprising 6 weeks of carboplatin
plus paclitaxel at 80 mg/m?). At 5 years, OS rates were
80% and 72% for the control and IC/CCRT groups,
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respectively (HR 0.61; 95% CI, 0.40 - 0.91, P = 0.04), and
5-year PFS rates were 73% and 64% for the IC/CCRT and
control groups, respectively (HR 0.65; 95% CI, 0.46 - 0.91,
P =0.013). Grade >3 adverse events occurred in 59% and
48% of patients in the respective groups. The findings
underscored the significant enhancement in PFS and OS
among patients with LACC using IC preceding CCRT,
demonstrating its feasibility and clinical benefit of this
treatment approach.

e Level of evidence: High

e  Expert consensus: Strong.

3.4.IClIs before CCRT in LACC

Atezolizumab, a PD-L1 monoclonal antibody, was
approved for treating metastatic triple-negative breast
cancer, advanced bladder cancer, SCLC, and metastatic
NSCLC.**® Findings from a phase I trial combining
atezolizumab with CCRT in patients with LACC and
lymph node metastases (n = 40) were presented in the
2022 SGO meeting.” The study comprised two cohorts:
(a) administering one cycle of atezolizumab before CCRT,
followed by two cycles during CCRT, resulted in an ORR
of 69% and a 2-year DEFS rate of 79%. (b) Conversely,
when three atezolizumab cycles were administered during
CCRT, the ORR decreased to 40% with 2-year DFS rate of
59%. Notably, 8% of the participants experienced DLTs,
including thrombocytopenia, immune-related colitis, and
non-immune-associated colitis. Notably, seven patients
experienced grade >3 adverse events. Given the trial’s Phase
I nature and limited sample size, the clinical outcomes
were deemed low. Future studies are warranted to further
explore the potential of neoadjuvant immunotherapy.

e Level of evidence: Low (atezolizumab)

e  Expert consensus level: Weak (atezolizumab).

The synergistic potential of combining CTLA-4 inhibitors
with PD-1 inhibitors was well-documented. PD-1 and
CTLA-4 collaborate to impede T-cell activation and reduce
CD28 co-stimulation. Using a combination of PD-1 and
CTLA-4 inhibitors, the suppressive immunological status of
effector T cells can be alleviated, diminishing the influences
of regulatory T cells on T effector cells and facilitating the
activation of effector T cells. In a Phase II study involving
40 patients with LACC of FIGO 2018 stages IB3-IVA,
an anti-PD-1 monoclonal antibody was paired with an
anti-CTLA-4 monoclonal antibody® The induction
regimen included a 2-week treatment plan of nivolumab
(3 mg/kg on days 1 and 15) alongside ipilimumab (1 mg/
kg on day 1), a CTLA-4 monoclonal antibody, and CCRT.
Throughout the subsequent 6-month maintenance phase,
a cumulative nivolumab dose of 480 mg was administered
>28 days. The CRR was 0% after induction with ICIs, 62.5%
following CCRT, and 82.5% after the study. Notably, three

patients experienced grade >3 ICI-related adverse effects.
Dual immunotherapy holds significant promise in clinical
research; however, careful evaluation is imperative because
of the increasing adverse events linked with combination
therapies, until strong evidence of therapeutic benefit is
established.

e Level of evidence: Low (nivolumab)

Expert consensus Level: Weak (nivolumab)

Level of evidence: Low (ipilimumab)

Expert consensus: Weak (ipilimumab)

A prospective Phase II study of camrelizumab in the
neoadjuvant setting for LACC conducted across multiple
centers employed an open-label, single-arm design.* The
study enrolled 83 patients, involving 78 subjects who
underwent evaluation. The induction regimen comprised
one cycle of cisplatin (75 - 80 mg/m? intravenously)
alongside albumin-bound paclitaxel (260 mg/m?
intravenously), followed by two cycles of camrelizumab
infusion (200 mg, intravenously, every 3 weeks),
separated by 3-week intervals. Patients exhibiting stable
or progressive disease proceeded to CCRT, whereas
those achieving PR or CR underwent radical surgery. In
June 2023, the study achieved a primary endpoint ORR
of 100%, in which 14 patients achieved CR (17.95%),
64 with PR (82.05%), and 30 exhibited pathological
complete response (pCR, 39.47%). In addition,
17 (22.37%) patients necessitated postoperative adjuvant
therapy. During IC, 35 (44.87%) patients experienced
grade >3 adverse events. After the initial publication,
data up to December 2023 revealed an ORR of 98%
among 83 patients, in which 16 (19%) achieved CR
and 67 (79%) demonstrated PR.*> Lymphopenia (25%),
neutropenia (12%), and leukopenia (8%) were the most
prevalent grade 3 - 4 therapy-related adverse events
observed during neoadjuvant chemoimmunotherapy.
Notably, no severe or treatment-related fatalities were
reported. The study demonstrated that the incorporation
of camrelizumab with neoadjuvant chemotherapy for
LACC treatment resulted in significant ORR and pCR
rates, along with manageable toxicity levels, potentially
reducing the necessity for postoperative adjuvant therapy.
Nevertheless, the limited sample size underscores the
need for further extensive clinical investigations.

e Level of evidence: Low (camrelizumab)
e  Expert consensus degree: Weak (camrelizumab).

3.5. Maintenance therapy with ICls after CCRT in
patients with LACC

The NRG-GOG9929 trial* represented the pioneering
investigations into the post-CCRT maintenance
treatment of ipilimumab in patients with LACC with
lymph node metastases. The trial aimed to achieve the
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Table 4. Ongoing Phase II-III studies of LACC combining CCRT with targeted immunotherapy

Title Phase Country/region NCT registration number

Nimotuzumab Combined with CCRT for LACC: A Phase III  Third Hospital of Peking University, China NCT04678791

Randomized, Controlled, Open-Label, Multicenter

Study

AK104/Placebo Combined with CCRT for LACC Phase IIl  Peking Union Medical College Hospital, NCT05235516
China

Tislelizumab Combined with CCRT for LACC Phase II First Affiliated Hospital of Guangxi Medical NCT05588219
University, China

Sintilimab Combined with CCRT for LACC Phase IT Affiliated Hospital of Xuzhou Medical NCT05105672
University, China

Tirapazamine Combined with CCRT for LACC Phase IT Tianjin Medical University, China NCT05084677

Carilizumab Combined with CCRT for IB2-IIIB Phase IT Beijing, China NCT05311566

Cervical Cancer

Volrustomig/Placebo Combined with CCRT for High- PhaseIII  AstraZeneca, United States NCT06079671

Risk LACC (eVOLVE-Cervical Trial)

Atezolizumab Combined with CCRT for LACC with Phase I Birmingham Cancer Center, United States NCT03738228

Lymph Node Positivity

Tirapazamine Combined with CCRT for LACC Phase I Third Hospital of Peking University, China NCT04368273

TSR-042 as Maintenance Therapy after High-risk LACC ~ Phase II La Fe Hospital, Spain NCT03833479

CCRT Treatment (ATOMICC Trial)

Source: ClinicalTrials.gov; As of November 2023.

Abbreviations: LACC: Locally advanced cervical cancer; CCRT: Concurrent chemoradiotherapy.

maximum tolerated dose and ensure safety. Among 32
enrolled participants, 21 underwent treatment. Patients
received ipilimumab at two different dosages: 3 and
10 mg/kg, which were administered every 3 weeks for
a total of four cycles. The study revealed that a fraction
of patients faced challenges tolerating ipilimumab as a
maintenance therapy post-CCRT, and 2 out of 21 patients
experienced Grade 3 toxicities. The results of the Phase
I trial demonstrated a 12-month PFS rate of 81% and a
12-month OS rate of 90%. Notably, a Phase I investigation
indicated a significant upregulation in T-cell-inducible
co-stimulatory factor expression, whereas CCRT induced
an increase in PD-1 expression in both CD4+ and CD8+
T cells. Moreover, the study hinted at radiation therapy
triggering immunogenic cell death, potentially enhancing
T-cell activation.*

The best maintenance therapy after CCRT is still
debated and no clear consensus has been reached on
whether immune-targeted therapy, targeted therapy, or
immunotherapy should be utilized.

e Level of evidence: Low (ipilimumab)
e  Expert consensus: Weak (ipilimumab).

3.6. Current clinical studies on CCRT combined with
targeted immunotherapy in LACC

In November 2023, nine Phase I-III clinical trials were
listed as investigational on ClinicalTrials.gov. Notably,

Phase III studies for cardenolide, volrustomig, and
nimotuzumab are ongoing. Cardenolide and volrustomig
are PD-1/CTLA-4 dual antibodies, whereas nimotuzumab
is the only targeted agent being evaluated in an ongoing
Phase III trial (Table 4).

4, Conclusion

This consensus synthesizes evidence-based medical data
regarding the use of targeted and immunological agents in
conjunction with CCRT for LACC management. However,
some limitations must be addressed. Regarding targeted
agents, all clinical studies were either Phase II trials or
meta-analyses. Conversely, in immunotherapy, two were
Phase III clinical studies; however, their findings exhibited
inconsistency. The evolutionary nature of evidence-based
medicine presents that the current treatment landscape may
evolve with ongoing advancements. After multiple rounds
of thorough review and refinement, the expert consensus
committee synthesized the current clinical research with
practical clinical applications. They presented a consensus
on the level and degree of available evidence, which
resulted in the creation of this comprehensive consensus
framework.
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Abstract

Immune checkpoint inhibitors (ICls) have shown promise in treating triple-
negative breast cancer (TNBC), but resistance to these therapies remains a
significant challenge. AT-rich interactive domain 1A (ARID1A), a component of the
SWItch/Sucrose Non-Fermentable chromatin remodeling complex, is frequently
mutated in TNBC and is associated with increased programmed cell death ligand
1 expression, which contributes to immune evasion. Paradoxically, this mutation
may make TNBC potentially more responsive to ICls. Chromatin-mediated gene
expression requires a balance between ARIDTA and enhancer of zeste homolog
2 (EZH2), a histone methyltransferase, and ARID1A deficiency results in enhanced
EZH2 activity, contributing to various oncologic processes. Epigenetic modulation
through EZH2 inhibition could exploit the synthetic lethality between ARID1A
deficiency and EZH2 activity, which may reduce the immunosuppressive tumor
microenvironment and enhance infiltration and activity of cytotoxic T-cells within
the tumor, thereby synergizing with immune checkpoint inhibition. This review
explores the potential of EZH2 inhibition as a therapeutic strategy to overcome
immune checkpoint resistance in ARID1A-deficient TNBC. In addition, the role
of ARID1A deficiency as a radiosensitizer is also discussed in the context of
combination therapy strategies.

Keywords: Epigenetic; Immunotherapy; Triple-negative breast cancer; Combination
therapy; Radiotherapy
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1. Background

Triple-negative breast cancer (ITNBC) is defined by
the absence of estrogen receptor and progesterone
receptor expression, as well as the amplification of the
human epithelial growth factor receptor 2. TNBC is
a heterogeneous disease comprising subtypes such as
basal-like (BL1 and BL2), mesenchymal (M), and luminal
androgen receptors.! Each TNBC subtype is associated
with different transcriptional patterns and immune cell
compositions. Notably, M-subtype tumors exhibit high
mutational loads, genomic instability, lack of immune cells,
low programmed cell death ligand 1 (PD-L1) expression,
decreased global DNA methylation, and transcriptional
repression of genes responsible for antigen presentation.'
The presence of immune cells has been associated with
survival; tumors with fewer immune cells have displayed
a trend toward shorter progression-free intervals, whereas
tumors with greater stromal immune cells have shown
a lower risk of recurrence.'” Variations in immune cell
composition and genetic susceptibilities specific to different
subtypes indicate potential new treatment approaches for
TNBC to enhance the efficacy of immunotherapy.' For
example, deletions of DNA repair genes and members
of the BRGI-associated factors, SWItch/Sucrose Non-
Fermentable (SWI/SNF) complex, are more commonly
observed in M-subtype TNBC tumors.! The SWI/SNF
complex regulates chromatin structure and is one of the
most frequently mutated protein complexes in human
cancers.*” It has also been found that SWI/SNF has a role
in regulating anti-tumor immunity.® Research indicates
approximately 30% of breast tumors exhibit genetic
alterations in one or more SWI/SNF subunits, such as the
AT-rich interactive domain 1A gene (ARIDIA), and these
gain- and loss-of-function mutations are linked to the
initiation and progression of cancer.* Low expression levels
of ARIDIA are found in 78% of TNBCs and are associated
with poor prognosis.*” The loss of ARIDIA expression
presents a challenge for therapeutic targeting, highlighting
the necessity to uncover therapeutic vulnerabilities in
ARIDIA-deficient tumors.® ARIDIA deficiency has been
shown to variably enhance PD-L1 expression, but the
overall impact on immune cell populations can vary. While
ARIDIA deficiency may promote an immune response,
it does not guarantee an increase in tumor-infiltrating
lymphocytes (TILs) across all tumor types.®’ For example,
Sun et al.'® demonstrated increased infiltration of CD4*
T cells and Th17 cells, along with enhanced CD8 effector
and antigen presentation signatures in ARIDIA-deficient
gastric cancer.”” Conversely, Jung et al' found that
low ARIDIA expression was associated with decreased
CD8 T-cell infiltration in ovarian clear cell carcinoma,
suggesting that blocking PD-L1 is unlikely to result in

a T-cell response.!’ Table 1 lists key clinical studies of
immunotherapy in ARIDIA-deficient tumors.

Although the effectiveness of immune checkpoint
inhibitors (ICIs) in breast cancer is less pronounced
than that seen in other tumor types, and most patients
with  TNBC ultimately develop resistance to these
agents,'”” ARIDIA-deficiency in TNBC has been shown
to increase chromatin accessibility and gene expression
of nucleophosmin 1, which in turn further activates
PD-L1 transcription.”® Elevated PD-L1 levels could
render this subgroup more responsive to ICIs; however,
ARIDIA deficiency was also found to inhibit CD8* T cells,
contributing to adaptive immune resistance in TNBC."
Using xenograft models, Chen et al."> demonstrated that
TNBC with low ARIDIA expression-induced PD-L1
elevation was associated with reduced tumor volume and
pulmonary metastasis when treated with atezolizumab
(anti-PD-L1), compared to ARIDIA-high TNBC.
This occurred despite insufficient anti-tumor immune
infiltrates, especially CD8" T cells." Notably, atezolizumab
significantly increased the CD45'CD8" T-cell population
in the ARIDIA-deficient tumors.”* Tumor tissues from
patients with metastatic TNBC treated with pucotenlimab
(anti-PD-1) with gemcitabine and cisplatin were analyzed
for ARID1A deficiency and PD-L1 expression as part of the
CTR20191353 clinical trial.”* Kaplan-Meier progression-
free survival (PFS) analysis based on ARIDIA and PD-L1
expression demonstrated that patients with low ARIDIA
expression had significantly longer PFS." The longest PFS
observed was 615 days in the ARIDIA-low/PD-L1-high
subgroup.”?

Given these findings of PD-L1 elevation but low anti-
tumor immune infiltrates, exploration of combination
therapies to further enhance the effects of ICIs in ARIDIA-
deficient TNBC through immune stimulation is warranted.
Therapeutic ~ strategies for ARIDIA-mutant breast
cancer include inhibition of enhancer of zeste homolog
2 (EZH2).* EZH2 is an enzymatic catalytic subunit of
polycomb repressive complex 2 (PRC2), one of two main
polycomb group complexes that mediate gene silencing
mainly through modulating chromatin structure.''
EZH?2 induces trimethylation of lysine 27 of histone H3
(H3K27me3)"” and deposition of H3K27me3 at target genes
signals for polycomb repressive complex 1 recruitment,
which in turn enforces transcriptional silencing through
compaction of chromatin.'® Targeting epigenetic regulators
such as EZH2 may enhance tumor immunogenicity,
improve immune cell function, and modulate the
immunosuppressive tumor microenvironment (TME)
to synergize with immunotherapy.”” EZH2 contributes
to cancer progression through various mechanisms,
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Table 1. Key clinical studies of immunotherapy in AT-rich interactive domain 1A-deficient tumors

Reference Tumor type Study design Key findings

Chen et al.”? TNBC Cohort study Kaplan—Meier PFS analysis based on ARIDIA and
PD-L1 expression demonstrated that patients with low
ARIDIA expression had a significantly longer PFS

Duran et al.'”? Metastatic lung adenocarcinoma with ARIDIA ~ Case report 19-month partial response maintained with
mutations nivolumab
Goswami et al."®  Metastatic urothelial carcinoma Cohort study ARIDIA mutation and CXCL13 expression as

combinatorial biomarkers in baseline tumor tissues
suggested improved OS compared to either single
biomarker from immunotherapy

Liet al."?® Gastrointestinal cancer Cohort study Improved OS with immunotherapy in ARIDIA-
mutated cancers versus ARIDIA-wildtype cancers

Pignata et al.'®  Advanced endometrial cancer Pre-planned transitional Improved treatment effect with avelumab with
analysis of the MITO END-3  ARIDIA mutation
randomized trial

Sun et al® NSCLC Cohort study More responders (CR+PR+SD) with ARIDIA
mutation (50 vs. 19%, P=0.045); trend for median
survival with ARIDIA mutation
(6.8 vs. 5.5 months, P=0.313)

Sun et al.'® Gastric cancer Cohort stud: ARIDI1A-deficiency associated with improved OS
y y P
with immunotherapy (HR: 0.39; 95%
CI: 0.15 - 0.98, P=0.044)

Zhou et al."™! Solid tumors (gastric, endometrial, NSCLC, Retrospective study ARIDIA mutations (majority inactivating)
cholangiocarcinoma, esophageal, urothelial, associated with longer median overall survival after
ovarian, colon, breast, and pancreatic cancer) immunotherapy (51 vs. 41 months)

Abbreviations: ARIDIA: AT-rich interactive domain 1A; CI: Confidence interval; CR: Complete response; HR: Hazard ratio; NSCLC: Non-small cell
lung carcinoma; OS: Overall survival; PD-L1: Programmed cell death ligand 1; PFS: Progression-free survival; PR: Partial response; SD: Stable disease;
TNBC: Triple-negative breast cancer.

including mutations antagonizing the SWI/SNF chromatin strongly associated with the TNBC phenotype.*” In

remodeling complex.”® This contribution raises the breast cancer, EZH2 overexpression promotes initiation,
possibility of synthetic lethality, as both ARIDIA and invasion, and metastasis.** Studies using human breast
EZH2 can silence the PI3K-interacting protein 1 gene tissue samples have shown that EZH2 expression is low
(PIK3IPI) and subsequently promote cell proliferation in normal epithelium but increases with the degree of
and anti-apoptotic effects through PI3K/AKT signaling.”’ atypia.** EZH2 levels increase progressively from atypical
Low ARIDIA expression leads to unbalanced EZH2 ductal hyperplasia to ductal carcinoma in situ and invasive
activity, which is hypothesized to drive tumorigenesis.” carcinomas, with the highest expression observed in
Inhibition of EZH?2 has been shown to upregulate PIK3IP1 distant metastases.” High levels of EZH2 in primary
expression in ARIDIA-deficient ovarian cancer cells, breast carcinomas are significantly linked to estrogen
thereby suppressing cell growth by inhibiting PI3K/AKT receptor-negative status, which is indicative of poor tumor
signaling as depicted in Figure 1.>! differentiation and acts as an independent biomarker for

patient survival.**

2. Enhancer of zeste homolog 2 in TNBC

The canonical mechanism by which EZH2 contributes

Epigenetic modulations in TNBC encompass several to cancer development and progression is primarily
key processes: DNA methylation (inactivation of gene attributed to H3K27me3-mediated transcriptional
transcription), hypomethylation (gene activation), silencing; however, non-canonical functions of EZH2 have
histone acetylation (transcriptional activation), and also been reported.* Imbalances in methyltransferases,
histone methylation (transcriptional inhibition).'¢ Histone such as EZH2, can lead to histone methylation
methylation is modulated by methyltransferases, such as dysregulation, which subsequently alters chromatin
EZH2. High expression of EZH2 has been found across structure and gene expression.'® Enhanced EZH2 activity
various cancer types, including breast, prostate, bladder, has been associated with tumor cell proliferation and
colon, lung, pancreas, sarcoma, and lymphoma, and is metastasis in various subtypes of breast cancer through the
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Figure 1. Enhancer of zeste homolog 2 (EZH2) and AT-rich interactive domain 1A (ARIDIA) synthetic lethality. Synthetic lethality is due to antagonistic
roles played by methyltransferase EZH2 and chromatin remodeler SWI-like gene ARIDIA, in regulating target gene PIK3IP1.?" In the context of ARIDIA
mutation, PIK3IP]I is upregulated by EZH2 inhibition and contributes to synthetic lethality by inhibiting PI3K/AKT signaling.?' Created in BioRender by

Lukas, L. (https://BioRender.com/y06¢279).

silencing of tumor suppressor genes, such as RUNX3,'5%*
FOXCI in luminal B breast cancer,'*”” FOX03,'%***, and
CDKNIc, also known as p57.'¢%%* In TNBC, EZH2-
mediated H3K27me3 gene silencing includes repression
of TIMP2 transcription, resulting in increased activity of
matrix metalloproteinase 2 and matrix metalloproteinase
9, which enhances the invasive capacity of TNBC cells.”?
EZH2 also suppresses the epithelial-mesenchymal
transition suppressor gene CDHI1.>' In addition, EZH2-
mediated epigenetic inactivation of FOSB promotes TNBC
cell proliferation by inactivating the p53 pathway.*> EZH2
accelerates cell invasion through transcriptional silencing
of the metastasis suppressor Raf-1 kinase inhibitor
protein.*’ Overexpression of EZH2 increases the level of
H3K27me3 and inhibits expression of FOXC1.** Although
TNBC cell lines with low FOXCI expression were reported

to be more sensitive to doxorubin,”® simultaneous
delivery of EZH2-targeting siRNA by vortex magnetic
nanorods - potentially increasing FOXCI expression —
synergistically improved doxorubicin efficacy in TNBC.**
Although EZH2-mediated silencing of genes is the typical
mechanism of the PRC2 complex, H3K27me3 can also
be associated with transcriptional upregulation.® EZH2
promotes KRT14 transcription by attenuating the binding
of repressor SP1 to its promoter, thereby facilitating TNBC
migration, invasion, and peritoneal metastasis.”®> Examples
of EZH2-mediated H3K27me3 transcriptional silencing in
TNBC are shown in Figure 2.

Beyond its H3K27me3-mediated effects on gene
transcription through its role within the PRC2 complex,
EZH?2 has also been identified as a transcriptional activator
of several genes.**” In TNBC, these non-canonical effects
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Figure 2. Enhancer of zeste homolog 2 (EZH2)-mediated H3K27me3 gene transcription. The polycomb repressive complex 2 complex consists of the
core proteins EZH2, embryonic ectoderm development (EED), suppressor of zeste 12 (SUZ12), and retinoblastoma binding protein 4 and 7 (RBBP4/7).'>*
Gene silencing in triple-negative breast cancer (TNBC) through EZH2-mediated H3K27me3 includes repression of tissue inhibitor of metalloproteinase
2 (TIMP2) transcription, which results in increased activity of matrix metalloproteinase 2 (MMP-2) and matrix metalloproteinase 9 (MMP-9) with a
subsequent increased invasive activity of TNBC cells.”? EZH2 suppresses epithelial-mesenchymal transition suppressor gene CDHI1.*' EZH2-mediated
epigenetic inactivation of FOSB promotes TNBC cell proliferation by inactivating the p53 pathway.*> EZH2 accelerates cell invasion, at least in part,
through transcriptional repression of the metastasis suppressor Raf-1 kinase inhibitor protein (RKIP).** EZH2 promotes keratin-14 (KRT14) transcription
by attenuating the binding of repressor SP1 to its promoter, which promotes TNBC migration, invasion, and peritoneal metastasis.*> Overexpression of
EZH2 increases the level of H3K27me3 and inhibits the expression of forkhead box C1 (FOXCI).” Created in BioRender by Lukas, L (https://BioRender.
com/q82a381).

include interaction with RelA/p65 and RelB subunits of and metastasis and found that tazemetostat significantly
nuclear factor-kappa B to activate the transcription of inhibited the migration and invasion of TNBC cells
cytokines, such as TNF and IL6.**” EZH?2’s transcriptional in vitro. Furthermore, in vivo experiments demonstrated
activation of RelB in TNBC has been shown to contribute that tazemetostat treatment led to a marked reduction
to the maintenance of tumor-initiating cells.”® It is in peritoneal metastasis in mouse models, indicating its
hypothesized that EZH2 promotes breast cancer stem potential to suppress metastatic spread in solid tumors.*® A
cells through the methylation and activation of STAT3.% phase II study of Tazemetostat in solid tumors harboring
EZH2 has been found to suppress the expression of an ARIDIA mutation is currently enrolling participants

transcription factor GATA3 and pro-apoptotic BH3-only (NCT05023655).
protein BME, thereby protecting TNBC cells from luminal
differentiation and cell death.® Gonzalez et al.** identified
reciprocal mechanistic cooperation between EZH2 and
p38a, which promotes the growth and metastasis of
TNBC.>* EZH2 methylates p38a, increasing its protein
stability and activity in TNBC.?* This finding demonstrates
that EZH2 functions not only through H3K27me3-
mediated transcriptional silencing but also through direct
methylation of the protein p38a.**

Enhancers of zeste homolog 2 inhibitors, such as
tazemetostat, do not affect the intrinsic protein stability
of EZH2, but instead affect the catalytic ability of EZH2
by competing with the cofactor SAM and binding to
the SET domain of EZH2.* However, in most solid
tumors, the EZH2 protein itself, in addition to its role in
H3K27me3-dependent growth and proliferation, is also
involved in tumor proliferation.* Consequently, while
EZH2 inhibitors have shown eflicacy in certain malignant

Tazemetostat, an EZH2 inhibitor that blocks the blood tumors, their effectiveness against solid tumors such
methyltransferase activity by competing with the methyl as TNBC remains limited.* To block the proliferation of
donor S-adenosyl-L-methionine (SAM),” was FDA- TNBC cells and inhibit primary tumor growth, it may
approved for the treatment of epithelioid sarcoma and be necessary to reduce EZH2 protein levels rather than
follicular lymphoma.***! However, despite its eflicacy solely inhibit its methyltransferase activity.* Wang et al.**
in preventing therapy relapse in lymphomas, other found that although EZH2 is over-expressed in TNBC
clinical trials showed minimal impact of treatment with cells compared to normal breast cells, the anti-proliferative
tazemetostat and other catalytic inhibitors on solid effect of EZH2 inhibitors on TNBC cells was minimal.**
tumors.” One notable study by Verma et al.** specifically While these inhibitors can effectively reduce H3K27me3
evaluated the impact of tazemetostat on TNBC migration repressive marks, they do not inhibit the proliferation
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of most breast cancer cells because total EZH2 protein
levels remain unaffected. This observation suggests that
the expression of the EZH2 protein itself, rather than
its methyltransferase activity, may be crucial for the
occurrence and development of breast cancer, including
TNBC.#* Therefore, designing degradation molecules
that selectively reduce EZH2 protein levels may offer an
effective treatment strategy for EZH2-dependent tumors
such as TNBC.*> MS1943, an EZH2 selective degrader,
has been shown to suppress TNBC tumor growth
in vivo.” Combining enzymatic inhibition and depletion
or degradation of EZH2 is another potential strategy
for treating TNBC with high EZH2 expression. Mei
et al.** showed that IHMT-337, an irreversible inhibitor
of EZH2, exerts its effects through covalent modification
of the EZH2 protein, leading to a sustained inhibition of
its methyltransferase activity.** This inhibition results in
the downregulation of target genes associated with cell
proliferation and survival, particularly those involved in
regulating cyclin-dependent kinase 4 transcription, thus
highlighting the therapeutic potential of inhibiting both
catalytic and non-catalytic function of EZH2 through
protein degradation.* IHMT-337 and EPZ6438 were
assessed for effects on TNBC cell line proliferation, and
THMTO0337 was found to robustly suppress TNBC cell
growth, whereas EPZ6438 had little to no effect on cell
proliferation.* In pre-clinical models, both in vitro and
in vivo, IHMT-337 inhibited TNBC cell proliferation.*
Although inhibitors of methyltransferase activity of
EZH2, such as Tazemetostat, may not be as effective in
inhibiting TNBC cell proliferation, there remains merit in
investigating combination strategies. Mei et al.** found that
residual H3K27me3 persists after knockout of endogenous
EZH2,* supporting other reports that EZH1 can target
a subset of EZH2-regulated genes.** This functional
redundancy allows EZH1 to partially compensate for the
loss of EZH2.%%*” Thus, combining an EZH2 inhibitor with
an ICI may be a promising therapeutic strategy.**

3. Immune effects of enhancer of zeste
homolog 2

Epigenetic dysregulation can affect the TME, influencing
immune cell composition, cytokine signaling, and expression
of immune checkpoints, ultimately contributing to immune
evasion.'® EZH2 plays a pivotal role in modulating immune
cells and tumor cells within the TME, as shown in Figure 3.
Anti-tumor immunity is driven by two main types of T cells:
major histocompatibility complex class I (MHC-I)-restricted
CD8* cytotoxic T cells and MHC-II-restricted CD4" helper
T cells.” CD8" T cells release cytotoxic molecules, such
as granzyme B and perforin, to directly kill tumor cells,
whereas CD4" T cells secrete various cytokines, including
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Figure 3. Enhancer of zeste homolog 2 (EZH2) immune effects. EZH2
mainly reduces anti-tumor immune cell effects within the tumor
microenvironment. EZH2 restricts T helper (Th) subsets Thl, Th2,
promotes CD4* T regulatory (Treg) stability and suppressive activity.'?
EZH2 promotes CD8* T memory (Tmem) precursors while reducing
CD8* T effector (Teff) function.'? EZH2 inhibits natural killer (NK) cells
maintains pro-inflammatory macrophage polarization and survival and
potentially limits myeloid-derived suppressor cell (MDSC) formation.'
Created in BioRender by Lukas, L. (https://BioRender.com/093d285).

interferon-gamma (IFN-y), tumor necrosis factor-alpha
(TNF-o0), and interleukin 2 (IL-2), to promote cytotoxic
T-cell and natural killer (NK) cell anti-tumor responses.*'?
EZH2-dependent gene silencing influences the effector
differentiation status of T helper cell subsets and CD8" T
cells following antigen stimulation.* Furthermore, EZH2
activity inhibits the differentiation and function of NK cells,
indicating that targeting EZH2 could enhance both adaptive
and innate cancer immunotherapy.”

In CD4" T cells, EZH2 binds to genes encoding
the transcription factors T-bet, EOMES, and GATA3,
restricting the differentiation and plasticity of T helper
(Th) cells.*® Loss of EZH2 results in increased Thl and
Th2 polarization® and promotes T-cell infiltration by
enhancing the expression of chemokines CXCL9 and
CXCL10.* EZH2 plays a crucial role in the formation
of CD8" T memory precursors by activating Id3 while
silencing Id2, EOMES, and PRDM1.***° Although EZH2
regulates the function and survival of effector CD8* T cells
by repressing the transcription of NUMB and FBXW7
through increased H3K27me3 deposition - thereby
activating the Notch pathway - tumors can limit EZH2
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expression in CD8* T cells through glycolysis restriction,
which reduces the T-cell-mediated anti-tumor efficacy.”*

Regulatory T cells (Tregs), identified as CD4*, CD25%,
and, FOXP3* T cells, function to suppress inflammation
and activation of other effector T cells (Tefts). In Tregs,
EZH2 forms a complex with the FOXP3 transcription
factor to maintain their activation state.” Inhibiting EZH2
in Tregs leads to unstable FOXP3 expression, granting
Tregs pro-inflammatory properties, promoting the
recruitment of CD4* and CD8" T cells, and increasing the
production of IFN-y and TNF-a, which enhances eftective
anti-tumor immunity.*

Natural killer cells express various cytokine receptors
linked to chemotaxis and activation, allowing them to be
recruited to the tumor site, where they are activated by
cytokines, such as IL-12, to exert anti-tumor effects.?**
EZH2-expressing tumor cells exhibit decreased expression
of the NKG2D ligand, which hinders NK cell activation
and directly inhibits NK cell maturation and function.”
Inhibiting EZH2 increases NK cell numbers, promotes their
terminal maturation, and enhances their cytotoxicity.*

There are two main phenotypes of myeloid-derived
suppressor cells (MDSCs): Monocytic MDSCs and
polymorphonuclear MDSCs.* In tumors, monocytic
MDSCs, such as monocytes, quickly differentiate into
tumor-associated macrophages. EZH2-induced H3K27me3
reduces CCL2 expression and decreases macrophage
infiltration, whereas EZH2 inhibition polarizes macrophages
toward a more anti-tumor phenotype.” Despite these effects,
EZH2 inhibitors often yield unsatisfactory results in clinical
trials. One suggested explanation is the accumulation of
MDSCs, which creates a more immune-suppressed TME
and weakens the anti-tumor effect,”! underscoring the
importance of combination therapies.”

Cancer-associated fibroblasts (CAFs) are stromal
components in the TME that facilitate tumor invasion and
metastasis by producing growth factors, cytokines, and
chemokines, that support cancer cell growth and create
an immunosuppressive microenvironment.* The role
of EZH2 in CAFs is somewhat conflicting; while EZH2
inhibition can suppress angiogenesis, the reduction in
H3K27me3 levels in CAFs contributes to the maintenance
of cancer cell stemness and growth.*

4. Immune escape and immunotherapy
resistance in TNBC

4.1. Tumor-specific antigens (TSAs) and MHC
expression

In TNBC, several immune evasion mechanisms contribute
to resistance to immunotherapy. These mechanisms include

the loss of TSAs, deficiencies in antigen presentation,
and failure to initiate effective immune responses, which
collectively hinder the efficacy of immunotherapeutic
agents.”>” TNBC generates a greater number of neoantigens
due to its high mutational burden and genome instability
compared to other breast cancer subtypes.”? The TME of
TNBC typically exhibits a high density of TILs, and PD-L1
is commonly overexpressed in TNBC relative to other
breast cancer subtypes.* The multicenter, non-randomized
Phase Ib trial KEYNOTE-012 showed an overall response
rate. (ORR) of <20% in advanced PD-L1-expressing
TNBC treated with pembrolizumab.” Conversely, the
KEYNOTE-086 trial observed significantly higher ORRs
and disease control rates in TNBC tumors with higher levels
of TILs when treated with pembrolizumab.> This suggests
that the presence of TILs is a critical factor influencing
the success of immunotherapy in advanced TNBC.”
Furthermore, alterations in MHC-1 expression, often due
to downregulation or structural modifications, facilitate
immune escape by impairing antigen presentation.”
In TNBC patients resistant to ICIs, downregulation
of human leukocyte antigen class 1 (HLA-1) has been
frequently observed, potentially linked to mutations in
HLA-1 encoding genes and the beta-2-microglobulin
gene.*? Transcription factors, such as NF-xB and NLRC5,
along with various epigenetic mechanisms, play pivotal
roles in regulating HLA-1 expression, with their ablation
significantly affecting antigen presentation.”” For instance,
interferons (IFNs) can induce the expression of HLA-1
heavy chains and related components, whereas disruptions
in these pathways can lead to HLA-1 downregulation.” In
addition, TSAs arise from non-synonymous mutations,
gene fusion, and other genomic alterations, and stimulate
T-cell-mediated adaptive immunity; their abundance
correlates with the tumor mutational burden (TMB).>
Patients with high TMB are generally more responsive to
ICI treatment due to the increased abundance of TSAs;
however, PD-L1 expression does not consistently correlate
with TMB across various cancer types.”? Epigenetic
changes, such as high EZH2 levels, can result in silencing
of immune-related genes and facilitate immune escape by
downregulating the expression and presentation of tumor
antigens.’»*%

Highlighting the important role of cytotoxic T cells as
key effector cells in ICI-treated patients, mutations in genes
encoding components of the MHC-I antigen processing
pathway (APP) or the IFN-y response pathway often result
in immunotherapy resistance.”® A genome-wide CRISPR/
Cas9 screen has identified a function of PRC2 that
coordinates the transcriptional silencing of the MHC-I
APP, promoting evasion of T-cell-mediated immunity.*®
In cancers with low MHC-I expression, the promoters
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of MHC-I APP genes exhibit both activating H3K4me3
and repressive H3K27me3 histone modifications. This
combination silences the basal expression of MHC-I
and limits its upregulation in response to cytokines.*®
The repression of genes by PRC2 is attributed to the
H3K27me3 mark, a modification catalyzed by EZH2.%®
As demonstrated by Burr et al.,’® treatment with EZH2
inhibitors greatly reduces H3K27me3 levels, resulting
in the transcriptional activation of previously repressed
MHC-I genes.™

Differentially methylated CpGs in promoter regions
(within 3kb of the transcription start site) were analyzed
to identify genes with unique, concordant gene expression
across TNBC subtypes.! Despite an overall decrease in
methylation, M-subtype TNBC tumors showed increased
methylation and decreased expression in genes involved
in IFN-y signaling, immune checkpoint pathways
(CD274, LAG3, and TIGIT), and MHC-mediated antigen
processing and presentation (NLRC5, CIITA, HLA-A,
HLA-B, and TAPI1).! This subtype exhibited extensive
hypermethylation in regions associated with immune
signaling (such as IFN-y signaling, IFN-y response,
T lymphocyte differentiation, TNF response, and
immune cytokine signaling) and antigen processing and
presentation.' Furthermore, EZH2 targets were found to be
suppressed in these hypermethylated regions, suggesting
the potential deregulation of PRC2.!

4.2. T-cell activation

Recruitment and activation of antigen-presenting cells
(APCs), such as dendritic cells (DCs) and macrophages, are
essential for initiating immune responses. Cancer cells can
promote immune escape by downregulating chemokines
that recruit APCs and inhibiting the danger signals that
activate them.” For example, tumor-derived prostaglandin
E2 can disrupt CD8" T-cell responses, facilitating
immune evasion.” In addition, tumors can evade APC
phagocytosis by upregulating “don’t eat me” signals, such
as CD47, whereas downregulating “eat me” signals, such as
calreticulin (CRT).*%? In TNBC, glycosylation of B7-H4
stabilizes its expression, inhibiting CRT surface expression
and allowing the tumor to escape immune destruction.®

The maturation of DCs is marked by the upregulation of
costimulatory molecules, such as CD80, CD86, and CD40,
which enables effective stimulation of T-cell proliferation
and differentiation.**** DCs have been observed to express
high levels of PD-L1 whereas downregulating CD80
expression. This alteration prevents the activation of T cells
through CD28, contributing to the reduced effectiveness
of ICIs.**%% The interaction of CD80 and CD86 with
CD28 on T cells is important for T-cell priming and the

production of IL-2, which is vital for T-cell expansion.®**
Upregulation of PD-L1 on DCs can inhibit T-cell activation
and promote immune evasion.™

Abnormal signaling pathways also contribute to
immune escape in cancer, such as aberrant WNT/B-
catenin signaling, which can prevent T-cell infiltration and
suppress immune activation through various mechanisms,
including the upregulation of PD-L1 in cancer stem cells.”
Accumulation of B-catenin following WNT activation
triggers the transcription of downstream target genes,
such as MYC, which is associated with poor immune cell
infiltration when highly expressed.”” In TNBC, MYC
is highly expressed and negatively correlates with the
expression of key MHC-I genes (e.g., BM2), impairing
antigen presentation.” MYC can also epigenetically repress
STING, a gene involved in autonomous immune responses,
leading to reduced production of chemokines (e.g., CCLS5,
CXCL10, and CXCL11), decreased recruitment of TILs,
and impaired T-cell-mediated immune surveillance.’>”!
B-catenin activates the transcriptional repressor ATF3,
which inhibits CCL4 transcription and subsequently the
activation of CD103* DCs, diminishing the activation and
infiltration of CD8* T cells and reducing the effectiveness
of ICIs.>>7>77

The JAK-STAT pathway, activated by IFNs, plays
a significant role in enhancing MHC expression on
APCs, which is crucial for T-cell activation.” However,
prolonged exposure to IFN-y can exert selective pressure
on tumors, resulting in the downregulation of components
of the IFN-y signaling pathway and facilitating immune
evasion.>”” Furthermore, the loss of phosphatase and
tensin homolog (PTEN) has been associated with
decreased T-cell recruitment and function, contributing to
resistance against ICIs.* PTEN is a critical regulator of the
PI3K/Akt signaling pathway, which is essential for T-cell
differentiation and function.®" The loss of PTEN leads
to enhanced PI3K/Akt signaling, negatively impacting
T-cell persistence and expansion within the TME.*
This dysregulation can result in an immunosuppressive
environment that hinders effective anti-tumor immunity.

4.3. Programmed cell death ligand 1 expression

ICIs restore anti-tumor immunity by blocking the
PD1/PD-L1 signaling axis, reactivating exhausted T
cells in the TME.”> PD-L1 expression can be regulated in
five ways: (i) Chromatin changes, (ii) genomic changes,
(iii) transcription factors and post-transcriptional
regulation, (iv) translationand post-translational regulation,
and (v) induction within the TME.*? First, the CD274
gene, which encodes PD-L1, is located on chromosome
9p24.1, and alterations in chromatin structure and
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accessibility can directly influence its expression. Second,
abnormal PD-L1 expression can arise from disruptions
at any stage of the gene transcription and translation
process, where the abnormal activation or inactivation of
signaling pathways can impact immune function. Third,
the excessive secretion of pro-inflammatory cytokines,
such as IFN-y, TNF-0, and interleukins in the TME, can
induce PD-L1 expression in tumor cells through various
signaling pathways, facilitating immune escape.’>*%%
EZH2 can upregulate immune checkpoints on cancer cells;
for example, EZH2 promotes hypoxia-inducible factor
1-alpha expression, which in turn upregulates PD-L1 in
lung cancer cells.**® Several strategies have been proposed
to overcome drug resistance mechanisms in TNBC
that bypass effective PD-L1 blockade: enhancing tumor
immunogenicity, increasing antigen presentation by MHC,
and regulating the recruitment and infiltration of immune
effector cells. These approaches aim to boost the presence
of TILs within the tumor, thereby restoring anti-tumor
immune responses.™

5. Combination therapy strategies in TNBC

5.1. Enhancer of zeste homolog 2 inhibition and
immunotherapy

The emerging field of epi-immunotherapy, which integrates
epigenetic and immune therapies, can potentially make
TNBC more responsive to ICIs by remodeling a suppressive
TME. In non-TNBC solid tumors, EZH2 inhibition has
been shown to enhance the response to immunotherapy.
EZH2 inhibition has been demonstrated to increase
MHC-I expression and overcome anti-PD-1 resistance,
thereby suppressing tumor growth in a pre-clinical model
of head and neck cancer.® In addition, EZH2 inhibitors
and CRISPR-mediated EZH2 deficiency enhanced antigen
presentation on tumor cells, promoted antigen-specific
CD8* T-cell proliferation, increased IFN-y production, and
improved tumor cell cytotoxicity.*® Furthermore, EZH2
inhibition also increased PD-L1 expression on the surfaces
of hepatoma cells, improving the efficacy of anti-PD-L1
therapy.¥” In a pre-clinical model of non-small-cell lung
cancer, EZH2 inhibition increased the efficacy of anti-PD-1
by elevating double-stranded RNA levels and inducing
IFN pathway stress-mediated anti-tumor immunity.**#
The inhibition of EZH2 has been shown to upregulate
antigen presentation genes and PD-L1.* Moreover, in an
immunocompetent Lewis lung carcinoma tumor model,
EZH2 inhibition caused tumor regression and enhanced
CD8* T cells activity.”

Cytotoxic ~ T-lymphocyte-associated ~ protein 4
(CTLA-4) blockade has been shown to increase EZH2
expression in T cells in both humans and mice due to

the activation of CD28 signaling.*” For example, the anti-
CTLA-4 antibody ipilimumab increases EZH2 expression
in peripheral CD4* T cells, suggesting that inhibiting
EZH2 in T cells may enhance the effectiveness of anti-
CTLA-4 therapy.® Pre-clinical studies have shown that
EZH2 inhibition can improve the anti-tumor efficacy of
ipilimumab in mice inoculated with bladder cancer and
melanoma.”* Combining an EZH2 inhibitor with anti-
CTLA-4, compared to anti-CTLA-4 monotherapy, reduced
the percentage of CD4* FoxP3* Tregs and increased the
percentage of intratumoral CD4* ICOS* T-bet* and CD8*
IFN-y* Teff cells in both bladder and melanoma models,
resulting in an increased ratio of Teffs to Tregs.”” As a
result of these findings, several EZH2 inhibitors, such as
tazemetostat and CPI-1205, are currently being studied
in clinical trials, either as single agents or in combination
with immunotherapies for various cancers,” including
clinical trials combining tazemetostat with pembrolizumab
for urothelial carcinoma.”” Zingg et al®* found that
subtoxic doses of EZH2 inhibitors could prevent immune
resistance during immunotherapy, demonstrating that
EZH2 inactivation synergizes with anti-CTLA-4 and IL-2
immunotherapy in melanoma pre-clinical models.”

Integrative analyses of TNBC multi-omics by Lehmann
et al." have identified characteristics of TNBC subtypes and
subtype-specific genetic or pharmacologic vulnerabilities
for future investigation. Pre-clinical data provide a strong
rationale for using EZH2-inhibitory agents to restore
MHC-I expression in immune-cold, PD-L1-negative, and
M-subtype tumors, which exhibit the lowest levels of cell
surface MHC-I expression.! MHC-I expression can be
epigenetically silenced by PRC2 and restored by EZH2
inhibitors in mesenchymal cancer cell lines. Chromatin
immunoprecipitation sequencing analysis following EZH2
inhibition has shown that increased MHC-I expression
correlates with decreased promoter H3K27me3 occupancy
at the MHC-I loci and the transactivator NLRC5.!

Vejmelkova et al.”* assessed the therapeutic potential
of Tazemetostat in treating pediatric malignant rhabdoid
tumors characterized by the loss of integrase interactor 1
(INI1) protein.”® In INI1-negative tumors, the loss of INT1
leads to aberrant EZH2 activity, resulting in the silencing
of tumor suppressor genes and promoting oncogenesis.
In this study, two patients received tazemetostat in
combination with immunotherapy. One patient with a
rhabdoid tumor of the ovary received tazemetostat as
maintenance following resection, chemotherapy, and
radiotherapy, alongside immunotherapy (nivolumab),
achieving an event-free survival of 44 months. A second
patient with relapsed atypical teratoid rhabdoid tumor
underwent treatment consisting of metronomic therapy,
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radiotherapy,  tazemetostat, and immunotherapy
(nivolumab and ipilimumab), achieving an overall survival
of 37 months.”” Chen et al.** described a case report of
a patient with INI1 deficient-advanced squamous cell
lung cancer exhibiting progressive disease while on
maintenance pembrolizumab. Unfortunately, the patient
did not respond to sequential delivery of tazemetostat. In
this case, molecular sequencing analysis did not reveal
a SMARCBI deletion, suggesting that the loss of INI1
protein was due to epigenetic regulation rather than
mutation.” Clinical trials evaluating tazemetostat in
combination with immunotherapy are currently enrolling
participants: Tazemetostat combined with pembrolizumab
for urothelial carcinoma (NCT03854474), whereas another
trial combines tazemetostat with durvalumab for advanced
solid tumors (NCT04705818). NCT04705818 includes
solid tumors with the presence of tertiary lymphoid
structures, which are found in approximately 60% of breast
cancer cases and are particularly common in TNBC.*?

5.2. Radiotherapy

Since EZH2 inhibition appears to decrease cancer cell
migration and tumor metastasis more than it reduces
primary tumor growth in most solid tumors,*” exploring
combinations with radiation to achieve primary tumor
controliswarranted. Radiationalsohasimmunomodulatory
effects, with different radiation schemes inducing various
lymphoid and myeloid responses, as well as modulating
checkpoint expression.”

Radiotherapy induces DNA damage through direct
ionization or indirectly through interactions between
free radicals formed by ionization of water surrounding
DNA, resulting in single- or double-strand breaks
(DSBs).” Oxygen molecules react with these radicals,
altering the chemical composition of DNA strand breaks
and facilitating their recognition by DNA damage repair
enzymes.” Under hypoxic conditions, radicals chemically
react with free protons, reverting to their original
form, which impedes the fixation of DNA damage and
contributes to radioresistance.” In addition, hypoxia
activates oxygen-sensitive signaling pathways, such as
those mediated by hypoxia-inducible factor transcription
factors, the unfolded protein response, and the mTOR
pathway.” These pathways influence key biological
processes, including mitosis, apoptosis, and angiogenesis,
impacting radiosensitivity.”” Hypoxia-induced global
changes in histone modifications and DNA methylation,
such as increased levels of H3K4me3 and decreased
levels of H3K27me3, lead to transcriptional changes that
also affect radiosensitivity.””*® Combining agents that
inhibit both DNA methylation and histone acetylation
may enhance radiosensitivity.” Inducing an anti-tumor

immune response, overcoming tumor radioresistance,
and generating anti-tumor non-targeted effects can
significantly enhance the success of radiation treatments.*

In addition to its pivotal role in cellular processes, such
as differentiation, proliferation, and tumor suppression,
the SWI/SNF complex is crucial in the DNA damage
response by propagating DNA damage signals and
enabling DNA repair proteins to access damage sites.!”
Components of the SWI/SNF complex are essential for the
non-homologous end joining (NHE]) repair of DSBs in
human cancer cells, suggesting that the SWI/SNF complex
may contribute to resistance against therapeutic agents that
induce DNA damage, including radiation.!® ARIDIA, a
gene encoding the BAF250a protein, is a key component of
the SWI/SNF complex that facilitates NHE] by promoting
the accumulation of Ku70/Ku80 proteins at DSBs, thereby
conferring resistance to ionizing radiation.'® The loss of
ARIDIA impairs checkpoint activation and DNA DSB
repair, sensitizing cells to radiation.!”® Andrade et al.'®
showed that genetic inhibition of ARIDIA leads to an
accumulation of radiation-induced DSBs, sensitizing
TNBC cells to radiation.'® Bakr et al.'" showed that the
loss of ARID1A promotes the accumulation of micronuclei
and activation of the cGAS-STING pathway, as well as
increases the expression of immunomodulatory cytokines
and chemokines from radiotherapy treatment. Notably,
low ARIDIA expression in cancer patients receiving
radiotherapy was associated with higher infiltration of
various immune cells.'”!

Theinteractionmechanismbetween EZH2 and radiation
is not well understood.”” Pre-clinical studies indicate
that EZH2 inhibitors can enhance the radiosensitivity of
glioma cells, atypical teratoma or rhabdoid tumor cells,
and pancreatic cancer cells.*'** In a cohort of patients
with nasopharyngeal cancer treated with radiation or
chemoradiation, increased H3K27me3 expression was
associated with chemoradioresistance.”'> Elevated EZH2
levels correlate with radiation resistance; however, pre-
clinical evidence suggests that high-dose radiotherapy
alone may reduce EZH2 protein expression in vitro and at
the mRNA level in vivo through p53-mediated inhibition of
transcription factor E2F1.161% Klaus et al.'®” reported that
radiation delivered concurrently with or after treatment
with the EZH2 inhibitor tazemetostat induced robust
antiproliferative activity and reduced clonogenic potential
in tested atypical rhabdoid tumor cell lines.'®

Gounder et al.'' reported on a patient with SMARCBI/
INI1-negative poorly differentiated chordoma treated with
tazemetostat and sequential radiotherapy. It was found
that EZH?2 inhibition, evidenced by decreased H3K27me3
marks, led to a notable increase in intratumoral and
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stromal infiltration by proliferative CD8" T cells, FoxP3*
Tregs, and immune cells expressing checkpoint regulators
PD-1 and LAG-3.""° Following 4 weeks of tazemetostat
treatment and subsequent radiotherapy to the primary
tumor site, a complete response was observed at distant
metastatic sites.!’” However, at the primary treatment
site, which received a dose of 70 Gy in 35 fractions, only
a partial response was noted. The authors speculated that
radiotherapy at the sacrum likely depleted the TILs induced
by tazemetostat, rendering the sacral mass less responsive
to immunotherapy.'® The patient was subsequently treated
with ICIs. This strategy of EZH2 inhibition fostered a

durable anti-tumor response, ultimately leading to T-cell
exhaustion and checkpoint activation, suggesting that
altering the epigenetic landscape may sensitize some
tumors to checkpoint inhibitors.'°

Radiotherapy can induce immunogenic cell death,
characterized by the release of danger-associated molecular
pattern antigens that trigger the uptake of antigens and
activation of APCs, leading to the priming of cytotoxic
lymphocytes and an adaptive immune response.'* However,
the precise contribution of EZH2 inhibition, radiotherapy,
and PD-1/PD-L1 blockade on the immunologic and overall
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(BAF250a)
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Figure 4. The proposed rationale for triple therapy of enhancer of zeste homolog 2 (EZH2) inhibition, radiation therapy, and immunotherapy in triple-
negative breast cancer (TNBC). In AT-rich interactive domain 1A (ARIDIA)-deficient TNBC (biomarker BAF250a), there is an increase in programmed
cell death ligand 1 (PD-L1) expression, EZH2, and double-strand breaks (DSBs). EZH2 inhibition results in increased expression of PIK3IP1, major
histocompatibility complex (MHC) expression, and CD8* T cells. Increased PIK3IPI increases radiosensitivity, while radiation potentially increases tumor
antigen release, PD-L1 expression, CD8" T cells, and reduced EZH2 protein. Together, this combinational therapy may increase immunotherapy efficacy.
Created in BioRender by Lukas, L. (https://BioRender.com/e14a778).
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responses remain unclear, necessitating further research to
elucidate the impact of tumor mutation burden or neoantigen
load, T-cell receptor repertoire, and expansion of specific T
cell clones on the immunologic and therapeutic responses to
EZH2 inhibition and radiotherapy.'” In the context of TNBC,
PD-L1 expression was found to be increased in abscopal
tumors following spatially fractionated radiotherapy (SFRT)
in a murine TNBC model (4T1). The intratumoral immune
cell composition in these abscopal tumors exhibited
significant increases in activated CD4" and CD8" T cells.""!
SFRT, a novel radiation technique that applies ablative
doses to tumor subvolumes while sparing surrounding
tissues, results in highly heterogeneous dose deposition
that may enhance the immune-rich infiltrate within the
targeted tumor, promoting improved antigen presentation
and activated T cells in non-irradiated tumors.'? Different
radiation regimens elicit distinct immune responses, and
since SFRT consists of a heterogeneous dose distribution
often delivered in a single fraction, its immune effects may
differ from standard fractionation. In a murine model of
pediatric glioblastoma, although both tazemetostat and
standard fractionation radiotherapy given as monotherapies
improved animal survival, the combination of tazemetostat
with radiation did not further improve survival compared
to either treatment alone, indicating a lack of additive
or synergistic effects.'® Although the mechanism of
resistance was not further evaluated in the glioblastoma
model, analysis of atypical teratoid/rhabdoid tumors and
medulloblastoma remnant/recurrent tumors treated with
cisplatin in combination therapies revealed reduced levels
of EZH2 protein expression, H3K27me2, and H3K27me3,
alongside a marked increase in the tumor cells exhibiting
absence of or low EZH2 expression. This finding suggests
that inter-tumoral heterogeneity may have contributed to
tumor recurrence.'* The immunocompromised animal
model used in this study may not have adequately evaluated
the immunomodulatory effects of radiation; thus, the
combination therapies may have been insufficient to deplete
the cells with no or low EZH2 expression. This limitation
highlights the importance of evaluating immune effects and
tumor heterogeneity in models of combination therapy,
including single-cell sequencing and spatial single-cell
analysis, to help understand drug resistance at the single-
cell level.'??

6. Conclusion

TNBC is a heterogeneous disease characterized by
transcriptional diversity and varying immune cell
compositions across its subtypes. ICIs have shown limited
efficacy in TNBC, marked by a high incidence of primary
resistance and the development of adaptive resistance.
Therefore, strategies are needed to overcome this

immunotherapy resistance, including combinations of ICIs
with other anticancer agents, such as EZH2 inhibitors and
radiotherapy, as proposed in Figure 4. The dysregulation
of epigenetic mechanisms, particularly through the
overexpression of EZH2, contributes to a suppressive TME
that hampers effective T-cell responses. This is important in
TNBC, where overexpression of EZH2 has been associated
with increased PD-LI, but low TILs. By targeting EZH2,
the TME could potentially be remodeled to enhance
the infiltration and activity of TILs that are crucial for
mediating anti-tumor immunity. In this context, BAF250a
immunohistochemistry could serve as a useful biomarker.
Patients with low BAF250a protein expression as a result
of low ARIDIA gene expression may benefit from EZH2
inhibition. This inhibition could upregulate PIK3IP1
expression, suppress tumor cell growth, and potentially
restore previously repressed MHC-I expression, thereby
improving the efficacy of immunotherapy.*® Given that
ARIDIA mutations impair DNA repair pathways, this could
lead to increased sensitivity to therapies that induce DNA
damage, such as radiation.'* The addition of radiotherapy
may amplify the effects of immunotherapy through the
release of tumor antigens, upregulation of PD-L1, and
an increase in immune-rich infiltrate within the targeted
volume of tumor, as well as potentially decreasing EZH2
protein expression. Despite the effectiveness of EZH2
inhibitors in reducing H3K27me3 repressive marks to
improve response in other cancer types, they have not
been observed to sufficiently inhibit the proliferation of
most breast cancer cells as a monotherapy, possibly due
to the lack of effects on total EZH2 protein levels.*” This
finding suggests that the protein expression of EZH2
itself, rather than its methyltransferase activity, may be
more crucial in the development and progression of
breast cancer, including TNBC, highlighting the potential
use of EZH2 selective degraders, such as MS1943,* or
agents that inhibit both the methyltransferase activity
and degrade EZH2, such as IHMT-337.* Although EZH2
inhibitors are not as effective as a monotherapy in TNBC,
given that residual H3K27me3 has been shown to persist
in TNBC cells after knockout of endogenous EZH2, there
is still merit in exploring combinations of EZH?2 inhibitors,
such as tazemetostat, with ICIs.**

Precision oncology utilizes the molecular profile of
tumors to tailor more precise and personalized therapies
for distinct patient groups who differ in both susceptibility
to disease and responses to treatments.''* Epigenetics,
which influences gene expression and cellular phenotypes
beyond the DNA sequence, plays an important role in this
approach.”® As such, epigenetic modifications are prime
targets for therapeutic intervention.'® When combined
strategically with immunotherapy in TNBC, this approach
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may provide a new population of resistant patients with
treatments that could increase immunogenicity, manage
tumor growth, improve survival, and enhance quality of life.
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Abstract

Previously, we demonstrated that the pan-immune-inflammation value (PIV) and
pretreatmenttooth extraction (TE) wereindependent predictors of osteoradionecrosis
of the jaws (ORNJ) in patients with locally advanced nasopharyngeal carcinoma
(LA-NPC) undergoing concurrent chemoradiotherapy (C-CRT). This study aimed
to determine if combining PIV and TE, termed the PIV-TE-ORNJ index, and could
improve the prediction of ORNJ prevalence in the same scenario. We divided
patients into two groups based on each factor, with the PIV and TE cutoffs at 833 and
4, respectively, as determined in our previous study. The novel PIV-TE-ORNJ index,
which combined these factors, revealed four probable groups: Group 1, PIV < 833
and TE < 4; Group 2, PIV < 833 but TE = 4; Group 3, TE < 4 but PIV > 833; and Group 4,
PIV > 833 and TE = 4. The medical records of 220 patients with LA-NPC were reviewed
retrospectively. Comparisons between four groups revealed that the ORNJ rates for
Groups 1 -4 were 1.1%, 6.6%, 6.1%, and 43.8%, respectively (P < 0.001). Because the
ORNJ rates in Groups 2 and 3 were interchangeable (P = 0.91), these groups were
merged, and a three-tiered novel PIV-TE-ORNJ index was created: low risk, PIV < 833
and TE < 4; intermediate risk, PIV < 833 but TE > 4, or TE < 4 but PIV > 833; and high
risk, PIV > 833 and TE > 4. Comparisons between the three groups demonstrated that
the low- and high-risk groups had the lowest (1.1%) and highest (43.8%) ORNJ rates,
respectively, whereas the ORNJ rate of the intermediate-risk group was in between
(6.4%) (P < 0.001 for each). The PIV-TE-ORNJ index successfully stratified patients with
LA-NPC into low-, intermediate-, and high-risk groups after C-CRT.

Keywords: Tooth extraction; Pan-immune-inflammation value; Nasopharyngeal cancer;
Concurrent chemoradiotherapy; Osteoradionecrosis

1. Introduction

Locally advanced nasopharyngeal carcinomas (LA-NPCs) comprise approximately
70% of nasopharyngeal carcinomas (NPCs), for which concurrent chemoradiotherapy
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(C-CRT) represents the current care standard."? C-CRT
demonstrates significantly enhanced local control rates
(>90%) and prolonged survival durations compared to
radiotherapy (RT).' Nonetheless, a notable subset of patients
subjected to this potent but potentially toxic treatment
modality may suffer from severe delayed complications,
including persistent dysphagia necessitating feeding
tubes, trismus, and osteoradionecrosis of the jaw (ORN]J).
Implementing more sophisticated intensity-modulated
RT (IMRT) protocols reduces the incidence rates of these
complications to a certain extent; however, they cannot
eradicate them.”*

ORNJ is a debilitating long-term complication of
C-CRT in LA-NPC and other head-and-neck cancers.
Its occurrence rate ranges from 2% to 22%, with over
70% of cases being identified within the initial 3 years
after C-CRT.”7! ORN]J can occur spontaneously, and
higher tumor stage, primary or nodal tumor invasion
into the jaws, pretreatment alveolar surgery, non-IMRT
techniques, tooth extractions (TEs) before and after
treatment, and poor oral health are cited among the most
common risk factors.”'"'? The fibro-atrophic theory is
the most appreciated explanation of ORNJ formation.
According to this theory, the detrimental vascular changes
in the bone, conjoined with endothelial changes or loss,
cause an inflammatory response that results in hypoxia,
hypervascularity, and hypocellularity.!** This mediator-
induced inflammatory process is typically followed by
abnormally high fibroblastic activity and incompetent
bone repair, resulting in bone necrosis, that is, ORNJ.1**
As inflammatory cells and mediators play important roles
in ORNJ development, their potential use in predicting
the occurrence of ORNJ following RT or C-CRT warrants
further investigation.

Prognostic  indexes,  such the  pan-
immune-inflammation value (PIV =
[plateletxmonocytexneutrophil]+lymphocyte]), combine
different indicators from the whole blood count and have
garnered considerable attention as a practical and indirect
method of assessing the overall inflammation extent in the
body.”® The PIV is an exceptional composite biomarker
that integrates lymphocytes, platelets, monocytes, and
neutrophils, objectively reflecting systemic inflammation
and immunological activity. High PIVs frequently
indicate persistent inflammation in individuals with
atherosclerosis, vascular occlusive diseases, and several
1619 In earlier research,”?' chronic systemic
inflammation has been linked to arthritis and venous
obstruction. Moreover, systemic inflammation has been
connected to the activation of inflammatory mediators
generated by neutrophil granulocytes and thrombocytes,

as

cancer.

such as tumor necrosis factor-o. (TNF-at), interleukin-10
(IL-10), and vascular endothelial growth factor, which are
crucial in tissue fibrosis.'®* Vascular thrombosis, hypoxia,
and consequent fibrotic processes caused by radiation
exposure can exacerbate localized damage by augmenting
synthetic processes and the release of inflammatory
chemokines and cytokines such as IL-1, IL-6, hypoxia-
inducible factor-1 alpha (HIF-1o), insulin-like growth
factor 2, and transforming growth factor-beta (TGF-13).2-%¢

Although the association between post-RT TEs and
the increased incidence of ORNJ is well-documented,
the effect of pre-RT TE remains uncertain.”’** However,
a recent study conducted by our team revealed a notable
correlation between the occurrence of >4 pre-C-CRT TE
and substantially high ORN] rates (3.3% vs. 19.1% for >4
TE; P = 0.003) in patients with LA-NPC.* This finding
underscores the potential significance of the level of
mandibular trauma, potentially rendering the irradiated
jaw site more susceptible to ORN]J development. Based
on our previous findings, which indicated that high
pretreatment PIV levels =833 and >4 TE were strong
predictors of ORNJ rates after C-CRT, we will attempt
to explore whether combining these specific parameters
could better stratify these patients into different ORN]J
risk groups. Consequently, this retrospective study aimed
to determine whether this hypothesis is valid for LA-NPC
cohorts who received IMRT-based C-CRT.

2. Patients and methods
2.1. Patients

Data were collected from the institutional medical records
of 220 patients with LA-NPC who received comprehensive
dental examinations and exclusive. C-CRT at the Dentistry
Clinics and the Department of Radiation Oncology of
Baskent University between January 2011 and December
2022. The inclusion criteria were as follows: patients aged 18
— 80 years, confirmed squamous cell NPC histopathology,
clinical and/or radiologic evidence of LA-NPC according
to the American Joint Committee on Cancer staging system
(8" edition), no previous systemic chemotherapy or RT,
accessible pre- and post-C-CRT panoramic radiographs,
and complete blood count tests conducted Dbefore
C-CRT. This study excluded patients with mandibular
tumor invasion, prior diagnosis of osteoradionecrosis
(ORNYJ), or those who had used steroids within 30 days
preceding C-CRT. Patients presenting with active systemic
inflammatory conditions - including respiratory diseases,
rheumatologic diseases, viral hepatitis, nephritic disorders,
confirmed immunosuppressive disorders, collagen vascular
diseases, or other chronic inflammatory conditions -
were also ineligible for participation. These criteria were
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established to mitigate any potential bias stemming from
pre-existing immune-inflammatory conditions and the
influence of medication use.

2.2. Baseline oral examination

Before undergoing C-CRT, each patient was examined for
oral and dental pathologies, regardless of symptom status,
per the American Dental Association and US Food and
Drug Administration guidelines, and our institutional
standards.”® Following our institutional protocols, oral
examinations included panoramic radiographs for
each patient and followed the specifications advised by
the manufacturer. The digital panoramic radiographs
were obtained using the same X-ray machine (J Morita,
Veraviewepocs 2D, Kyoto, Japan). An experienced oral
and maxillofacial surgeon (ES) performed all clinical and
radiological assessments.

2.3. Determination of pretreatment PIV and TE
cutoffs

We opted not to set new PIV and TE cutoffs as 210 out of
220 patients in this study had also participated in our previous
research published elsewhere. Therefore, the PIV and TE
cutofts used in this study to categorize patients into two groups
for each factor were set at 833 (<833 vs. >833) and 4 (<4 vs. >4
extractions), respectively, based on our earlier work.?

2.4.Treatment details

Target volumes were defined using pre-C-CRT computed
tomography (CT), 18F-fluorodeoxyglucose positron
emission tomography-CT, and/or magnetic resonance
imaging of the entire neck and nasopharyngeal primary,
as mandated by our institutional standards for patients
diagnosed with LA-NPC. The treatment approach
employed was simultaneous integrated boost IMRT (SIB-
IMRT), which was consistently applied to all patients.
The methods for target volume definition, delineation,
and prescribed SIB-IMRT doses adhered to those
previously documented. The recommended RT doses for
low-, moderate-, and high-risk planning target volumes
were 54, 59.4, and 70 Gy, respectively. These doses were
systematically administered daily over 33 days. The
concurrent chemotherapy regimen consisted of three cycles
of cisplatin, administered every 21 days, followed by an
additional two cycles of a combination regimen involving
cisplatin and 5-fluorouracil in the adjuvant setting.
Supportive measures, such as nutritional supplements and
antiemetic medications, were prescribed as required.

2.5. Follow-up oral examination

Dental and oral evaluations were performed during the
follow-up appointments using the same protocol outlined

in the “Baseline oral examination” section. ORN]J was
diagnosed as per the following clinical and radiological
criteria: “irradiated bone that fails to heal over 3 months
without evidence of persisting, recurrent, or metastatic

tumor.?!-3°

2.6. Statistical analysis

The descriptive characteristics are presented as the patient
count and corresponding percentages or as the median
and interquartile ranges. Nominal factors were contrasted
using either Fisher’s exact test or Pearson’s Chi-squared
test. The Mann-Whitney and Kruskal-Wallis tests
were employed to compare continuous variables. This
retrospective cohort study primarily aimed to identify
any associations between post-C-CRT ORNTJ rates and
groups formed by merging pre-C-CRT. The combined
groups were established using a pre-C-CRT PIV cutoft
of 833 (<833 vs. 2833) and pre-C-CRT TE groups (<4
and 24 extractions) identified in a previous study.”
Briefly, in our previous investigation, receiver operating
characteristic (ROC) curve analysis was employed to
ascertain the optimal cutoft points for pre-C-CRT PIV
measures and pre-C-CRT TE numbers that could divide
the study cohort into two significantly discrete ORN]J
risk groups for each variable under investigation. The
cutoft points for pre-C-CRT PIV measures and pre-
C-CRT TE numbers were 833 (area under the curve,
88.0%; sensitivity, 81.1%; specificity, 78.8%; and Youden
index, 59.9) and 4 (the median pre-C-CRT value was
determined as a cutoff point), respectively, which resulted
in the formation of four groups: Groups 1 (PIV < 833
and TE < 4), 2 (PIV < 833 and TE > 4), 3 (PIV > 833
and TE < 4), and Group 4 (PIV > 833 and TE > 4). The
optimal cutoff points for each variable were determined
by identifying the points at which the J-index reaches its
maximum value on the ROC curve.

Student’s t-test, Chi-square test, or Spearman correlation
tests were used to compare different groups as needed.
The univariate analyses explored how patient, disease,
and treatment variables might influence with ORN]J
prevalence. The multivariate Cox proportional hazard
model included only the statistically significant factors in
the univariate analysis. All statistical tests were two-sided,
and significance was considered at P < 0.05. Bonferroni
corrections were used to correct treatment variables for
multiplicity, which reduced the risk of random false-
positive results when comparing three or more subgroups.
The adjusted P-values obtained from this correction were
then used to define the significance levels (significance
level for Bonferroni corrected P-value for three possible
comparisons was at 0.0167 [0.05+3]).
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3. Results

A retrospective review of the medical records of
220 patients with LA-NPC treated at our institution was
conducted. The median age was 56 (range, 18 - 76) years,
and 151 (68.6%) patients were male. Among the patients,
55.5% and 75.5% had a history of alcohol consumption
and tobacco smoking, respectively. Most patients had T3
-4 (67.3%) or N2 - 3 (80%) disease stage. Before starting
C-CRT, all patients underwent at least one TE, with a
median of three TEs (range, 1 - 11), indicating poor oral
and dental health in the study participants. The median
time from TEs to C-CRT initiation was 16 (range, 12 — 22)
days (Table 1). The median time from C-CRT completion
to ORNJ diagnosis was 20.8 (range, 12.4 — 27.6) months,
resulting in an ORNJ incidence of 9.5%. All ORN]J cases
were located in the posterior half of the affected jaw.

Out of the 220 patients in the present study, 210 were
also part of our previous study. We used the pre-C-CRT
PIV cutoff of 833 and the pre-C-CRT TE cutoft of 4 to

Table 1. Pretreatment and treatment characteristics

divide the patients into two groups with significantly
different rates of ORNJ. This resulted in the following
groups: PIV < 833 (n = 154) and PIV > 833 (n = 66), as well
as TE <4 (n=127) and TE 2 4 (n = 93). When comparing
the PIV and TE groups, ORN]J rates were significantly
higher in the PIV > 833 and TE > 4 groups compared to
their PIV<833 and TE<4 counterparts, respectively (2.6%
vs. 25.8% for PIV > 833; P < 0.001 and 3.14% vs. 22.4% for
TE > 4; P < 0.001).

As per the main objective of this study, the PIV and TE
groups were combined, resulting in four distinct groups:
Group 1, PIV < 833 and TE < 4; Group 2, PIV < 833 but
TE > 4; Group 3, TE < 4 but PIV > 833; and Group 4,
PIV > 833 and TE > 4 (Figure 1). When comparing these
groups, the ORN]J rates were 1.1%, 6.6 %, 6.1%, and 43.8%
for Groups 1 - 4, respectively. Given the indistinguishable
ORN] rates of Groups 2 and 3 (P = 0.91), these two
groups were consolidated and a novel three-tiered ORN]J
risk classification was formulated (Table 2: low risk
(PIV < 833 and TE < 4), intermediate risk (PIV < 833

Characteristics All patients Low-risk Intermediate-risk High-risk group P-value
(n=220) group (n=94) group (n=94) (n=32)
Median age, years (range) 56 (18 - 76) 55 (18 - 76) 54 (18 - 76) 54 (18 - 76) 0.22
Age group, years (%)
<56 114 (51.8) 52 (55.3) 42 (44.7) 20 (62.5) 0.15
>56 106 (48.2) 42 (44.7) 52 (55.3) 12 (37.5)
Sex, n (%)
Female 69 (31.4) 28 (29.8) 32 (34.0) 9(28.1) 0.75
Male 151 (68.6) 66 (70.2) 62 (66.0) 23 (71.9)
Smoking status, 7 (%)
Yes 166 (75.5) 70 (74.5) 69 (73.4) 27 (84.4) 0.44
No 54 (24.5) 24 (25.5) 25 (26.6) 5(15.6)
Alcohol consumption, # (%)
Yes 98 (44.5) 43 (45.7) 41 (43.6) 14 (43.8) 0.95
No 122 (55.5) 51 (54.3) 53 (56.4) 18 (56.2)
Median pre-C-CRT TE, n (range) 3(1-11) 2(1-3) 5(4-9) 4(1-11) 0.000%
Pre-C-CRT TE group, n (%)
>4 93 (42.3) 0(0) 61 (64.9) 32 (100) 0.000%*
<4 127 (57.7) 94 (100) 33 (35.1) 0(0)
Median time from TE to C-CRT, days (range) 16 (12 - 22) 17 (14 - 22) 16 (13 - 22) 16 (10 - 22) 0.43
T-stage, n (%)
1-2 44 (20) 18 (19.1) 20 (21.3) 6(18.8) 0.67
3-4 176 (80) 76 (80.9) 74 (78.7) 26 (81.2)
N-stage, 1 (%)
0-1 78 (32.7) 33 (35.1) 34 (36.2) 11 (34.4) 0.51
2-3 142 (67.3) 61 (64.9) 60 (63.8) 21 (65.6)
Clinical Stage, n (%)
111 79 (35.9) 33 (35.1) 35(37.2) 11 (34.4) 0.42
IVA-B 141 (64.1) 61 (64.9) 59 (62.8) 19 (65.6)

Abbreviations: C-CRT: Concurrent chemoradiotherapy; TE: Tooth extraction; T: Tumor; N: Node.
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Table 2. Definition of the combined PIV and TE groups and
PIV-TE-ORN]J index groups

Characteristics Definition

Combined PIV and TE groups

Group 1 PIV<833 and Pre-C-CRT TE<4
Group 2 PIV<833 and Pre-C-CRT TE>4
Group 3 PIV=833 and Pre-C-CRT TE<4
Group 4 PIV>833 and Pre-C-CRT TE>4
PIV-TE-ORN]J index groups
Low risk PIV<833 and Pre-C-CRT TE<4
Intermediate risk PIV<833 and Pre-C-CRT TE>4
High risk or PIV=833 and Pre-C-CRT TE<4

PIV=>833 and Pre-C-CRT TE>4

Abbreviations: PIV: Pan-immune-inflammation value; TE: Tooth
extractions; ORNJ: Osteoradionecrosis of the jaws.

but TE > 4 or TE < 4 but PIV > 833); and high risk
(PIV = 833 and TE > 4) (Table 3). When compared by
three groups, the ORNJ rates stood at 43.8%, 6.4%, and
1.1% for the high-, intermediate-, and low-risk groups,
respectively (Figure 2). The Bonferroni corrected
P-values underscored the significant differences between
the three groups (P < 0.001 for each comparison, Table 2).
The comparison of risk groups showed that pre-C-CRT
TE > 4 was present in 100%, 64.9%, and 0% for the
high-, intermediate-, and low-risk groups, respectively,
suggesting a poorer oral health status that is significantly
more common in the high- and intermediate-risk groups
(P < 0.001).

In the univariate analysis, five additional factors were
linked to a higher ORNTJ incidence rate following definitive
C-CRT. These factors included pre-C-CRT TEs (P < 0.001),
post-C-CRT TEs (P < 0.001), a PIV > 833 (P = 0.001),
continued smoking (P = 0.002), and a mean mandibular
dose of 256.4 Gy (P < 0.001). In the multivariate analysis,
all six factors, including the three-tiered PIV-TE index,
retained their independent significance concerning the
ORNJ rates (Table 4).

4, Discussion

This retrospective cohort analysis sought to determine
whether the combination of pre-C-CRT PIV levels and the
number of TEs, specifically the PIV-TE-ORNJ index, could
accurately predict the rates of ORN]J in patients treated
for LA-NPC. This study originated from proven previous
separate associations between these parameters and ORN]J
rates. Our results confirmed the predictive validity of both
PIV and TEs and illustrated that the PIV-TE-ORN]J index
can categorize patients into three distinct risk groups for
ORNJ occurrence, each exhibiting significantly different
rates: high risk, 43.8%; intermediate risk, 6.4%; and low
risk, 1.1% (P < 0.001).

ORNUJ rates per PIV-TE group

50% 43.8%

40%
30%

20%

6.6% 6.1%

D »

Group 3

ORNJ incidence rate (%)

10% 11%

Group 1

0%

Group 2 Group 4

PIV-TE groups

Figure 1. Combined pan-immune-inflammation value and pretreatment
tooth extraction groups for osteonecrosis of jaw (Group 1, PIV < 833 and
Pre-C-CRT TE < 4; Group 2, PIV < 833 and Pre-C-CRT TE 2 4, or PIV
> 833 and Pre-C-CRT TE < 4; and Group 3, PIV > 833 and Pre-C-CRT
TE = 4).

Abbreviations: PIV: Pan-immune-inflammation value;
extractions; ORNJ: Osteoradionecrosis of the jaws.

TE: Tooth

ORNUJ rates per PIV-TE risk group

43.8%
50%

40%
30%

20%
6.4%

Intermediate-risk

PIV-TE risk groups

1.1%

Low-risk

10%

ORNJ incidence rate (%)

0%
High-risk

Figure 2. Osteoradionecrosis of the jaw rates for per PIV-TE-ORNJ index
groups (Group 1, PIV<833 and Pre-C-CRT TE<4; Group 2, PIV<833
and Pre-C-CRT TE24; Group 3, PIV=>833 and Pre-C-CRT TE<4; and
Group 4, PIV>833 and Pre-C-CRT TE>4).

Abbreviations: PIV: Pan-immune-inflammation value;
extractions; ORNJ: Osteoradionecrosis of the jaws.

TE: Tooth

Bone lysis can be observed as early as 4 h following
RT. However, ORN]J appears to be primarily caused by
radiation-induced damage to the endothelial cells, which
results in progressive microvascular dysfunction, vascular
obstruction, and low bone turnover attributable to an
inadequate supply of oxygen and nutrients.*® Adequate
tissue oxygenation is essential for all the stages of the
regenerative processes, including cell proliferation and
growth, angiogenesis, collagen synthesis, and activation
of the bodys defense mechanisms against bacterial
infections after any tissue injury, such as those caused by
high doses of RT.*”” Following radiation-induced bone
injury, proinflammatory cytokines such as TGF-3, which
promote fibrosis, and TNF-o., IL-1, and IL-6, are believed
to initiate and exacerbate the development of ORNJ by
activating a persistent chronic inflammatory phase.’>***
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Table 3. Distribution of variables according to risk groups and results of their relationship

Characteristics All patients Low-risk group Intermediate-risk High-risk group P-value
(n=220) (n=94) group (n=94) (n=32)
Continued smoking, # (%)
Yes 47 (21.4) 18 (19.14) 21 (22.34) 8 (0.25) 0.22
No 173 (78.6) 76 (80.86) 73 (77.66) 24 (0.75)
Continued alcohol consumption, 7 (%)
Yes 64 (29.01) 27 (28.72) 28 (29.80) 9 (28.13) 0.19
No 156 (70.99) 67 (71.28) 66 (70.2) 23 (71.87)
Concurrent chemotherapy cycles, n (%)
1 55 (0.25) 16 (0.25) 24 (25.53) 15 (46.9) 0.008
2-3 165 (0.75) 78 (0.75) 70 (74.47) 17 (53.1)
Adjuvant chemotherapy cycles
0 76 (34.54) 23 (24.5) 33 (35.1) 20 (62.5) 0.006
1-2 144 (65.46) 71 (75.5) 61 (64.9) 12 (37.5)
Mean mandibular dose, Gy (range) 41.6 (18.4 - 74.8) 41.9 (18.4 - 74.2) 41.2 (19.3 - 73.7) 41.8 (19.1 - 74.8) 0.87
Mean mandibular dose group, n (%)
<56.4 163 (74.1) 70 (74.5) 69 (73.4) 24 (0.75) 0.57
>56.4 57 (25.9) 24 (25.5) 25 (26.6) 8 (0.25)
Median post-C-CRT extracted teeth, n (range) 1(0-5) 1(0-1) 1(0-5) 2(0-5) 0.00*
Median C-CRT to ORN interval, mo. (range) 19 (12 - 24) 19 (19 - 19) 19 (15 -24) 19 (12 - 24) 0.85
Post-CCRT TE, n (%)
Absent 38 (17.3) 20 (21.3) 16 (17.0) 2(6.3) 0.06
Present 182 (82.7) 74 (78.7) 78 (83.0) 30 (93.7)
ORNJ, n (%)
Absent 199 (90.5) 93 (98.9) 88 (93.6) 18 (56.3) <0.001
Present 21(9.5) 1(1.1) 6 (6.4) 14 (43.8)

Abbreviations: C-CRT: Concurrent chemoradiotherapy; Gy: Gray; ORNJ: Osteoradionecrosis of the jaws.

In a recent study by our group, PIV levels were associated
with post-C-CRT ORN] rates.” Herein, in line with our
previous findings, we have corroborated that the incidence
of ORNJ is significantly high in the group with PIV >
833 compared with the group with PIV < 833 (25.8% vs.
2.6%, P < 0.001). This outcome indicates that PIV can be
regarded as a pertinent biomarker for assessing the ORNJ
risk in patients with LA-NPC who have received C-CRT.

A study demonstrated that TE functions as a catalyst
in increasing ORN]J risk. Nonetheless, a significant
debate exists concerning the optimal timing for TE
enactment.***! Consistent with the results of our previous
and present studies, some researchers contend that
TEs lead to a higher ORNJ risk due to radiation-related
consequences, regardless of their timing. For example,
Beech et al. found that pre-RT TEs, either alone or followed
by post-RT TEs, increased the ORN]J risk.* Confirming
the role of pretreatment TEs in ORNJ development, a
recent meta-analysis by Jiang et al. elucidated a 4.16%
risk of ORNJ associated with pre-RT TEs,* a figure that
only marginally diverges from the 6.4% incidence of
ORN]J observed within the intermediate-risk cohort in
the present study. The increased risk of ORN]J following

pre-RT TEs may be further aggravated by the severity of
surgical damage to both soft tissues and bone. Multiple
pretreatment TEs, which indicate poor oral health and
significant trauma to the mandible, are clearly linked to a
substantially higher risk of ORNJ. This heightened risk is
likely due to decreased tissue blood flow and oxygenation
in the severely injured mandible and tooth sockets after RT
or C-CRT. In this respect, pre-C-CRT TE 2 4 was observed
in 100% of the high-risk group, 64.9% of the intermediate-
risk group, and 0% of the low-risk group. This finding
highlights a significantly greater prevalence of suboptimal
oral health status among the high- and intermediate-risk
groups relative to the low-risk group (P < 0.001). Although
further investigations are warranted, these results imply
that in addition to increased trauma due to dental
extractions, prolonged periods of compromised oral health
and associated chronic local and systemic inflammation
may have contributed to the elevated incidence of ORN]J
within these patient subgroups.

The most prominent finding of this study was
the creation of a new index by integrating previously
established pretreatment PIV > 833 and TE > 4 to predict
ORNJ rates after C-CRT in patients with LA-NPC, namely,
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Table 4. Results of the univariate and multivariate analyses (ORNJ)

Characteristic All patients (n=220) ORN incidence (n=21) Univariate P-value Multivariate P-value

Age group, n (%)
<56 years 114 (51.8) 12 (10.5) 0.65 -
>56 years 106 (48.2) 9(8.5)

Sex, n (%)
Female 69 (31.4) 7 (10.14) 0.81 -
Male 151 (68.6) 14 (9.27)

Smoking history, n (%)
Yes 166 (75.5) 15 (9.03) 0.60 -
No 54 (24.5) 6 (11.11)

Alcohol consumption history, 7 (%)
Yes 98 (44.5) 10 (10.2) 0.82 -
No 122 (55.5) 11 (9.01)

Continued smoking, 7 (%)
Yes 47 (21.4) 10 (47.62) 0.002 0.004
No 173 (78.6) 11 (52.38)

Continued alcohol consumption, 7 (%)
Yes 66 (0.30) 8(38.1) 0.19 -
No 154 (0.70) 13 (61.9)

T-stage group, 1 (%)
1-2 44 (0.20) 3(14.3) 0.18 -
3.4 176 (0.80) 18 (85.7)

N-stage, 1 (%)
0-1 78 (35.5) 6(28.6) 0.23 -
2-3 142 (64.5) 15 (71.4)

Clinical stage, n (%)
I 79 (35.91) 6(28.6) 0.27 -
IVA-B 141 (65.09) 15 (71.4)

Concurrent chemotherapy cycles, n (%)
1 55 (0.25) 5(23.81) 0.88 -
2-3 165 (0.75) 16 (76.19)

Adjuvant chemotherapy cycles, n (%)
0 76 (34.55) 7(33.3) 0.82 -
1-2 144 (65.45) 14 (66.7)

Post-C-CRT TE, n (%)
Absent 38 (17.3) 0(0.0) <0.001 <0.001
Present 182 (82.7) 21 (100.0)

Pre-C-CRT TE group, n (%)
>4 76 (34.5) 17 (22.4) <0.001 <0.001
<4 127 (65.5) 4(3.14)

PIV group, n (%)
>833 66 (30.0) 17 (25.8) <0.001 0.001
<833 154 (70.0) 4(2.6)

PIV-TE-ORN]J group, n (%)*
Low-risk group 94 (42.7) 1(1.1) 0.006a 0.009a
Intermediate-risk group 94 (42.7) 6 (6.4) <0.001° <0.001°
High-risk group 32 (14.6) 14 (43.75) <0.001°¢ <0.001¢

MMD group, n (%)
<56.4 Gy 163 (74.1) 4(19.05) <0.001 0.001
>56.4 Gy 57 (25.9) 17 (80.95)

Note: *Bonferroni corrected P values for each group (significant Bonferroni corrected P-value for three possible comparisons is 0.0167).
Abbreviations: T: Tumor; N: Node; C-CRT: Concurrent chemoradiotherapy; TE: Tooth extraction; PIV: Pan-immune-inflammation value;
ORNJ: Osteoradionecrosis of jaws; MMD: Mean mandibular dose.
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the PIV-TE-ORN]J index.?” This novel three-tiered index
effectively categorized patients into three distinct ORN]J
risk groups: high risk (43.8%), intermediate risk (6.4%),
and low risk (1.1%). In addition, although a 6.4% incidence
of ORNJ in the intermediate-risk group was consistent with
the literature,” ' the 43.8% ORN]J incidence observed in the
high-risk group was significantly higher than that in any
other research. This finding indicates that nearly one out of
every two patients in the high-risk group will experience
ORN]J at some point during post-C-CRT follow-up,
emphasizing the importance of close dentistry follow-up
visits, early commencement of prophylactic measures,
adoption of non-traumatic or minimally traumatic dental
extraction techniques, use of primary tissue closure after
TEs, and more careful RT planning in the high-risk groups
to keep organ-at-risk doses as low as possible.**** This study
also highlighted that the number of TEs serves as a more
crucial indicator of the severity of mandibular trauma
concerning ORNJ rather than the timing of TEs relative to
the head and neck irradiation (pre- versus post-RT). This
study revealed that the TE cutoff associated with increased
ORNJ risk was >4, a finding consistent with the cutoff of
>5 established by Tsai et al.,* that is, a 2.4% risk of ORN]J in
patients who underwent <5 TEs following RT, whereas the
risk increased to 12.1% in those who underwent >5 TEs
(Z-score = 4.5062; P < 0.0001).

5. Limitations

This study has several limitations. First, the findings
presented herein are based on a single institutional
retrospective study with a modest cohort size, and they lack
associated internal and external validation cohorts. Second,
because the PIV is a dynamic biomarker with significant
time-dependent fluctuations, the fittest cutoff may differ
from the one presented here, which merely reflected
single time-point measurements across all patients. Future
studies into the PIV obtained during or after C-CRT may
be valuable in identifying a more relevant PIV cutoff
that may demonstrate a more reliable link with ORN]J
rates. Third, the lack of in vivo oxygen measurements or
vascular abnormalities necessitates considering blood flow
measurements and evaluating the tissue oxygenation status
in the treatment area before, during, and after C-CRT. This
approach may prove valuable in identifying patients at a
high risk of developing ORN]J. Fourth, in the absence of
correlative analyses, we may have skipped the opportunity
to clarify the potential links between ORN]J occurrence and
levels of inflammatory biomarkers, such as HIF-1, VGEE,
TNEF-a, IL-1, IL-6, and TGF-f, which play critical roles
in fibrosis formation and hypoxia and thus ORNJ. Fifth,
because the study group had TEs before treatment, we were
unable to compare the results between patients who had no

TEs and those who had single or multiple TEs. However,
this patient selection process was conducted intentionally
to examine the effect of TE-related jaw trauma severity on
the incidence rates of ORNJ. Specifically, we analyzed the
correlation between the number of teeth extracted and
ORNJ occurrence rather than exclusively focusing on the
presence or absence of TE. All participants in this study
exhibited poor oral health before C-CRT; therefore, the
generalization of our results to all patients with LA-NPC is
not feasible. However, given the nearly identical oral health
conditions shared by nearly all participants, any associated
bias will likely be minimal, if present at all. Considering all
these facts together, the current findings are hypothesis-
generating rather than concrete guidance until more
extensive prospective research can corroborate them.

6. Conclusion

The findings of this retrospective study involving patients
with LA-NPC suggest that the newly developed PIV-TE-
ORNJ index could effectively categorize patients into three
distinct ORNJ risk groups following C-CRT, offering a
promising future for oncology practice. However, given the
study’s retrospective design and its limitation to a single
center, further studies are needed to confirm these results
before they can be incorporated into routine radiation and
dental oncology practice.
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Abstract

Radiation-induced skin injury (RISI) is a frequent complication of radiotherapy that
can severely hinder treatment and endanger patients’ lives. Current treatments
offer limited efficacy in reducing symptoms. This study explores the protective
effect of aspirin (ASP) on RISI and its underlying mechanisms. As in vivo RISI models,
8 - 12-week-old C57BL/6 mice were irradiated with a single dose of 20 Gy X-rays
to the skin of the right thigh, with sham-irradiated mice serving as controls. ASP
was administered orally for 7 days before irradiation. Skin samples were collected
on day 14 post-irradiation for single-cell RNA sequencing (sc-RNAseq). RISI severity
was assessed daily using a modified RTOG/EORTC scoring system (scores ranging
from 1 to 5.5). Our results showed that ASP delayed the onset of RISI and reduced its
severity. The sc-RNAseq revealed an increased number of interfollicular epidermal
cycling (IFE C) cells in irradiated skin, with some cells showing G2M cell cycle arrest.
These IFE C cells exhibited elevated expression of stemness markers, indicating their
importance in both RISI damage and subsequent repair. The ASP-treated group
showed delayed skin injury onset and reduced peak severity compared to untreated
controls. Furthermore, ASP appeared to promote homologous recombination
repair of radiation-induced DNA damage, contributing to its protective effect. In
conclusion, IFE C cells undergo G2M arrest to repair radiation-induced damage. ASP
shows potential in preventing RISI, possibly through enhancing DNA repair. These
findings suggest a novel therapeutic role for ASP in mitigating RISI.

Keywords: Radiation-induced skin injury; Single-cell RNA sequencing; Interfollicular
epidermal cells; Aspirin; G2/M cell cycle arrest; DNA repair

1. Introduction

Radiation-induced skin injury (RISI) is a common complication in patients undergoing
radiotherapy, particularly in cancers that involve the skin or adjacent tissues. The
severity of RISI can range from mild erythema to severe necrosis, posing a significant
risk to patient well-being and potentially necessitating interruptions in the course of
radiotherapy. Such disruptions can compromise the effectiveness of cancer treatment,
leading to poorer outcomes for patients'? The clinical manifestations of RISI include
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inflammation, desquamation, ulceration, and in severe
cases, necrosis and fibrosis, all of which significantly
reduce the quality of life for patients undergoing radiation
therapy"’.

The pathophysiology of RISI involves complex
interactions between radiation-induced DNA damage,
inflammation, and impaired wound healing. Ionizing
radiation leads to the generation of reactive oxygen
species, causing extensive damage to cellular structures,
particularly DNA. Double-strand breaks (DSBs) are the
most lethal form of DNA damage caused by radiation,
and inefficient repair of these lesions results in cell death
or senescence. In addition, radiation disrupts the balance
of cytokines, resulting in an inflammatory cascade that
further exacerbates tissue injury and delays the healing
process™. These challenges highlight the need for
innovative therapies that not only address the symptoms of
RIST but also target the underlying mechanisms of injury.

Current treatments for RISI remain largely inadequate,
often failing to significantly alleviate the symptoms or
reverse the damage caused by radiation. Standard care,
which includes the use of corticosteroids, non-steroidal
anti-inflammatory drugs, and advanced wound dressings,
primarily focuses on managing symptoms rather than
preventing the occurrence or progression of injury. These
interventions provide limited benefit, particularly for
severe cases, and do not effectively target the underlying
DNA damage or inflammation that drives RISI®. The lack
of effective preventative measures to protect the skin from
radiation underscores the importance of identifying novel
agents that can mitigate radiation-induced cellular damage
and enhance the skin’s innate repair mechanisms.

Recent research has suggested that aspirin (ASP), a
non-steroidal anti-inflammatory drug, can help mitigate
radiation-induced genotoxic effects through its ability to
promote DNA repair. Specifically, ASP has been found
to enhance homologous recombination, facilitating the
repair of radiation-induced DSBs in DNA, which are a
major contributor to cell damage and death following
radiation exposure®. ASP has also been reported to inhibit
the activity of pro-inflammatory pathways, which play a
critical role in the inflammatory response to radiation®. By
both promoting DNA repair and reducing inflammation,
ASP may offer a multifaceted protective effect against RISI.
This dual mechanism makes ASP an attractive candidate
for further investigation as a prophylactic treatment for
patients undergoing radiotherapy. ASP’s role in DNA
repair and inflammation modulation suggests that it
could be particularly beneficial in the context of RISI,
where both genotoxic stress and inflammation play key
roles. Furthermore, previous studies have shown that

the homologous recombination pathway is crucial for
maintaining genomic stability in the face of radiation
damage’. ASP’s ability to facilitate this pathway may thus
enhance cellular resilience to radiation, particularly in
interfollicular epidermal (IFE) cells, which are essential for
maintaining skin integrity and healing after injury.

Previous studies have demonstrated that ASP exhibits a
dual mechanism: Reducing inflammation and promoting
DNA repair in normal tissues while sensitizing cancer
cells to radiotherapy through cyclooxygenase-2 (COX-2)
pathway inhibition. These effects make ASP a promising
adjunctive therapy for radiotherapy®.

The objective of this study was to investigate the
preventive and protective effects of ASP in a mouse model
of RISI and to elucidate its potential mechanisms of
action. We hypothesized that ASP could play a key role in
mitigating the severity of RISI by promoting DNA repair in
IFE cells, thereby enhancing cellular resilience to radiation-
induced damage. By advancing our understanding of ASP’s
protective mechanisms, this study aims to contribute to the
development of more effective strategies to protect patients
from the adverse effects of radiation therapy.

2. Materials and methods
2.1. RISI mouse model

To establish the RISI model, we used 8 - 12-week-old
female C57BL/6 mice (Guangdong Medical Laboratory
Animal Center, China). Mice were maintained in a
controlled animal facility under specific pathogen-free
conditions, with a temperature of approximately 23°C in a
12-h light/dark cycle. The mice received sterile commercial
rodent chow and water ad libitum. For the RISI model, the
proximal right hind limb was shaved to expose the thigh
skin. The mice were anesthetized using chloral hydrate
and properly immobilized. Radiation was delivered using
a Varian linear accelerator (6 MV, 3 Gy/min) to administer
a single dose of 20 Gy X-ray irradiation to the thigh skin.
Control mice underwent the same procedures, including
shaving, anesthesia, and immobilization, but were not
irradiated’.

2.2. RISl scoring system

The severity of RISI was assessed using a modified scoring
system based on the Radiation Therapy Oncology Group/
European Organization for Research and Treatment of
Cancer (RTOG/EORTC) grading criteria'®. This modified
system allows for a more detailed and statistically
appropriate assessment of RISI severity, with scores ranging
from 1 to 5.5. The detailed scoring system used in this
study is shown in Table 1, which includes categories from
normal skin (score = 1.0) to severe injury (score = 5.5),
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Table 1. RISI evaluation criteria

Score Description

1.0 Normal skin

1.5 Mild erythema and slight dryness

2.0 Moderate erythema and dryness

2.5 Prominent erythema and dry desquamation

3.0 Dry desquamation and slight crust formation

35 Dry desquamation, moderate crust formation, and mild
epidermal exfoliation

4.0 Moist desquamation in plaques and moderate ulceration

4.5 Large, confluent moist desquamation, ulceration, and
significant crusting

5.0 Open ulceration and full-thickness skin loss

5.5 Necrosis

Abbreviation: RISI: Radiation-induced skin injury.

encompassing levels of erythema, dryness, desquamation,
and necrosis. Mice were observed daily to monitor the
development of skin injury, and the scores were recorded
to evaluate the progression of RISI. This refined scoring
method enabled more precise differentiation of the injury
stages.

2.3. Single-cell RNA sequencing (scRNA-seq)

At 14 days post-irradiation, the onset of injury became
evident, and skin samples were collected from the
irradiated regions of the experimental group mice and
the sham-irradiated regions of the control group mice for
scRNA-seq. The skin samples were separated into dermal
and epidermal layers by treatment with Dispase II (Sigma-
Aldrich, USA) at 37°C for 60 min. The layers were then
minced and enzymatically digested in Liberase/DNase
solution (Roche, Switzerland) to achieve cell dissociation.
Single-cell suspensions were prepared using the Chromium
Next GEM single-cell 3’ reagent kit v3.1 (10x Genomics,
USA), which were subsequentlyloaded onto the Chromium
Controller, targeting the capture of roughly 6,000 cells
per sample. Following lysis and reverse transcription,
complementary DNA (cDNA) synthesis and library
preparation were performed. Sequencing was conducted
on the Illumina NextSeq500 platform (Illumina, USA).

2.4. Analysis of scRNA-seq data

Raw reads from each sample were processed using
the “count” command of Cell Ranger software
version 6.1.2 (10x Genomics, USA), aligning them to
the mouse mm' (GRCm38) reference genome. The
resulting report was evaluated to determine the quality
of the samples based on metrics including cell numbers,
average reads per cell, fraction of reads in cells, alignment

rate, and sequencing saturation. Further filtering was
applied to retain only high-quality cells, defined as those
with over 200 expressed genes and <5% mitochondrial
RNA content. Genes expressed in fewer than three cells
were excluded from subsequent analyses. The datasets
were normalized using the “LogNormalize” global scaling
method. From each sample, 2,000 highly variable genes
were selected for downstream analysis. Integration of
datasets was performed using the Seurat Find Integration
Anchors function followed by the IntegrateData function,
using 1 - 40 dimensions. The integrated data were scaled,
centered, subjected to dimensionality reduction using
principal component analysis (PCA), and clustered at
a resolution of 0.6 based on PCAl - PCA40. Finally,
the Uniform Manifold Approximation and Projection
technique was used for data visualization.

2.5. Overall differential analysis between irradiated
and control groups

To analyze the differences between the irradiated group
and control group, t-Distributed Stochastic Neighbor
Embedding (tSNE) plots were used to display cell
population differences. Heatmaps were generated to
present overall gene expression changes between groups.
Enrichment analyses were conducted to identify the main
pathways involved under different conditions. KEGG
pathway enrichment analysis was performed using the
enrich KEGG function from the clusterProfiler package'?,
focusing on genes with significant changes between groups
(P-value cutoff of 0.01). This analysis highlighted the
key biological pathways affected by radiation treatment,
including pro-inflammatory and DNA repair-related
pathways. Visualization of enrichment results included dot
plots, tree plots, and enrichment maps, which provided
insights into the interconnected pathways affected by
radiation. In addition, the Gene Set Enrichment Analysis
(GSEA)" was employed to validate pathway activation
and changes post-treatment, focusing on identifying
upregulated and downregulated pathways and their impact
on the overall cellular response.

2.6. Main cell type annotation and analysis

The identification of major cell types was conducted
using classic cell markers such as Epcam for epithelial
cells, Col3al for fibroblasts', Cd3d for T cells'®, Ly6c2
for monocytes'”, and Pecaml for endothelial cells'. These
markers facilitated the classification of cells into their
respective major categories. The proportions and counts
of these cell types were analyzed to determine changes
following irradiation. The analysis revealed shifts in
cell population dynamics, indicating radiation-induced
changes in cellular composition in the skin.
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To understand the functional implications of these
shifts, the Reactome pathway enrichment analysis was
conducted. GSEA was used to evaluate pathway activations
across different major cell types post-irradiation. Core
pathways such as extracellular matrix organization,
chemokine signaling, fatty acyl-CoA metabolism, Rho
GTPase activity, and cornified envelope formation were
identified. The average expression levels of core genes
involved in these pathways were calculated for epithelial
cells, fibroblasts, T cells, monocytes, and endothelial
cells. The differential activation of these pathways was
visualized to highlight the primary mechanisms impacted
by radiation and to illustrate potential targets for ASP’s
protective effects.

2.7. Cell subtype annotation and analysis

For finer subclassification, specific marker genes were
used to define each cluster”. For instance, IFE cells were
identified based on Krt10, Lor, and Pgsll expression,
and further subdivided into IFE basal (IFE B), and IFE
keratinized (IFE K) based on differential expression
profiles. Similarly, the upper hair follicle (uHF) was
distinguished using Krt17, Krt79, and Cyb5r3, and
sebaceous gland (SG) markers included MgstI and Scdl.
For each of these clusters, additional gene markers were
used to refine subclassification, incorporating well-
established gene markers such as Krt14, Krt15, and Lrigl
for infundibulum and bulge regions.

Further subclassification was performed by analyzing
comprehensive gene expression profiles, which are visualized
in the subsequent tSNE plots and heatmaps. Cluster-
specific gene expression was validated with previously
reported datasets, which include marker genes for dermal
and epidermal skin cell types'. For clusters displaying
ambiguous classifications, marker gene expression was
further analyzed to provide a more precise categorization®.

2.8. Pseudotime analysis

To further investigate the progression and differentiation
of IFE cells during radiation-induced injury, pseudotime
trajectory analysis was conducted using Monocle?. The
scRNAseq data used for this analysis was composed
of IFE cells, IFE B1, and IFE B2 cells. Gene expression
data were extracted and organized into a cell data set
object in Monocle, with further dimension reduction
performed using DDRTree. Cells were then ordered along
a pseudotemporal trajectory to model the progression of
cellular states during injury and recovery. Differential gene
expression analysis identified genes involved in radiation
response pathways, with Krt14, Krt10, and Mki67 serving
as key markers for identifying cellular progression along
the trajectory.

2.9. ASP treatment and evaluation of protective
effects

To assess the protective effects of ASP on RISI, mice in the
ASP treatment group were gavaged with ASP (20 mg/kg,
once daily) for seven consecutive days before radiation
exposure. The corresponding control group received an
equal volume of saline. One day after the final gavage,
both groups were irradiated with a single dose of 20 Gy
X-ray to establish the RISI model. The severity of RISI was
monitored daily post-irradiation, and the modified RISI
scoring system was used to evaluate the effects of ASP
treatment on the development and progression of skin
injury.

3. Results

3.1. Overall differential analysis

The differential analysis of irradiated versus control
groups revealed significant changes in cell clustering and
gene expression patterns. The scRNA-seq data visualized
through t-SNE plots showed a distinct separation between
the control and irradiated groups, indicating substantial
transcriptional reprogramming post-irradiation.
Specifically, the control group included 5479 cells,
whereas the irradiated group showed a reduction to
3543 cells, highlighting a significant decrease in cellular
population after radiation exposure (Figure 1A). Heatmap
visualization further illustrated marked differences in
gene expression profiles, with notable clusters of genes
either upregulated or downregulated between the two
conditions. The contrasting colors of the heatmap
emphasize the clear distinction in expression levels,
suggesting major transcriptional changes following
irradiation (Figure 1B). The differential gene expression
analysis identified a significant number of differentially
expressed genes (DEGs) between the irradiated and control
groups. This set of DEGs includes both upregulated genes
(n = 257) and downregulated genes (n = 500) (Table S1),
which were further analyzed for pathway enrichment.
Enrichment analysis showed that upregulated genes were
predominantly involved in pathways such as “extracellular
matrix organization” and “chemokine receptors bind
chemokines” pathways, reflecting increased
remodeling and immune signaling activity. On the other
hand, downregulated genes were enriched in pathways
related to “Rho GTPases activate NADPH oxidases” and
“fatty acid metabolism,” indicating suppression of cellular
processes linked to oxidative stress responses and lipid
metabolism (Figure 1C). GSEA provided further validation
for the differential pathway activation. The normalized
enrichment scores (NES) indicate a shift in pathway
activity between the two groups, with some pathways such

tissue
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Figure 1. Overall differential analysis between control and irradiated groups. (A) t-SNE plots show the clustering of cells in control versus irradiated
groups. The control group consisted of 5,479 cells, whereas the irradiated group had 3,543 cells. (B) Heatmap illustrating the differential gene expression
patterns between control and irradiated conditions. Normalized expression levels of genes in the heatmap range from -2 to 2. (C) Enrichment analysis
results of DEG between irradiated and control groups. Upregulated genes are enriched in pathways such as extracellular matrix organization and immune
regulation, whereas downregulated genes are linked to cellular metabolic processes. (D) GSEA shows the specific upregulation or downregulation trends
of major signaling pathways, with enrichment scores indicating pathway shifts following irradiation.

Abbreviations: DEG: Differentially expressed genes; GSEA: Gene set enrichment analysis; NES: Normalized enrichment score; t-SNE: t-Distributed
stochastic neighbor embedding.

as “extracellular matrix organization” having an NES of post-irradiation downregulation. This analysis offers a
+1.9, indicating substantial upregulation in the irradiated detailed understanding of the specific biological pathways
group. In contrast, pathways such as “Rho GTPases activate impacted by radiation, including the directionality of their

NADPH oxidases” showed an NES of —1.3, indicating modulation (Figure 1D).
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3.2. Main cell type annotation and response to
irradiation

Analysis of cell populations in irradiated versus control
groups revealed notable differences in the composition of
major skin cell types. A total of 9,022 cells were classified
into major cell types, including epithelial cells, fibroblasts,
T cells, monocytes, and endothelial cells, visualized using
t-SNE. Epithelial cells constituted the largest population,
followed by fibroblasts, T cells, and other types (Figure 2A).
Comparing control and irradiated groups, the average
number of cells within each type showed significant changes,
with a marked reduction in the number of epithelial cells
in the irradiated group (Figure 2B). The proportion of
cell types also varied, suggesting that radiation exposure
disproportionately affected specific cell populations,
reducing epithelial content while maintaining more stable
levels of T cells and monocytes. Marker gene analysis
showed differential expression across cell types, with key
markers such as Epcam, Cd44, Ly6¢c2, and Pecaml being
particularly notable. For example, Ly6¢2, which is related
to immune response, displayed elevated levels in irradiated
samples, indicating an increased presence of monocytes in
response to radiation-induced inflammation (Figure 2C).
The t-SNE visualizations focusing on the expression of
key marker genes across different cell types demonstrated
significant radiation-induced changes. Epithelial cells and
fibroblasts exhibited an upregulation of genes associated
with extracellular matrix remodeling, reflecting an attempt
to repair radiation damage, potentially contributing
to fibrosis as part of the skins response (Figure 2D).
Pathway analysis of DEGs across cell types highlighted the
involvement of multiple key-signaling pathways, including
“cornified envelope,” “extracellular matrix,” “chemokines,”
“fatty acyl-CoA synthesis,” and “Rho GTPase” pathways.
Notably, the “cornified envelope” and “extracellular matrix”
pathways were significantly upregulated in irradiated
epithelial cells, suggesting disruptions in skin barrier
function and increased extracellular matrix activity - key
features of the response to radiation injury (Figure 2E).

3.3. Cell subtype annotation analysis

The analysis of cell subtypes identified 13 distinct cell
populations. This process was conducted in two major
steps. Initially, using known skin cell markers, eight
primary cell types were annotated, including IFE B,
IFE differentiated (IFE D), IFE K, infundibulum basal
(INFU B), outer bulge (OB), inner bulge (IB), SG, and
LH (Figure S1A-C). In the next step, four of these major
cell types underwent further characterization through
comprehensive multigene expression analysis. This
additional analysis allowed for finer differentiation of these
groups, leading to the identification of specific subtypes:

IFE B was further differentiated into IFE Bl and IFE
B2, IFE D was differentiated into IFE D1 and IFE D2,
and the uHF was differentiated into uHFII, uHFIV, and
uHFVI cells, resulting in a total of 13 annotated subtypes
(Figure S1D-G, Figure 3B).

The t-SNE plot visualization (Figure 3A) clearly
shows the separation between these 13 subtypes, with
clusters highlighted for each cell population. A bar plot
representation of cell numbers (Figure 3C) revealed
variations in cell distributions between the control
and irradiated groups, while the cell proportion plot
(Figure 3D) depicted distinct changes in the prevalence of
each subtype under irradiation conditions. Notably, despite
the overall reduction in cell number post-irradiation, the
number and proportion of IFE B1 cells were increased in
the irradiated group compared to the control group. As
this is an intriguing observation, subsequent analyses were
primarily focused on the IFE B cell population.

Further analysis examined the cell cycle distribution of
the two IFE B cell subtypes and revealed that the majority
of cells in the G2M phase were present in the IFE Bl
subpopulation (Figure 3E and F). Compared to other IFE
B cells, IFE B1 cells exhibited higher expression levels of
Cdk1 and Ccnb1, leading us to define these actively cycling
cells as IFE Cycling (IFE C) cells (Figure 3G and H).
We then analyzed stem cell marker expression® across
different IFE cell subtypes, revealing that IFE C cells
exhibited the highest expression of the stem cell marker
Krt14, suggesting the highest level of stemness within this
subgroup (Figure 3I). In addition, comparing control and
irradiated groups, we found that the expression of cell cycle
markers Cdkl and Ccnbl was reduced post-irradiation,
whereas the expression of the stemness marker Krtl4
was elevated in the irradiated group (Figure 3]). Based on
these observations, we hypothesize that IFE C cells serve
as a reservoir for IFE cell populations. Upon irradiation,
IFE C cells in mouse skin experience cell cycle arrest in
the G2M phase. However, should these cells successfully
bypass the G2M checkpoint, they could rapidly proliferate
and differentiate to replenish epidermal cells in the skin.

3.4. Pseudotime analysis of IFE cells

A pseudotime analysis was performed on the major
IFE cell populations to understand their differentiation
trajectories. Figure 4 (A-C) shows the differentiation path
of IFE subtypes, with IFE C cells positioned upstream
in the differentiation process, confirming our previous
hypothesis that IFE C serves as an origin cell type for further
differentiation. The trajectory visualization highlights that
IFE C cells are found at the beginning of the differentiation
path, with subsequent transitions to other subtypes.
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Figure 2. Cell type composition and differential gene expression in irradiated versus control groups. (A) t-SNE visualization of sc-RNAseq data shows distinct
clustering of major skin cell types in irradiated and control conditions. Major cell types include epithelial cells, fibroblasts, T cells, monocytes, and endothelial
cells. (B) Bar plot illustrates the number and average proportion of each cell type under control and irradiated conditions. (C) Dot plot of key markers,
including Cd34, Krt14, Ly6a, and Pecam1, to demonstrate marker-specific expression across different clusters, helping to define cell identities. (D) t-SNE plots
show the expression of specific marker genes across the cell types. Markers depicted include those important for epithelial identity, fibrosis, immune response,
and endothelial function. (E) Pathway enrichment analysis for key upregulated and downregulated pathways among irradiated versus control samples.
Abbreviations: sc-RNAseq: Single-cell RNA sequencing; t-SNE: t-Distributed stochastic neighbor embedding.
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Figure 3. Detailed characterization and subtype analysis of irradiated versus control skin cells. (A) t-SNE plot comparing cell distributions in control (blue)
and irradiated conditions (red). (B) t-SNE clustering shows the 13 identified cell subtypes, which include IFE B, IFE D, and others, after comprehensive
cell characterization. (C) Bar plot represents the total number of cells in each subtype for control and irradiated conditions, with an increase observed in
specific subtypes such as IFE Bl in irradiated skin. (D) Proportional distribution of each cell subtype across control and irradiated groups. (E-G) t-SNE
plots highlighting the localization of IFE B cells among other epidermal cell types, the cell cycle distribution (G1, S, G2/M phases) in the IFE B population,
and further stratification of the IFE B1 population into IFE C. (H) Density plots show the expression levels of cell cycle regulators Cdk1 and CcnbI in IFE
B1 and IFE C cells. (I) Dot plot visualizes the expression of stem cell markers (Lrigl, Krt14, Lgr5, Glil, and Cd34) across different epidermal cell types.
(J) Higher expression of Krt14 in irradiated samples whereas cycling genes CdkI and Ccnbl show a decrease.

Note: ***indicates significance at p<0.001.

Abbreviations: IB: Inner bulge; IFE: Interfollicular epidermis; IFE B: IFE basal; IFE D: IFE differentiated; IFE K: IFE keratinized; INFU B: Infundibulum

basal; LH: Langerhans cells; OB: Outer bulge; SG: Subcutaneous gland; SCMs: Stem cell markers; t-SNE: t-Distributed stochastic neighbor embedding;
uHF: upper-hair follicle.

Further analysis of gene expression along pseudotime such as Krt14, whereas cycling markers such as CdkI and
(Figure 4D) indicated distinct gene expression profiles Ccnbl decreased along the differentiation path. Notably,
associated with different pseudotime states, corresponding in irradiated conditions, these cycling markers were
to different stages of differentiation. Clusters of genes such as significantly reduced, while Krt14 expression was elevated,
those involved in skin development, response to radiation, suggesting a potential mechanism where radiation
and G2M cell cycle transition were identified as key players exposure induces cell cycle arrest but enhances stem cell

in these transitions. Cluster 1 (Cl) genes, associated
with skin development and keratinocyte differentiation,
were highly expressed in early pseudotime, indicative of
stemness and differentiation capability. Cluster 2 (C2)
genes, including those related to response to radiation and
cell cycle regulation, were more prominent in later stages. 3.5. Molecular characterization of arrested and

cycling cells within the irradiated IFE-C population

properties of IFE C cells. This supports our hypothesis that
IFE C cells act as progenitor cells and, upon successful
progression past G2M arrest, possess the capacity to
repopulate epithelial cells in the skin.

In Figure 4E, the expression dynamics of key marker
genes along the pseudotime trajectory are shown, with To further investigate the molecular differences between
IFE C cells exhibiting high expression of stemness markers the G2M-arrested cells (Irra_Arrest) and those that have
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Figure 4. Pseudotime analysis of IFE cells. (A-C) Pseudotime trajectory of IFE subtypes shows differentiation pathways with IFE C cells positioned
as upstream progenitors, highlighting their role in skin regeneration. (D) Heatmap shows gene expression along pseudotime. Cluster analysis reveals
genes involved in skin development (Cluster 1), radiation response (Cluster 2), and G2M cell cycle transition (Cluster 3) at various differentiation
stages. (E) Expression trends of key marker genes across pseudotime. Stemness markers such as Krt14 are highly expressed in IFE C cells, whereas cycling
markers such as Cdk1 and Ccnbl decrease along differentiation, particularly post-irradiation.

Abbreviations: IFE: Interfollicular epidermis; IFE B: IFE basal; IFE C: IFE cycling.

progressed through the phase (Irra_Cycling) within
the irradiated IFE-C population, we performed a Gene
Set Variation Analysis (GSVA) using KEGG pathways
(Figure S2). The results indicated significant pathway
differences between the two subgroups of irradiated IFE-C
cells.

The top pathways enriched in the Irra_Arrest group
included those involved in immune response and

such as “natural killer cell-mediated
cytotoxicity” and “cytokine-cytokine receptor interaction.”
These pathways are known to be related to immune
activation and could imply a heightened immune response
in the arrested cells as a consequence of radiation-induced
stress. Other enriched pathways included those related
to cell adhesion and signaling, such as “cell adhesion
molecules” and “JAK-STAT signaling pathway,” suggesting

inflammation,
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that the arrested cells may be preparing for an immune-
related response or stress adaptation.

In contrast, the Irra_Cycling cells showed significant
enrichment in pathways related to metabolism, DNA
repair, and cell cycle progression. Specifically, pathways
such as “homologous recombination,” “non-homologous
end joining,” “DNA replication,” and “cell cycle” were highly
enriched in cycling cells, suggesting a focus on cellular
recovery, enhanced DNA repair mechanisms, and division.
Notably, pathways such as “pyrimidine metabolism” and
“purine metabolism” were also upregulated, pointing to
active nucleotide synthesis needed for cell proliferation.

These distinct pathway differences suggest that
irradiated arrested cells are largely engaged in immune and
stress responses, whereas the corresponding cycling cells
are focused on DNA repair and metabolic activity, aiming
for proliferation and tissue recovery. We hypothesize
that following irradiation, IFE C cells either enter an
arrest state due to DNA damage or successfully repair
the damage and re-enter the cell cycle. The activation of
DNA repair pathways, such as homologous recombination
and non-homologous end joining, likely promotes the
recovery of these cells and contributes to the resolution
of RISI (Figure S2).

3.6. ASP’s effect on RISI progression

To further understand the impact of ASP on RISI, we
evaluated RISI severity using daily recorded scores and
performed additional analyses (Figure 5).

The trend of RISI scores over time indicated that
the peak RISI score was significantly lower in the ASP-
treated group compared to the untreated control group,
demonstrating a reduction in injury severity by the
treatment. Specifically, the peak RISI score in the untreated
group was approximately 30, whereas the ASP-treated
group peaked at around 20 (Figure 5A). The time taken
for each group to reach a significant RISI score threshold
(>3.5) showed no significant difference between the
two groups (Figure 5B). However, the mean RISI scores
between days 18 and 20 were notably lower in the ASP-
treated group compared to the corresponding untreated
controls, suggesting that ASP effectively reduced the injury
severity during the peak period (Figure 5C). The duration
for which the RISI score remained above the threshold of
3.5 was significantly shorter in the ASP-treated group than
in the untreated group, indicating that ASP reduced the
period of severe injury (Figure 5D).

These findings suggest that ASP pre-treatment provides
a significant protective effect against RISI, reducing both
the peak severity and the duration of high injury levels.
This effect is likely mediated through the activation of

DNA repair pathways and modulation of inflammatory
responses.

4. Discussion

The findings of this study demonstrate that ASP pre-
treatment has significant prophylactic effects against
RISI in a mouse model. Our results indicate that ASP
not only reduces the severity of RISI but also promotes
the recovery of IFE cells through mechanisms that may
involve enhanced DNA repair and modulation of cell
cycle dynamics. This study represents a comprehensive
effort to explore the protective effect of ASP at both the
molecular and cellular levels, with implications for its
potential clinical application as an adjunct therapy during
radiotherapy.

One of the key findings in this study is the reduction
in overall RISI severity in ASP-treated mice, as
evidenced by delayed onset, reduced peak scores, and a
shortened duration of high-severity injury. These effects
are particularly striking when viewed alongside our
comprehensive scoring system, which provides a detailed
assessment of RISI progression. This detailed assessment
allowed us to differentiate multiple phases of injury
progression and identify the specific points at which
ASP exerted its beneficial effects. The reduction in peak
RISI severity and the shortened duration of high injury
levels are likely driven by ASP’s ability to modulate the
inflammatory response and promote effective DNA repair
(Figure 5). These observations are consistent with previous
studies that have reported anti-inflammatory effects and
DNA repair properties of ASP>*

The differential gene expression analysis of irradiated
versus control groups provided important insights
into the molecular changes induced by radiation. The
irradiated group exhibited significant transcriptional
reprogramming, with a large number of genes associated
with extracellular matrix organization and immune
regulation being upregulated, while metabolic processes
were downregulated. These findings suggest that radiation
induces a stress response that shifts cellular focus from
normal metabolic activity to survival and adaptation®.
ASP treatment, by mitigating the inflammatory response
and potentially reducing the extent of tissue damage, may
help preserve the normal cellular environment, thereby
preventing excessive tissue remodeling and fibrosis*.

The cell subtype annotation analysis and pseudotime
trajectory mapping provide additional insights into the
role of ASP in protecting skin cells from radiation-induced
damage. We observed that the IFE C cells, identified as the
cycling population among the IFE subtypes, were located
at the upstream end of the differentiation trajectory. This
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Figure 5. Effect of ASP on RISI. (A) Trend of RISI scores over time in ASP-treated versus untreated control groups. (B) Boxplot shows the time required for

each group to reach an RISI score above the threshold (>3.5). No significant diffe

rence was observed between the groups. (C) Boxplot of mean RISI scores

between days 18 and 20, with ASP-treated mice showing significantly lower scores compared to controls. (D) Duration of which irradiated mouse models
show a RISI score above 3.5. ASP-treated mice showed a significantly shorter duration.

Note: *indicates significance at p < 0.05.

Abbreviations: ASP: Aspirin; ns: Not significant; RISI: Radiation-induced skin injury.

positioning suggests that IFE C cells act as progenitors for
subsequent differentiation. Our results further show that
radiation exposure caused a reduction in cycling markers
such as CdkI and Ccnbl while increasing the expression of
the stemness marker, Krt14. This indicates that radiation
exposure may induce G2M arrest in IFE C cells, leading
to an enrichment of cells with stem-like properties. The
observation that ASP-treated mice exhibited reduced RISI,
suggests that ASP may help overcome radiation-induced
cell cycle arrest and promote tissue regeneration.

In the context of radiation-induced cell cycle arrest, the
GSVA highlighted critical differences between the arrested
and cycling IFE C populations in irradiated conditions. The
arrested cells showed increased activity in immune-related
pathways such as “natural killer cell-mediated cytotoxicity”
and “cytokine-cytokine receptor interaction” pathways.
This implies that radiation-induced arrest is associated
with an increased immune response, potentially reflecting
a mechanism by which cells attempt to clear damaged
components and maintain tissue integrity. On the other
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hand, the cycling cells were enriched in pathways related
to DNA repair, including “homologous recombination”
and “non-homologous end joining” pathways, which are
the primary repair mechanisms for DNA DSBs during
most of the cell cycle?®*. These findings suggest that IFE
C cells that successfully initiate DNA repair mechanisms
can progress through the cell cycle and contribute to tissue
recovery. ASP appears to promote this process, possibly
by modulating the activity of DNA repair pathways and
reducing oxidative stress as well as helping DNA repair’.

The modified RISI scoring system based on the RTOG/
EORTCcriteria'® proved to be highly effective for evaluating
skin injury in this study. The scoring system allowed for
a nuanced assessment of RISI severity, capturing changes
in erythema, dryness, desquamation, and necrosis at
various stages. The daily observation of mice and the
detailed scoring system provided a robust dataset that
highlighted differences in the temporal progression of RISI
between ASP-treated and untreated groups. ASP-treated
mice exhibited delayed onset and lower peak severity of
RISI, underscoring the protective effects of ASP against
radiation-induced damage. This refined scoring approach
could be highly valuable in future pre-clinical studies
investigating potential treatments for RISI.

ASP’s role in normal tissue protection and tumor
radiosensitivity is distinct. While it facilitates DNA repair
in normal tissues, studies have shown its potential to
enhance cancer cell radiosensitivity by downregulating
COX-2 and inducing apoptosis®”. This dual mechanism
underlines its therapeutic potential in radiotherapy. ASP’s
protective effects against RISI are likely multifaceted,
involving modulation of both immune response and cell
cycle dynamics. Previous studies have shown that ASP
can act as a radiosensitizer in certain cancer types by
inhibiting key signaling pathways such as COX-2, which is
involved in inflammation and tumor progression®*. In the
context of RIS, it is plausible that ASP’s anti-inflammatory
properties help to mitigate the inflammatory response
following radiation, thus reducing tissue damage and
improving overall skin health. Furthermore, our results
suggest that ASP may enhance the DNA repair capacity of
IFE C cells, thereby allowing them to overcome radiation-
induced G2M arrest and re-enter the cell cycle, which is
essential for tissue regeneration.

The increased proportion of IFE B1 cells observed in
the irradiated group compared to the control group is
an intriguing finding that warrants further investigation.
The IFE Bl cells are characterized by higher expression
levels of Cdkl and Ccnbl, indicating active cycling and
proliferation. Following irradiation, the enrichment of

IFE B1 cells may represent a compensatory mechanism
aimed at maintaining epithelial integrity by promoting
cell proliferation. ASP treatment appears to support
this compensatory response by reducing the severity of
radiation-induced damage and enabling these cells to
proliferate and replace damaged tissue.

Our findings also raise important questions regarding
the long-term impact of ASP treatment in the context of
radiation exposure. While ASP has demonstrated clear
benefits in reducing the severity of RISI in the short
term, the potential effects on long-term skin health and
carcinogenesis require further exploration. The use of ASP
in clinical settings has been associated with reduced risk
of certain cancers, and it will be important to determine
whether these protective effects extend to radiation-
induced carcinogenesis in skin tissue??. In addition,
understanding the precise molecular mechanisms through
which ASP enhances DNA repair and modulates the
immune response will provide valuable insights into its
potential applications in radiotherapy. Although scRNA-
seq of ASP-treated samples was not performed in this
study due to resource limitations, such analyses could offer
detailed insights into the molecular pathways modulated
by ASP. Future studies should investigate this direction
to validate and expand upon the findings reported here.
Besides, the presence of tumors can significantly alter
signaling pathways, potentially modifying the efficacy
of ASP in mitigating RISI. Investigating ASP’s effects in
tumor-bearing mouse models could provide clinically
relevant insights and enhance the translational potential
of our findings. This represents an important direction for
future research.

5. Conclusion

Our study provides compelling evidence that ASP pre-
treatment exerts a protective effect against RISI in a
mouse model. This protection is probably mediated
through multiple mechanisms, including modulation of
the immune response, enhancement of DNA repair, and
promotion of cell cycle re-entry in irradiated cells. These
findings suggest that ASP could be a promising adjunct
therapy for mitigating the side effects of radiotherapy,
particularly in reducing skin toxicity. Future studies should
focus on elucidating the detailed molecular mechanisms
underlying these protective effects and exploring the
potential of ASP in combination with other therapeutic
agents to enhance skin recovery and reduce radiation-
related complications.
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gamma knife
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2CNNC Cheng Imaging (Xi'an) Medical Equipment Company Limited, Xi’an, Shaanxi, China
3CNNC High Energy Equipment (Tianjin) Company Limited, Tianjin, China

Abstract

This study presents the first report on the fundamental dosimetric characterization
of a novel image-guided radiosurgery system - the ZND-A Smart Knife (CNCI
Co., Ltd, Xi'an, China). The dosimetric performance of this radiosurgery system
was evaluated based on key parameters, including positioning reference point
deviation, nominal focal point dose rate, focusing field size, dose gradient, and
comprehensive error in dose calculation. The system employs “triple rotating
and focusing” technique, and its dosimetric characteristics were measured. The
maximum positioning reference point deviation for collimator #1 — 4 was 0.38 mm;
the corresponding dose gradients were 3.1 mm, 3.4 mm, 5.4 mm, and 7.7 mm,
respectively. In dose calculation, the maximum isocenter point dose deviation
was 3.3%, and the area overlap ratio for the largest collimator (#4) reached 98.3%.
These results demonstrate excellent dosimetric performance and clinical potential,
confirming the safety and precision of the next-generation cone beam-focused
gamma knife system.

Keywords: Cone beam-focused gamma knife; EBT3 film; Electrostatic meter; Radiation
dosimetry; Stereotactic radiation therapy

1. Introduction

With the rapid economic and social development in China, cancer incidence among
Chinese residents has been increasing year by year. Thus, cancer prevention and
treatment have become an important public health issue in China.! Stereotactic
radiotherapy (SRT) is a method of treating tumors by irradiating the lesion, including
potential surrounding regions, with multiple beams and angles to maximize therapeutic
efficacy. It effectively addresses the limitations of conventional treatments, which may
fail to deliver a radical dose to critical areas of the lesion.? Therefore, research and
development, technological innovation, and measurement methodologies for SRT
equipment have important implications for healthcare in China. This study conducts a
comprehensive dosimetric characterization of the next-generation Gamma Knife system
- the ZND-A Smart Knife - to validate its technical accuracy and operational safety for
clinical deployment.
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2, The principle and dose calculation model
of ZND-A Smart Knife

2.1. Principle and components

The ZND-A Smart Knife is designed for SRT of solid
tumors in the head and body as well as lesions that require
radiosurgery. The equipment is shown in Figure 1.

ZND-A Smart Knife utilizes Cobalt-60 radioactive
sources arranged in multiple concentric circles. By utilizing
triple rotating and focusing of collimator, gamma-ray
module, and drum, the system focuses 1.25 MeV average
energy gamma rays onto the tumor or other pathological
tissues. The therapeutic goal is achieved by leveraging both
the damaging and inhibitory effects of gamma rays on
tumors as well as the inherent radiosensitivity difference
between tumor and healthy cells. Medical physicists
make treatment plans based on tumor radiobiological
principles, ensuring that normal tissue doses remain
within acceptable levels. The Smart Knife’s control system
precisely positions the patient’s tumor or other pathological
tissue at the gamma-ray focal point based on the treatment
plan made by Treatment Planning System (TPS). During
repositioning, the stereotactic positioning system, guided
by the image-guided system, ensures accurate realignment
of the target. The radioactive sources deliver planned
conformal irradiation at the target point. This integrated
workflow ensures that tumors or other pathological tissues
are precisely treated while sparing healthy structures.’

With the triple rotating and focusing technology, the
maximum energy is deposited within the lesion region,
while minimizing radiation exposure to normal tissue
along the beam path.

In the interaction between gamma-ray and lesion, the
relationship between the intensity of gamma rays and
the depth of the medium is represented by the following
equation:

I, =Ie" @
where I and I are the intensity of gamma rays before
and after attenuation by medium, 4 is the mass attenuation
coeflicient of the absorber medium, and d is the depth of
measurement in medium (path length in medium).

As demonstrated by Equation I, the intensity of gamma
rays gradually decreases with increasing penetration
depth, depositing energy in the passing-through medium.
Therefore, to deposit the maximum energy (dose) in the
lesion region while minimizing radiation exposure to
normal tissue along the beam path, the ZND-A Smart
Knife radioactive sources are arranged in a concentric

Figure 1. Gamma beam stereotactic radiotherapy system

circular pattern and installed in the gamma-ray module.
The gamma rays produced by the radioactive sources are
focused for the 1% time by the collimator. The gamma-ray
module rotates around its own rotational axis. Due to the
angular offset between the collimator axis and the module’s
rotational axis, a secondary focus is formed during
rotation. As the module follows the rotating drum around
drum’s rotational axis, a tertiary focus is generated within
the drum. Through this three-stage gamma-ray focusing,
the equipment achieves a high focal-to-skin dose ratio and
a steep dose gradient."”

2.2. Dose calculation model

The ZND-A Smart Knife uses isocentric irradiation, and
the dose calculation is based on the Tissue Maximum
Ratio (TMR) and Off-Axis Ratio (OAR) dose calculation
model. The TMR and OAR are parameters decided by the
collimator, source-to-axis distance, and machine-specific
parameters in an actual installed machine. Thus, the TMR
and OAR data have to be measured on the actual machine
in the commissioning process. Then, the measured TMR
and OAR baseline data would be imported to TPS for the
TMR-OAR dose calculation model.

The coordinates of the dose calculation model are
shown in Figure 2. The dose D,(X, Y, Z) of point P(X, Y, Z)
in the radiation field of ZND-A Smart Knife is represented
by the following equation*:

D(X,Y,Z)=D,(0,0,Z, )ATMR(0,0,2)

A(f +§+sz AOAR(0,Y,Z)AOAR(X,0,2) (1D

where D, (0,0,Z) is the dose at the maximum dose
point depth on the central beam axis; TMR (0,0,Z) is the
ratio of the dose at depth Z on the central beam axis in
phantom to the dose at the same source-point distance
and the reference depth of the maximum dose (Z); OAR
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(0,Y,Z) and OAR (X,0,Z) are the ratios of doses at an off-
axis point (0, ¥, Z) and (X,0, Z) to the dose on the central

2
4
beam axis at the same depth in a phantom; ( f+ ? + ZMJ

is a factor related to rotating focusing in space.

TMR is the ratio of the dose rate at a given point in
phantom D, to the dose rate at the same source-point
distance and the reference depth of maximum dose D_.
As shown in Figure 3, the defining equation of TMR is
represented by the following equation:

TMR(Z) = % (1)

m

Where TMR is the ratio of the dose rate at a given point
in phantom D, to the dose rate at the same source-point
distance and the reference depth of maximum dose D_.

OAR is the ratio of the dose at an off-axis point to
the dose on the central beam axis at the same depth in a
phantom. It is a representation of dose distribution based
on an isodose curve.

As shown in Figure 4, the definition of OAR at the
X-axis is given by the following equation:
D(X,Z)

OAR(X,0,0) = D0.2) (Iv)

Equation II is the basic equation of our dose calculation
model and algorithm. Based on the model, our algorithm
rapidly and accurately calculates the planned dose using
the measured OAR data, TMR data, and off-axis distance.'?

3. Methods and materials

3.1. Dosimetry

The ZND-A Smart Knife is designed for tumors or
other pathological tissues in the head and body. A standard
spherical phantom made of polymethyl methacrylate
(PMMA) was used for tests related to the head, while
PMMA standard body phantom was used for tests
related to the body. EBT3 GafChromic films (Ashland,
Wilmington, U.S.) were used to measure radiation field
profiles. PTW solid water phantom sets (PTW-Freiburg
GmbH, Freiburg, Germany), PTW31010 (0.125cc)
ionization chamber (PTW), PTW60019 (0.004cc)
microDiamond detector (PTW), PTW UNIDOS Romeo
electrometer (PTW), thermometer (Miaoguan, Pingyang,
China) and DYM 3 barometer (Boji, Shanghai, China)
were used in dose measurement. EPSON V850Pro scanner
(Seiko Epson Corporation, Nagano, Japan) was used to
scan the irradiated films. Image] image analysis software
(Ver 1.54f; National Institute of Health, Bethesda, U.S.)

Figure 2. Coordinate system of gamma beam stereotactic radiotherapy
system

Figure 3. Tissue maximum ratio calculation. Notes: S is the source; Z is
the depth on the central beam axis in phantom; Z_ is the maximum dose
point depth on the central beam axis; D is the dose rate at a given depth Z
in phantom; D_ is the dose rate at the same source-point distance and the
reference depth of maximum dose.

......................

Figure 4. Off-axis ratio calculation. Notes: S is the source; Z is the depth
on the central beam axis in phantom; D(0,Z) is the dose rate at point
(0,2) in phantom; D(X,Z) is the dose rate at point (X,Z) in phantom.
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and MATLAB in-house program were used to process and
analyze the data.

Based on the IAEA Technical Report of Series no. 277
Absorbed Dose Determination in Photon and Electron
Beams - An international Code of Practice (TRS277) and
JJG 1013-2006 Verification Regulation of y Radiation Source
Used in Head Stereotactic Radiosurgery Therapy, Equation
(V) was used for calculation of absorbed dose to water.

= MxNx(1-g)xK xK XK XK xKx§ xP xP
V)
where M is the reading of the dosimeter; N, is the
calibration coeflicient in terms of air kerma by ionization
chamber (unit = Gy); g is the fraction of the energy of the
secondary electrons lost to bremsstrahlung in air, which
is 0.0030 for Cobalt-60; K , is the correction factor for the
attenuation and scattering of photons in the ionization
chamber material (including the buildup cap); K is the
correction factor for the lack of air equivalence of the
ionization chamber material; K, is the temperature and
pressure correction factor, with a value of 0.997 when
the relative humidity is 20% - 70% and the temperature
is between 15°C and 25°C; K is the factor to correct the
response of an ionization chamber for the lack of complete
charge collection (due to ion recombination); S is the
stopping power ratio of water to air which is 1.136 for
Cobalt-60; P is the perturbation correction factor; P is the
factor that corrects the response of an ionization chamber
for the effect of the central electrode during in-phantom
measurements in high-energy photon, electron, and
proton beams.*'¢

water

Due to the very small field sizes of Smart Knife’s 1# and
2# collimators, the microDiamond detector (PTW60019)
was calibrated by the ionization chamber (PTW31010)
using the 4# collimator for measurements of small fields.'*

3.2. Dosimetric performance test

China has national standards for gamma-ray beam SRT
equipment for head and body treatments: YY 0831.1 -
2011"and YY 0831.2 - 2015." The dosimetric performance
of the ZND-A Smart Knife was tested, including the
nominal absorbed dose rate at the focal point, positioning
reference point deviation, radiation focusing field size, dose
gradient, and comprehensive error in dose calculation. The
test items and nominal values are summarized in Table 1.

4. Measurements and results
4.1. Measurements

4.1.1. Positioning reference point deviation

Gamma beam SRT is a technology used in clinical practice
to treat tumors based on isocenter irradiation, where the

radiation center and mechanical center coincide at one
point. All implementations of the technique are based on
the isocenter position, so the accuracy of the isocenter is a
prerequisite for ensuring the accurate dose delivery to the
tumor.

Using the PMMA standard phantom, the EBT3
Gafchromic film was placed in the phantom to separately
measure the XOY and YOZ planes. The isocenter pinprick
on the film holder was used to create reference holes on the
irradiated film, serving as the mechanical center reference
point. The irradiated film was then scanned with an Epson
V850Pro scanner, exporting images in 16-bit grayscale.
Figure 5 shows the film images of 1# collimator’s XOY
and YOZ planes, with the punched hole at the mechanical
center, which serves as the positioning reference point.
The threshold segmentation function of Image] was
used to extract the radiation field center coordinates and
the punched hole coordinates (mechanical center and
positioning reference point). The deviations along the X,
Y, and Z axes were acquired to calculate the positioning
reference point deviation (AR) using Equation VI.>¢

AR =\AX* +AY? + AZ?

4.1.2. Nominal focal point dose rate

(VI)

The PMMA standard spherical phantom was mounted
on the positioning frame, with its center aligned to the
positioning reference point. The radiation detector was
then inserted into the spherical phantom at a preset
position, ensuring that the effective measurement point
aligns with the phantom center. The treatment couch
moved the spherical phantom to the preset irradiation
position, after which it was irradiated for 2 min with
each collimator sequentially. The dosimeter readings
were recorded and the absorbed dose to water at the
focal point D was calculated. The absorbed dose rate
to water at the focal point was calculated according to
Equation VIL
p=2

t

(VID)

where is the absorbed dose rate to water at the focal
point of this focusing field (unit = Gray per minute,
Gy/min); D is the cumulative absorbed dose to water at the
focal point of this focusing field in time t (unit = Gray, Gy);
t is the time of irradiation (unit = minute, min).

A physicist can use Equation VI to derive the dose rate
to water on the installation date from the dose rate to water
on the measurement date.

(VIID)

- - 0.693xAt/T,
D, =Dxe 7 e
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Table 1. Physical performance of ZND-A Smart Knife

No. Physical quantity Item Nominal value/requirements
1 Isocenter deviation <0.5mm
2 Nominal dose rate at the focal point Head The absorbed dose rate of the biggest radiation-focusing field >3.0 Gy/min
The ratio of absorbed dose rates of the smallest to the biggest
radiation-focusing fields >0.7
Body The absorbed dose rate of the biggest radiation-focusing field 2.0 Gy/min
The ratio of absorbed dose rates of the smallest to the biggest
radiation-focusing fields >0.6
3 Nominal radiation field (in diameter) #1 Collimator 6 mm
#2 Collimator 12 mm
#3 Collimator 25 mm
#4 Collimator 35 mm
4 Dose gradient #1 Collimator <6 mm
#2 Collimator <8 mm
#3 Collimator <10 mm
#4 Collimator <10 mm
5 Comprehensive error in dose calculation ~ Point dose <5%

Area overlap ratio

>90% (biggest radiation field)

— — - -

i X 3

A
&

Figure 5. Films irradiated by 1# collimator. XOY and YOZ planes of the
focusing field in phantom are shown.

—-

where Dj is the dose rate to water at the focal point on
the installation date; At is the number of years between
installation date and measurement date; T, , is the half-life
of radioactive decay (= 5.27 years for Cobalt-60).

4.1.3. Film calibration

EBT3 is a specialized film that undergoes radiation-
induced crosslinking, causing a color change that reflects
the absorbed dose. Its advantages include no requirement
for chemical development or a darkroom, water resistance,
cuttability, a wide dose range, and an energy-independent
dose response. EBT3 film exhibits varying grayscale levels
depending on radiation exposure and must be calibrated
for dose-grayscale correlation before use.

For the film calibration, EBT3 films were cut into
small pieces to fit into the film holder in the spherical
phantom. The films were exposed in the phantom using
the biggest collimator, with doses ranging from 0 to 1000
cGy in 100 cGy increments. The irradiated films were then

scanned by an EPSON V850 scanner to export 16-bit
grayscale images. The grayscale-dose values were fitted to
a second-order polynomial using Image] image analysis
software, resulting in the calibration curve equation:
y=2.1706E —6x* —0.1625x + 3.03E3 . The grayscale-dose
calibration curve is shown in Figure 6.

4.1.4. Focusing field size and dose gradient

EBT?3 films were cut to match the same size with the 1#, 2#,
3#, and 4# collimators, with two films allocated for each
collimator. For each collimator, one film was irradiated in
the spherical phantom for the XOY plane, while another
was irradiated for the YOZ plane. The irradiated films were
then scanned using an EPSON V850 scanner to generate
16-bit grayscale images at a resolution of 400 dpi. Figure 7
displays images of the focusing field irradiated by the 1#, 24,
3#, and 4# collimators. These images were analyzed using
an in-house MATLAB program. The program uses the
calibration curve equation to convert the image grayscale
matrices into dose matrices for further evaluation. The
focusing field size is defined by the 50% isodose curve
area within the radiation field’s dose distribution. The
dose gradient of the focusing field is characterized by the
distance between the 20% and 80% isodose curves within
the radiation field’s dose distribution.

4.1.5. TMR-OAR data

The TMR-OAR physical model is the core component
of the TPS. It plays an essential part in calculating
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Figure 6. Grayscale-dose calibration curve

dose distribution within tissue. The accuracy of the
calculation depends on the accuracy of the measured
data. To obtain accurate baseline data for the TMR and
OAR physical models, a standard solid water phantom
and microDaimond detector were used. The absorbed
dose in tissue at different depths within the solid water
phantom’ was measured by adding or removing solid
water plates in 30 mm increments. Using a MATLAB-
based data processing program with linear interpolation,
the absorbed dose was calculated for depths ranging from
5 to 300 mm with a 1 mm step, completing the TMR
calculation.

The OAR measurement was performed using the
standard solid water phantom and EBT3 film. The dose
distribution at different depths was collected for different
collimator sizes.® The OAR distribution of the ZND-A
Smart Knife was accurately obtained by extracting dose
distribution data at different depths using the MATLAB
program, as shown in Figures 8 and 9. The TMR and OAR
were imported into the TPS to evaluate the comprehensive
error in dose calculation.

4.1.6. Comprehensive error in dose calculation

The comprehensive error in dose calculation is assessed
to examine the comprehensive performance of TPS and
radiotherapy equipment. It is evaluated by the relative
percent deviation between the planned and measured doses
at reference points, as well as the 50% isodose area overlap
ratio between TPS calculation and film measurement.*'

The  evaluation  process involves  phantom,
supplementary data (CT) scanner, and Gamma Knife.
First, to scan the PMMA standard phantom on the
positioning couch embedded with an N-line structure with
the CT simulator or diagnostic CT scanner, generating

Figure 7. Irradiated films using different collimators. (A) 1# Collimator;
(B) 2# Collimator; (C) 3# Collimator; (D) 4# Collimator.

251
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- = =2#-Collimator
2 £~ i At i 3#-Collimator
R T e s 4#-Collimator
" 1.5¢
=
=
] L
05¢
0 ] ] ] ] ] j
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Depth (mm)

Figure 8. Tissue Maximum Ratio (TMR) of the four collimators at
different depths

three-dimensional imaging data with spatial coordinates.
Second, the TPS system analyzes the positioning image
of the phantom and generates a dose verification plan
tailored to the phantom, ensuring the accuracy of the dose
calculations. Third, an ionization chamber and EBT3 film
are placed in the phantom; the treatment control system
then executes the dose verification plan, obtaining point
dose and dose area data. Finally, Image] and MATLAB-
based data-processing program are used to calculate the
comprehensive error in dose calculation.”®

The point dose deviation is calculated using the
following equation:
P-PF
AP =—"—2x100% (IX)

0
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Figure 9. Off-Axis Ratio (OAR) of the four collimators at different depths

Where AP is the relative percent deviation between
the planned and measured doses at a reference point; P
is the planned dose at the reference point in the PMMA
standard spherical phantom (the calculated dose from
TPS; unit = Gy); P is the measured dose at the center of
the PMMA standard spherical phantom, (unit = Gy)."”

The 50% isodose area overlap ratio is calculated using
the following equation:
S

¢ x100%

AS=—"c
S, +S, -5,

X)

where AS is the area overlap ratio; S is the area of 50%
isodose curve in TPS; S _is the area of 50% isodose curve in
film measurement; S, is the overlap area of Sp and S.”

4.2, Dosimetry analysis

Dosimetric performance is a fundamental requirement
for the clinical treatment of gamma beam SRT
equipment. Using the aforementioned methodology, the
dosimetric performance of the ZND-A Smart Knife was
evaluated, including positioning reference point deviation,
radiation field gradient, and comprehensive error in dose
calculation.

4.2.1. Positioning reference point deviation

The positioning reference point deviation measurement
results are shown in Table 2. The maximum deviation of
the ZND-A Smart Knife positioning reference point is

Table 2. The positioning reference point deviation of ZND-A
Smart Knife

Collimator Plane AX (mm) AY (mm) AZ(mm) AR (mm)

#1 XOY 0.038 0.169 / 0.220
YOZ / 0.169 -0.130

#2 X0y 0.159 0.095 / 0.198
YOZ / 0.095 0.067

#3 X0y 0.166 0.335 / 0.380
YOZ / 0.335 -0.050

#4 X0y 0.034 0.102 / 0.238
YOZ / 0.102 0.212

Notes: AX, AY, AZ are the deviations along the X, Y, and Z axes; AR is
the positioning reference point deviation.

0.380 mm, which is less than the national standard and the
technical agreement requirement of 0.5 mm.

4.2.2. Nominal focal point dose rate, focusing field
size, and dose gradient

In clinical treatment, the radiation field, dose gradient,
and dose rate are important factors influencing tumor
control rate. The dose gradient directly affects the radiation
exposure to healthy tissue, while the dose rate directly
affects the treatment efficiency.

The radiation field size, dose gradient, and dose rate are
shown in Table 3, where Str FFS represents the nominal
radiation field, A represents the coordinate axis, FFS
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Table 3. The radiation field, dose gradient, and dose rate of ZND-A Smart Knife

Collimator Str FFS (mm) A FFS (mm) DoseR (Gy/min) DGOFF (mm)
Head Body L R

#1 6 X 6.47 2.32 1.57 2.9 3.1
Y 6.54 2.9 3.1
Z 6.28 2.9 3.1
#2 12 X 11.30 3.11 2.30 33 33
Y 11.17 3.3 33
Z 11.55 34 3.1
#3 25 X 25.59 3.22 2.42 4.6 4.6
Y 25.46 4.6 4.6
Z 25.71 4.7 5.4
#4 35 X 33.59 3.48 2.62 6.6 6.7
Y 33.59 6.6 6.7
34.41 6.4 7.7

Notes: Str FFS represents the nominal radiation field; A represents the coordinate axis; FFS represents the measured radiation field; DoseR represents
the dose rate; DGOFF represents the dose gradient of the radiation field; and L and R represent the gradient values of the left and right half of the

radiation field, respectively.

represents the measured radiation field, DoseR represents
the dose rate, and DGOFF represents the dose gradient of
the radiation field. L and R represent the gradient values
of the left and right half of the radiation field, respectively.
To ensure the accuracy of the radiation field and dose
rate data acquisition, the film and ionization chamber
were scaled and calibrated. The film dose scaling step is
100 cGy, and the dose range is 0 — 800 cGy. The maximum
deviations between the nominal measured radiation fields
for each collimator were 0.54 mm (9%), 0.83 mm (6.92%),
0.71 mm (2.84%), and 0.59 mm (1.69%); the dose gradients
of the radiation fields were 3.1 mm, 3.4 mm, 5.4 mm, and
7.7 mm, which are much lower than the national standard
requirements. The smaller dose gradient is expected to
provide improved clinical tumor treatment benefits. In
addition, the ratio of the minimum to maximum radiation
focusing field dose rate in the head was 0.72, while in the
body, it was 0.89. The maximum field dose rate reached
3.48 Gy/min, contributing to enhanced clinical treatment
efficiency.

4.2.3. Comprehensive error in dose calculation

The ZND-A Smart Knife, based on the principle of cone
beam focusing, has good dosimetric characteristics
in clinical treatment, which are reflected in the small
dosimetric comprehensive deviation. The TMR-OAR
physical dose calculation model, based on the measured
dosimetric characteristics of the equipment, promotes quick
calculation of the dose and evaluates various biological
features at any position of the target volume. The relative
dose differences between the planned and measured doses

Table 4. The point dose calculation of ZND-A Smart Knife

POS (mm)  Collimator P, (Gy) P _(Gy) Deviation (%)
0 #1 191 1.84 -3.36
#2 3.98 4.06 2.03
#3 3.98 4.05 1.85
#4 3.93 3.95 0.60
30 #1 3.94 4.02 1.95
#2 3.98 4.11 3.30
#3 3.99 4.07 1.94
#4 3.89 391 0.48
50 #1 3.95 4.00 1.24
#2 3.97 4.08 2.90
#3 3.99 4.05 1.64
#4 3.84 3.84 0.10

Notes: POS represents the distance between the measurement point
and the isocenter; PO represents the calculated dose by the physical
model; and Pm represents the actual measured dose.

at three reference points in space are shown in Table 4. The
differences meet the national standards which is smaller
than 5%.

As shown in Figure 10A, when the measurement
reference point is at the isocenter, the deviation in point
dose decreases as the collimator field size increases. When
the measurement reference point is shifted 30 mm and
50 mm in the positive direction of the Y axis, the deviation
of the point dose initially increases and then decreases as the
collimator size increases. As shown in Figure 10B, the dose
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Figure 10. (A and B) ZND-A Smart Knife, deviation of point dose

calculation deviation of 1#, 3#, and 4# collimators decreases
as the axial offset of the measurement point increases, while
the dose calculation deviation of 2# collimator initially
increases before decreasing as the axial offset increases.

This indicates that the inherent deviation trend of
the dose distribution of the Smart Knife’s collimators is
decreasing within the irradiated space. The deviation at the
isocenter is relatively the largest, indicating discrepancies
in the physical model’s baseline data acquisition process,
mainly due to deviations in the TMR measurement at the
same position (dose reference point), noise in OAR data
processing, and misalignment of the field centers. Further
research is needed to address this issue.

As shown in Table 5, the area overlap rate of the surface
dose for the 4# collimator of 35 mm is 98.3%, where Col
represents the collimator, S is the overlap area (mm?), Sr is
the film area, and Sp is the calculated area of the physical
model, with the film resolution being 0.0635 mm. The
measured dose area overlaps with the calculated area by
98.3%, exceeding the national standard and technical
agreement requirement of >90%, indicating the excellent
dose accuracy of the ZND-A Smart Knife and also
reflecting the accuracy of the baseline physical data.

5. Discussion

After the detailed measurements and analysis of the
dosimetric performance of the ZND-A Smart Knife, the
high dose rate, steep dose gradient, and accurate dose
calculation are demonstrated. The high dose rate (up
to 3.48 Gy/min) not only shortens the treatment time
but also gives the potential for stereotactic radiosurgery.
In addition, the deep dose gradient (3.1 mm - 7.7 mm)
improves normal tissue sparing, potentially reducing
radiotherapy toxicity and leading to improved treatment
outcomes. Heck et al? reported that a high dose rate
and precise dose distribution can significantly increase
tumor control rates while reducing damage to normal

Table 5. The area overlap ratio of ZND-A Smart Knife

Collimator S (mm?)

1064.55

S, (mm?)

1064.55

AS (%)
98.30

Sp (mm?)

1083

#4

Notes: S is the overlap area; S_is the film area; and S_is the calculated
area of the physical model; and AS is the area overlap ratio.

tissues. These dosimetric characteristics establish a solid
foundation for clinical applications, especially in SRT.

With the detailed calculations and verifications of
the dose distribution of the ZND-A Smart Knife based
on the TMR-OAR physical model, the high accuracy of
dose calculation has been demonstrated in this study.
The maximum deviation in point dose calculation was
only 3.3%, while the area coincidence rate reached 98.3%,
confirming the reliability of the TPS. However, the
study also found that as the measurement point moved
away from the isocenter, the dose calculation deviation
showed a trend, especially with the 2# collimator, where
the deviation initially increased and then decreased
with increasing off-axis distance. This deviation may
be attributed to the accuracy of TMR and OAR data
collection, isocenter positioning errors, and noise
interference in data processing. Tham et al.'? indicated
that the accuracy of the physical model depends on precise
data collection and processing, as even minor errors may
lead to dose calculation deviations. Future research can
further optimize data collection and processing methods
to improve the overall accuracy of the TPS.

The remarkable performance of the ZND-A Smart
Knife in aspects such as positioning reference point
deviation, dose gradient, and dose calculation accuracy
has fully demonstrated its reliability and promise of safety
in clinical applications. In addition, automated quality
control and artificial intelligence (AI) assistance can be
considered to improve its stability and consistency in the
future. Choi et al."” indicated that introducing machine-
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specific reference correction factors can further improve
the consistency of dose output, providing a direction for
future improvements. Moreover, Al has the potential
to enhance our understanding of machine capabilities
(hardware) and refine algorithms (software) for dose
calculation and treatment plan optimization.

6. Conclusion

To support the accuracy and safety evaluation of the
dosimetry for the next-generation cone beam-focused
gamma knife equipment, a measurement platform was
established using PMMA standard phantoms, finger
ionization chambers, and an electrometer. The physical
properties and baseline data for the physical model were
measured and analyzed, including the deviation of the
positioning reference point, radiation field, dose gradient,
and comprehensive error in dose calculation. Finally, based
on the TMR-OAR physical model, the accuracy of the
Smart Knife’s comprehensive dose calculation was verified.
The findings confirmed the high precision of the Smart
Knife system, with a maximum positioning reference point
deviation of only 0.38 mm. The measured dose gradients of
3.1 mm, 3.4 mm, 5.4 mm, and 7.7 mm demonstrated a steep
dose falloff, ensuring excellent dose accuracy and effective
radiation toxicity constraints. The maximum deviation in
dose calculation was 3.3%, with the deviations at other
measurement points remaining below 3%. The maximum
area overlap rate of the maximum dose region within
the radiation field reached 98.3%, exceeding national
standards and technical agreement requirements. These
results highlight the excellent dosimetric performance of
the Smart Knife, confirming its safety, accuracy, and strong
potential for clinical application.
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Abstract

Combinatorial chemoimmunotherapy has emerged as a potent approach in cancer
treatment, offering the advantages of combining two treatment strategies (i.e.,
chemotherapy and immunotherapy), thereby reducing drug dosages and improving
therapeutic outcomes. Nanomaterial-assisted drug delivery systems have garnered
significant attention in chemoimmunotherapy for encapsulating and delivering
therapeutic agents, as they can simultaneously target both cancer and immune
cells, promoting drug accumulation with excellent therapeutic efficacy and minimal
toxic side effects. This mini-review focuses on various aspects of immunotherapy
and chemoimmunotherapy in cancer treatment and discusses several nanomaterial-
assisted drug delivery systems used in chemoimmunotherapy.

Keywords: Chemoimmunotherapy; Immunotherapy; Cancer; Nanomaterial; Drug
delivery; Therapeutics

1. Introduction

The immune system plays a crucial role in maintaining the body’s health by eliminating
harmful pathogens and generating appropriate responses to infections. It primarily
functions by recognizing cell-surface pattern receptors, identifying pathogen-associated
molecular patterns in the microbes, and detecting damage-associated molecular
patterns in injured tissues.! Immunotherapy, therefore, stimulates white blood cells
to identify tumor tissues and offers a potent strategy for cancer management, which
remains a critical global healthcare issue. While conventional cancer treatments, such
as radiotherapy and chemotherapy, exhibit excellent tumoricidal capabilities, they often
cause toxicity to both cancer and healthy cells, potentially leading to severe hematologic
toxicity and tissue dysfunction in patients.* Cancer immunotherapy, on the other hand,
can specifically target tumor cells with mild side effects by leveraging the body’s immune
system to combat cancer. Furthermore, cancer immunotherapy has the potential to
induce long-term antitumor responses in patients with advanced or metastatic cancers.?
Metastasis has become a major challenge in clinical cancer care and is believed to involve
a complex interplay between immune cells, cancer cells, and stromal cells at both the
primary and metastatic sites." Despite its advantages in specific tumor targeting with
minimal side effects, immunotherapy faces several limitations, such as slow response,
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low immune response rates, and high selectivity for certain
tumor types.’ In addition, it may sometimes cause impaired
immune homeostasis® (Figure 1).

Chemotherapy, one of the principal conventional
strategies in cancer therapy, utilizes various antineoplastic
agents to combat cancer by either destroying tumor cells
or inhibiting their proliferation. Chemotherapeutic drugs,
such as cisplatin, doxorubicin, paclitaxel, methotrexate,
and 5-fluorouracil, can easily circulate throughout the
body through the bloodstream, making chemotherapy
the preferred approach for metastatic cancers. The
four most common mechanisms of action include
antimetabolites, antimicrotubule agents, alkylating
agents, and topoisomerase inhibitors.” Nevertheless, the
non-specific targeting of chemotherapeutic drugs often
results in systemic toxicity and severe side effects, such
as vomiting, nausea, diarrhea, hair loss, fatigue, anemia,
opportunistic infections, and neurotoxicity (both central
and peripheral), as well as gastrointestinal issues. These
treatments may also cause permanent damage to organs
such as the heart, lungs, kidneys, and reproductive systems.
In addition, chemotherapy sometimes fails due to factors,
such as multi-drug resistance, immunosuppression,
rapid drug clearance, and poor pharmacokinetics. These
disadvantages highlight the urgent need for novel therapy
modalities or the development of combination therapies.

Chemoimmunotherapy, which combines conventional
chemotherapy and immunotherapy, presents a promising
synergistic strategy to enhance antitumor efficacy and
manage tumor progression, metastasis, and recurrence.
While chemotherapeutic drugs were initially thought to be
immunosuppressive, recent studies have shown that they
can enhance the antitumor efficacy of immunotherapy by
regulating the immunosuppressive microenvironment,

promoting  cross-presentation of tumor antigens,
modulating the expression of tumor antigens or
immune checkpoint molecules, and overcoming

partial immunosuppression.” Chemotherapeutic agents
eliminate cancer cells and generate cross-presented tumor
antigens, making the tumor itself a source of antigens.
Concurrent administration of immunotherapeutic agents
enhances immune activation and antigen presentation;
thereby inducing a potent antitumor immune response.®
Furthermore,immunotherapy can overcome thelimitations
of chemotherapeutics, such as immunosuppression and
low specificity, and increase the sensitivity of tumor cells
to chemotherapy (Figure 2). Moreover, chemotherapy
and immunotherapy have complementary, -effective
timelines. Chemotherapeutic drugs act quickly but for
a short duration, whereas immunotherapeutic agents
provide long-lasting antitumor effects. Immunotherapy
can also address the shortcomings of chemotherapy,
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Figure 1. Advantages (indicated in green font) and disadvantages
(indicated in red font) of immunotherapy and chemotherapy
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Figure 2. Schematic diagram illustrating the synergy between
chemotherapy and immunotherapy

such as targeting chemotherapy-resistant cells and
cancer stem cells. Although this combination strategy
enhances therapeutic efficacy through synergistic effects,
its effectiveness against solid tumors remains limited due
to factors, such as varying physicochemical properties of
drugs, insufficient tumor specificity, variability in delivery
targets, and poor drug delivery efficacy.” Consequently, the
development of vectors for the successful and simultaneous
delivery of both drugs to target sites is crucial to achieving
efficient synergistic combined treatment.

In recent years, nanomaterial-assisted drug delivery
systems have gained significant attention in cancer
treatment strategies. The systems are reported to improve
the pharmacokinetics behavior of drugs in vivo, enhance
drug stability, improve drug solubility and bioavailability,
extend circulation time, enable targeted delivery, and
control drug release. In addition, they offer advantages
such as multi-drug co-delivery, cost efficiency, ease of
synthesis, and scalability, making them highly promising
for chemoimmunotherapy drug delivery. This mini-
review discusses various aspects of immunotherapy and
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chemoimmunotherapy in cancer treatment, as well as
summarizes the different nanomaterial-assisted drug
delivery systems employed in chemoimmunotherapy.

2. Cancer immunotherapy

Immunotherapy is a therapeutic strategy for treating cancer
that enhances the patient’s natural defense mechanisms to
combat the disease. In recent years, cancer immunotherapy
has gained significant attention as a powerful therapeutic
approach. The cancer-immunity cycle, which underpins
cancer immunity, consists of several key steps, including
the release of cancer-cell antigens, presentation of
these antigens by antigen-presenting cells, priming and
activation of T cells, the transportation and infiltration of
T cells into tumors, recognition of cancer cells by T cells,
and the subsequent killing of cancer cells by cytotoxic T
cells.’ Therefore, it is theoretically possible to target each
of these steps with various methods to achieve therapeutic
benefits. Over the past few decades, numerous cancer
immunotherapy strategies have been developed, including
vaccines, adoptive cell therapy, therapeutic antibodies, and
cytokine therapy'" (Figure 3).

2.1. Cancer vaccines

The use of vaccines in cancer immunotherapy is an example
of active immunotherapy, where the primary goal is to
activate the effector functions of the immune system.® The
principal function of vaccines, which may contain antigens
or tumor cells, is to stimulate the immune system, eliminate
the tumor, and prevent relapse. These vaccines introduce
specific antigens expressed on the surface of cancer cells
into the immune system. Recently, the structural analysis of
cancer-cell-specific tumor-associated antigens has sparked
significant interest in developing vaccines for cancer
immunotherapy, aimed at preventing or treating cancer.

\

ﬂl’herapeutic antibodies Adoptive cell therapy

Monoclonal antibodies TIL
PD-1 CAR-T cells
PD-L1 NK cells

LAK cells

Immunotherapy

Cancer vaccines Cytokine therapy

Preventive vaccine Interferons
Therapeutic vaccine Tumor necrosis factor
Personalized vaccine Interleukins

GM-CSF

o

Figure 3. Various immunotherapy approaches for cancer treatment
Abbreviations: CAR-T: Chimeric antigen receptor T cells; GM-CSF:
Granulocyte-macrophage colony-stimulating factor; LAK: Lymphokine-
activated killer cells; NK: Natural killer cells; PD-1: Programmed cell
death-1; PD-L1: Programmed death ligand-1; TIL: Tumor-infiltrating
lymphocytes.

For instance, vaccines against the hepatitis B virus are
used to reduce the incidence of hepatocellular carcinoma
in patients with chronic liver disease." Similarly, vaccines
targeting human papillomavirus are employed to prevent
cancers of the vagina, cervix, and throat."? For therapeutic
purposes, Sipuleucel-T (Provenge) was developed as the
first commercial cancer vaccine for treating prostate cancer.
This is a dendritic cell-based vaccine.® On the contrary,
talimogene laherparepvec (T-VEC; Imlygic) is an oncolytic
herpes simplex virus vaccine used to treat metastatic
melanoma.” In addition, several other cancer vaccines
are currently being developed and undergoing clinical
trials, including the GVAX lung cancer vaccine (CG 8123),
glycoprotein 100 (GP 100) vaccines, and the NY-ESO-1
plasmid deoxyribonucleic acid vaccine (pPJV7611),
among others. Cancer vaccines are often combined with
adjuvants to activate the immune system and generate
robust immune responses against cancer. These adjuvants
typically include microbes and microbial derivatives
(e.g., cytosine-phosphate-diester guanine), cytokines/
endogenous immunomodulators (e.g., granulocyte-
macrophage colony-stimulating factor), viral vectors
(e.g., adenovirus, vaccinia virus), mineral salts (e.g., alum),
oil emulsions or surfactants (e.g., Montanide).’

2.2. Adoptive cell therapy

Adoptive cell therapy is another cancer immunotherapy
strategy that enhances the immune system’s ability to
combat cancer cells. In this approach, T cells are collected
from the patient’s tumor tissue or blood and then engineered
ex vivo into highly active, tumor-specific T cells. These
modified T cells are then injected back into the patient for
cancer treatment."” These T cells primarily include tumor-
infiltrating lymphocytes, chimeric antigen receptor T cells,
natural killer cells, and lymphokine-activated killer cells.'¢
Compared to other cancer immunotherapy strategies,
adoptive cell therapy offers the advantage of generating
large numbers of anticancer T cells ex vivo, which can
specifically recognize and destroy tumor cells. Two types
of adoptive cell therapy using chimeric antigen receptor T
cells, Kymriah® and Yescarta®, have already been approved
by the United States Food and Drug Administration (FDA)
and European Medicines Agency for cancer treatment.

2.3. Therapeutic antibodies

Immune checkpoint therapy is another cancer
immunotherapy technique that employs targeted
antibodies to activate the immune response and
destroy cancer cells. These therapeutic antibodies bind
to specific antigen sites and either block or stimulate
critical immune checkpoints that regulate the immune
system. This reactivation of immune cells enhances their
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ability to kill cancer cells while minimizing systemic
toxicity. Commonly used therapeutic antibodies include
monoclonal antibodies such as programmed death 1 (PD-
1) antibodies and programmed death ligand-1 (PD-L1)
antibodies.'”” Numerous monoclonal antibodies have been
approved by the FDA and are currently used in cancer
treatment. For instance, Rituximab (the first anti-B-
lymphocyte antigen monoclonal antibody) is used to treat
blood cancers, Trastuzumab (an anti-human epidermal
growth factor receptor 2 monoclonal antibody) is used in
the treatment of breast cancer, and Cetuximab (an anti-
epidermal growth factor receptor monoclonal antibody)
is used to treat metastatic colorectal cancer. Monoclonal
antibodies can be used alone or in combination with other
anticancer agents. For instance, Kadcyla, an FDA and
European Medicines Agency-approved antibody-drug
conjugate comprising Trastuzumab and the chemotherapy
drug Emtansine is used to treat metastatic breast cancer.'

2.4. Cytokine therapy

Cytokines are chemical messengers or signaling proteins
in the immune system. These small, soluble proteins
are released by various cells, such as T cells, mast cells,
B cells, and macrophages.® Cytokines can improve the
patient’s immune response either by directly inducing
apoptosis through pro-apoptotic and anti-proliferative
signals or indirectly by activating cytotoxic immune cells,
thereby eradicating cancer cells. Numerous cytokines
have been studied and applied in cancer therapy to date,
including interferons, tumor necrosis factor, interleukins,
and granulocyte-macrophage colony-stimulating factor.
Interferon alpha was the first cytokine approved by the
FDA for leukemia cancer immunotherapy in 1986." It
was later used for treating lymphoma, melanoma, and
AIDS-related Kaposi’s sarcoma. Aldesleukin (Proleukin®),
a synthetic interleukin, was approved for the treatment of
melanoma and kidney cancer.”

Although immunotherapy offers significant advantages
in cancer treatment, it faces certain challenges in some
patients or tumor types, including weak immunogenicity of
therapeutic vaccines, oft-target side effects, and immune-
related adverse events.

3. Cancer chemoimmunotherapy

Chemotherapy is one of the most commonly used
traditional approaches for cancer treatment, utilizing toxic
compounds to inhibit the proliferation of rapidly growing
cancer cells. However, these chemotherapy drugs also affect
other fast-growing healthy cells, such as those in the bone
marrow, hair follicles, and gastrointestinal tract, leading
to toxic side effects, such as severe nausea, hair loss, and
bowel issues. In addition, chemotherapy faces challenges

such as poor pharmacokinetics and the development of
multiple drug resistance. As a result, chemotherapy is
often combined with other therapeutic techniques, such
as radiotherapy, surgical treatment, and immunotherapy,
to enhance its efficacy. Among these combinations, the
integration of chemotherapy with immunotherapy -
termed chemoimmunotherapy - has emerged as a potent
synergistic strategy for improving antitumor efficacy, and
numerous products are currently undergoing pre-clinical
and clinical trials.

Chemotherapeutic drugs are expected to induce
immunomodulation within the tumor microenvironment,
primarily by triggering immunogenic tumor cell death,
inhibiting the expression of immune checkpoints,
maintaining the suppressive influence of T cells,
promoting the infiltration of tumor-killing cells, enhancing
intrinsic tumor cell immunogenicity, downregulating
the  immunosuppressive  microenvironment, and
influencing the function of other cells, such as dendritic
cells and myeloid-derived suppressor cells.”*" Although
chemoimmunotherapy holds significant potential for
tumor management and reducing recurrence rates,
conventional dosing methods may reduce its effectiveness
due to inadequate accumulation, low circulation time,
induction of toxicity, and insufficient infiltration in tumor
tissues under physiological conditions. In this regard,
nanotechnology has emerged as a promising tool to
address several of these challenges by lowering drug doses
and reducing the frequency of administration, leading to
safer chemoimmunotherapy treatments. In recent decades,
the application of multifunctional nanomaterial-assisted
drug delivery systems has become increasingly popular
in chemoimmunotherapy due to their adjustability and
versatility, thereby helping to resolve various cancer-
related issues.

4. Nanomaterial-assisted drug delivery

systems

Nanomaterials have been increasingly adopted in
chemoimmunotherapy due to their significant advantages,
including multi-drug co-delivery, precise targeting,
controlled drug release, promotion of immune responses,
and sensitivity to stimuli (such as pH, redox, enzymes, heat,
magnetic fields, and light). These nanomaterials improve
the stability, solubility, bioavailability, and circulation
time of drugs, thereby enhancing their pharmacokinetic
properties in vivo. As a result, they increase therapeutic
effects while minimizing toxic side effects. Furthermore,
they offer the advantages, such as facile synthesis, cost-
efficiency, and scalability for large-scale production.
Numerous nanomaterial-assisted drug delivery systems
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have been designed and studied for use as vectors in
chemoimmunotherapy, including lipid nanocarriers,*
polymeric nanocarriers,” dendrimers,* metallic and
inorganic nanoparticles,” and biomimetic nanoparticles*
(Figure 4). The following sections discuss several of these
nanomaterial-assisted drug delivery systems.

4.1. Lipid nanocarriers

Lipid-based nanocarriers exhibit excellent solubility
in aqueous media and are capable of loading both
hydrophilic and lipophilic drugs while minimizing
systemic toxicity. This feature makes them one of the most
commonly approved types of nanodrug carriers. They
possess several advantageous properties, including good
biodegradability, biocompatibility, non-immunogenicity, a
large surface-area-to-mass ratio, long-term stability, high
encapsulation efficiency for poorly water-soluble drugs,
high versatility, controlled release, affordable scalability
for manufacture, and low toxicity.”*® In addition, lipid
nanocarriers can be administered through various routes,
such as oral, parenteral, transdermal, intranasal, and
ocular applications.” Lipid nanocarriers typically consist
of nanostructured lipid vectors, solid lipid nanoparticles,
lipid-nucleic acid complexes, and others. Recently, lipid
nanoparticles have been approved by the FDA for the
non-viral delivery of nucleic acid therapeutics, such as
the coronavirus disease 2019 messenger RNA vaccines
and Patisiran (approved in 2020 and 2018, respectively).*
Several other lipid nanocarrier-based therapeutics are
currently undergoing clinical trials for various human
diseases. Yong et al*® used RNA-interference-loaded
lipid nanoparticles to develop a dual-targeted therapeutic
vector for tumor myeloid cells and cancer cells. This
vector, which inhibits heme oxygenase-1, enhances
chemoimmunotherapy by sensitizing tumor cells to
chemotherapeutics through increased immunogenic
cell death and reprogramming tumor myeloid cells to a
distinct phenotype. This cascade, in turn, activates a cluster

Dendrimers Polymers

Nanocarriers
in drug
delivery

Biomimetic
nanoparticles

Figure 4. Various nanomaterial-assisted drug delivery systems used in
chemoimmunotherapy

etallic &
inorganic
nanoparticles

of differentiation 8-positive (CD8*) cytotoxic T cells.
In addition, heme oxygenase-1 inhibition alters tumor
macrophage differentiation. In a recent study, glutathione-
responsive  prodrug-based  hybrid  lipid-polymer
nanoparticles were developed as a synergistic antitumor
chemoimmunotherapy vector.?’ These nanoparticles
were composed of 2-bromopalmitate (a lipid alternative),
1,2-stearoyl-sn-glycerol-3-phosphoethanolamine-
N-[methoxy(polyethylene glycol)-2000] (a stabilizer
polymer), and polyphosphoester-based camptothecin
prodrug (a cationic helper polymer). These prodrug
nanoparticles were shown to induce PD-L1 degradation
by inhibiting palmitoylation for immune checkpoint
blockade therapy. The nanoparticles significantly
prevented melanoma progression by enhancing cytotoxic
CD8* T cell-mediated antitumor immune responses and
promoting the infiltration and activation of intra-tumoral
lymphocytes.

4.2. Polymeric nanocarriers

Polymers, particularly polymeric micelles, have been
widely studied as nanovectors in chemoimmunotherapy
for the co-delivery of multiple drugs, due to their
unique core-shell architecture. These polymeric micelles
are formed through the spontaneous self-assembly of
amphiphilic block copolymers in aqueous solutions,
resulting in thermodynamically stable colloidal
structures. In these micelles, hydrophobic drugs can be
either chemically coupled or physically encapsulated
within the hydrophobic core, while hydrophilic
drugs can be loaded through chemical conjugation
or physical interactions. In addition, multifunctional
polymer micelles can be easily obtained through surface
modifications of the polymers, enhancing the efficient
loading of both hydrophobic and hydrophilic drugs. Wei
et al.** developed two types of targeting micelles for the
simultaneous delivery of anticancer drug doxorubicin and
imiquimod (R837) to tumor cells and tumor-associated
macrophage through intravenous and intratumoral
injections, respectively. This approach aimed to achieve
synergistic chemoimmunotherapy for breast cancer.
The micelles were constructed using phenylboronic
acid-poly(ethylene  glycol)-poly(e-caprolactone) and
acetylated chondroitin sulfate-protoporphyrin as the
polymers. Similarly, low molecular weight heparin and
D-o-tocopheryl succinate were developed into polymeric
micelles for the co-delivery of doxorubicin and Toll-like
receptor (TLR) 7 agonist imiquimod for the treatment
of orthotopic and metastatic breast cancer.”® Recently,
reactive oxygen species (ROS)-responsive polymer
prodrug-based nanoparticles have been explored for
chemoimmunotherapy. These nanoparticles contain
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the immunogenic inducer paclitaxel and indoleamine
2,3-dixoygenase 1 blocker 1-methyl-D,L-tryptophan. The
polymeric nanocarriers were composed of poly(ethylene
glycol) as the hydrophilic segment, with enzyme
cleavable 1-methyl-D,L-tryptophan ester, and oxidation-
sensitive phenyl peroxalate ester as hydrophobic blocks.**
The copolymer self-assembles into prodrug-based
nanoparticles, which release paclitaxel in response to
intracellular ROS, thereby inducing immunogenic cell
death. The generated ROS further promotes nanoparticle
disassembly and the continued release of paclitaxel,
enhancing the therapeutic effects.

4.3. Dendrimers

Dendrimers are well-known drug nanocarriers with
both hydrophobic and hydrophilic components. They
are hyperbranched, spherical polymers that can be easily
functionalized through surface conjugation and exhibit
stable structures at all concentrations.”® Their unique
properties — including hydrophobic or hydrophilic
cavities in the interior, well-defined structure, size
monodispersity, compact globular shape, numerous
internal cavities, a large number of controllable
“peripheral” functionalities, good versatility, high water
solubility, superior biocompatibility, and high ratio of
surface groups to molecular volume - make dendrimers
excellent drug delivery vectors. Due to their unique
structure and properties, drug molecules can either
be physically encapsulated in the internal cavities of
dendrimers through non-covalent interactions or
chemically conjugated to the peripheral functional groups
through covalent interactions. In addition, the peripheral
functional groups allow for the attachment of different
solubilizing groups and targeting moieties on the surface
in a multivalent fashion. Dendrimeric products such as
Stratus® CS Acute Care Diagnostic System and Starburst®
have already been approved by the FDA and are
commercially available for healthcare.* Both of these are
tectodendrimers, which are superstructured dendrimers
with a high-generation core and low-generation shell.
Recently, Song et al®’ developed pH-sensitive core-
shell tectodendrimers for the simultaneous co-delivery
of CD47 siRNA and doxorubicin to tumor cells for
synergistic chemoimmunotherapy of breast cancer. The
developed nanovector could simultaneously compress
siRNA and physically load doxorubicin with good loading
efficacy, and it could rapidly release the drug in the acidic
tumor microenvironment.

4.4, Metallic and inorganic nanoparticles

Metallic and inorganic nanoparticles have been widely
utilized as nanocarriers for delivering therapeutics

due to their excellent characteristics, including non-
immunogenicity, good stability, ease of synthesis, ease
of functionalization, inertness, and high drug-loading
capacity. In addition, some nanoparticles exhibit
remarkable magnetic, thermal, and optical properties,
while others can be designed in various sizes, structures,
and geometries, such as nanorods, nanospheres,
nanoshells, and nanostars. Numerous metallic and
inorganic nanoparticles have been studied as nanovectors
for delivering therapeutics to targeted tumor sites in
chemoimmunotherapy. For example, gold nanoparticle
vesicles co-loaded with the immune inhibitor BLZ-
945 and the anticancer drug SN38 were developed for
chemoimmunotherapy against primary and metastatic
cancers, incorporating photoacoustic imaging in the
second near-infrared window.”® The gold nanoparticle
vesicles were synthesized through the self-assembly
of nanogapped gold nanoparticles with poly(ethylene
glycol) and poly(SN38-co-4-vinylpyridine). The vesicles
exhibited dual biologically responsive properties, being
both pH- and redox-sensitive. In another study, a
multifunctional nanoparticle formulation with an iron
oxide core was developed as a nanovector for the targeted
and simultaneous co-delivery of the cytotoxic agent
doxorubicin and TLR3 agonist polyinosinic: polycytidylic
acid to both breast cancer and dendritic cells. This
formulation utilized an endoglin-binding peptide
to target both triple-negative breast cancer cells and
vasculature endothelium.”® The nanoparticles induced
tumor apoptosis through multiple mechanisms, such
as direct cancer cell killing and dendritic cell-mediated
innate and T cell-mediated adaptive immune responses.
Recently, black phosphorus nanoparticles were co-loaded
with low-dose doxorubicin and BMS-202 (a PD-L1
blocker) for the chemoimmunotherapy of lung cancer.
Drug release from the composite occurred upon mild
photothermal heating at 40°C.** In this system, low-
dose doxorubicin-induced oxidative stress and activated
the high mobility group box 1/receptor for advanced
glycation end product/nuclear factor kappa light chain
enhancer of activated B cells/PD-L1 pathway. The drug-
loaded composite demonstrated improved cancer cell
toxicity and promising synergism in the presence of
tumor-associated macrophages.

4.5. Biomimetic nanoparticles

Biomimetic nanoparticles, which are prepared by mixing
or coating biocompatible materials with biomaterials to
mimic the functions of natural structures and processes,
can camouflage themselves as autologous components.
These features allow them to circumvent rapid clearance
by the immune system, thereby prolonging circulation
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time and enhancing drug delivery efficiency. Due to their
resemblance in size, morphology, and surface properties
to natural structures, biomimetic nanoparticles exhibit
superior biocompatibility, good bioavailability, excellent
targeting, enhanced therapeutic efficacy, significant
in vivo interactions, and minimal toxic side effects. To date,
numerous biomimetic nanoparticles mimicking natural
structures have been studied as nanovectors for therapeutic
delivery in chemoimmunotherapy, including those derived
from macrophages," peptides,”* erythrocytes,” and cell
membranes.*

Cell membrane biomimetic nanoparticles typically
consist of a cell membrane coating on functional
nanoparticles, where the membrane proteins remain
bioactive. This bioactivity allows the nanoparticles to
evade the immune system, resulting in prolonged blood
circulation time and efficient tumor targeting. Wang et al.*®
developed a biomimetic tumor-targeting nanomedicine
comprising gemcitabine-loaded poly(lactic-co-glycolic
acid) nanoparticles coated with the bio-engineered
cancer cell membrane. These membranes retain tumor-
associated antigens and express peptides targeting
M2-like macrophages for the chemoimmunotherapy
of pancreatic cancer. The developed nanomedicine was
further combined with an immune checkpoint inhibitor
(PD-L1 antibody), which synergistically enhances
the immunotherapeutic effect by removing PD-L1*
macrophage and downregulating PD-L1. In a similar
study, a combined therapeutic system was developed
that included a prodrug (doxorubicin conjugated to
D-a-tocopherol polyethylene glycol 1000 succinate with
a targeting peptide-ligand cyclin arginylglycylaspartic
acid) and a nanoparticle-based vaccine (mannose-
inserted erythrocyte membrane-enveloped poly[D,L-
lactide-co-glycolide]-SS-hgp nanoparticles) for synergetic
chemoimmunotherapy of lung cancer.*® Hou et al"
developed an M1-type macrophage-based drug delivery
vehicle carrying sorafenib-loaded lipid nanoparticles
for chemoimmunotherapy. In this system, MI-type
macrophages act as both the delivery vehicle for sorafenib
and as a therapeutic tool for immunotherapy. In addition,
PD-L1 binding peptide-conjugated nanoparticles loaded
with the anticancer drug doxorubicin and exhibiting
pH-sensitive characteristics were developed for the
chemoimmunotherapy of colon cancer.*® The released
peptide conjugate at the tumor site blocks PD-1/PD-L1
interactions, preventing immune escape and stimulating
enhanced immune response.

5. Conclusion

Nanomaterial-assisted drug delivery systems have emerged
as a promising approach in cancer chemoimmunotherapy,

with a bright future ahead. Extensive research has been
conducted on their design, development, and evaluation
for the chemoimmunotherapy of various cancers, which
could ultimately be translated into clinical applications.
While chemoimmunotherapy still faces challenges in
cancer treatment, nanosized drug delivery systems are
expected to play a vital role in harnessing their exceptional
advantages. However, several challenges remain for
nanosized drug delivery systems, including unavoidable
drug leakage, complex manufacturing processes,
instability, and undefined safety in excipients. These issues
must be addressed to enhance the clinical translation
prospects of these systems. Thus, there is an urgent need
for nanomaterial-assisted drug delivery systems that
offer simple formulation, an established preparation
process, and good biocompatibility from a commercial
transformation perspective. We hope that this mini-
review inspires researchers to explore new perspectives
on nanomaterial-assisted drug delivery systems for cancer
chemoimmunotherapy.
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Abstract

This study aimed to review '"fluoro-2-deoxy-d-glucose positron emission
tomography/computed tomography ("8FDG PET/CT) imaging characteristics of B-cell
non-Hodgkin’s lymphoma (NHL) at Hanoi Oncology Hospital. PET/CT helps accurately
assess the NHL stage compared with other diagnostic imaging methods, such as CT
and magnetic resonance imaging. In this retrospective descriptive study, 86 newly
diagnosed B-cell NHL cases were histopathologically and immunohistochemically
examined at Hanoi Oncology Hospital between January 2018 and December 2022.
Patients underwent '®FDG PET/CT for pretreatment staging. The stages before and
after PET/CT were evaluated and compared. Before PET/CT, 26 (30.2%), 29 (33.7%),
15 (17.5%), and 16 (18.6%) patients were in stages |, ll, lll, and IV, respectively. After
PET/CT, the rates of Stage |, I, lll, and IV cases were 22.1%, 26.8%, 20.9%, and 30.2%,
respectively. PET/CT results increased the stage in 21/86 patients (24.4%). The
proportion of patients with advanced stages after PET/CT in the rapidly progressing
histopathology group was higher (25%) than the slowly progressing histopathology
group (21.4%), and the difference was not significant. Therefore, PET/CT is critical for
accurately determining the disease stage of B-cell NHL, thereby helping to detect
additional lesions missed by conventional imaging diagnostic tools.

Keywords: B-cell non-Hodgkin's lymphoma; '®FDG PET/CT; Pre-PET/CT stage;
Post-PET/CT stage

1. Introduction

Non-Hodgkin’s lymphoma (NHL) is a group of malignant lymphoproliferative diseases
with complex clinical manifestations, histopathology, and prognosis. According to
GLOBOCAN 2022, NHL ranks 10" in Vietnam concerning new incidence among
common cancers, of which B-cell lymphoma accounts for most of the cases.

The cancer stage must be assessed for appropriate treatment. The NHL diagnosis
is based on clinical examination and paraclinical tests such as biopsy for pathology,
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immunohistochemistry,  ultrasonography, = computed
tomography, and "fluoro-2-deoxy-d-glucose positron
emission tomography/computed tomography (18FDG
PET/CT).

Most patients with NHLs have increased glucose
metabolism; thus, whole-body PET/CT with “FDG
provides molecular-level metabolic images by PET and can
be combined with anatomical images by CT. Consequently,
it can accurately detect lesions in tumors and lymph
nodes with a much higher sensitivity and specificity than
conventional imaging methods. Compared with other
imaging methods, PET/CT can assess the NHL stage more
accurately. Reportedly, *FDG PET/CT has sensitivity and
specificity up to 99%-100% in diagnosing B-cell NHL
stage.? Therefore, this study aimed to fully evaluate the role
of ®FDG PET/CT in B-cell NHL.

2. Methods

In this retrospective descriptive study, 86 patients
newly diagnosed with B-cell NHL who had not
previously been treated were histopathologically and
immunohistochemically examined at Hanoi Oncology
Hospital between January 2018 and December 2022.
Patients with severe diseases, two or more types of cancer,
and high blood sugar >11.1 mmol/L before PET/CT,
did not agree to participate in the study, and those with
incomplete information were excluded.

Patients fasted for at least 6 h before the scan. Patients
with blood glucose levels before the scan that did not
exceed 11.1 mmol/L received an intravenous dose of
BFDG of 0.14 - 0.15 mCi/kg. After “FDG injection,
patients rested in the waiting room. After 45 - 60 min,
patients underwent full-body PET/CT using the GE
PET/CT system. The results were processed using
specialized software, read, and agreed on by two nuclear
medicine specialists. Information about age, sex, pathology
type, lesion location, lesion size injury, and maximum
standard uptake value of the injury were recorded.

The data were analyzed using IBM SPSS Statistics
version 20 (IBM Corp., Armonk, NY, USA). Normally
distributed quantitative variables were expressed as
mean + standard deviation and non-normally distributed
variables as median. The t- and Mann-Whitney tests were
used to compare two means and medians, respectively.

3. Results
Patient characteristics are summarized in Table 1.

A total of 86 patients were recruited, of whom 55.8%
were men. The median age of the patients was 58.1 years.
Most patients had rapidly progressive pathology (n = 72).

Table 1. Patients’ characteristics

Parameters Category Number (n=86)  Percentage
Sex Male 48 55.8
Female 38 442
Pathological Rapid progression 72 83.7
classification Slow progression 14 16.3
Stage before I 26 30.2
PET/CT 1I 29 33.7
1II 15 17.4
v 16 18.7
Stage after I 19 22.1
PET/CT 1l 23 26.8
III 18 20.9
v 26 30.2
Changing stage  Unchanged 65 75.6
Increased stage* 21 244
Decreased stage** 0 0

Notes: *Increased stage: upstaging is the presence of additional suspicious
lesions on PET/CT compared with other imaging methods that changes
the stage per Ann Arbor classification. The criterion for determining a
positive PET/CT result is the presence of focal "*FDG increased uptake as
determined by standard uptake value (SUV) and/or lymph nodes on CT
measuring 210 mm. SUV of 2.5 is the diagnostic threshold, distinguishing
between benign and malignant lesions. **Decreased stage: downstaging
is defined as lesions that are suspicious on other imaging methods but not
on PET/CT, which change the stage per Ann Arbor classification.
Abbreviation: "*FDG: 18fluoro-2-deoxy-d-glucose; PET/CT: Positron
emission tomography/computed tomography.

The PET/CT stages before and after the procedure
differed (Table 1). The number of patients in Stages III and
IV increased after PET/CT compared with that before the
scan. The Stage Il rate increased to 20.9%, particularly Stage
IV, which remarkably increased to 30.2%. After PET/CT,
the stage increased in 24.4% of the patients and remained
the same in 75.6%; none of the patients had a lowered stage.

After PET/CT, the patients were distributed as follows:
three patients from stage I were reassigned to Stage II,
three from Stage I to Stage III, one from Stage I to Stage IV,
five from Stage II to Stage III, four from Stage II to Stage
IV, and five from Stage III to stage IV. None of the patients
lowered the stage (Figure 1).

The post-PET/CT increase rate of the slow-progressing
histopathological group was lower (21.4%) than that of the
rapid-progressing histopathological group (25%). However,
this difference was not significant with P > 0.05 (Table 2).

4. Discussion

For B-cell NHL, accurate determination of disease stage
is crucial for selecting appropriate treatment methods,
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Table 2. Stage changes on each histopathological group

Histopathological group Unchanged Increased stage Decreased stage Summary P-value
Rapidly progressing group*
n 54 18 0 72 0.776
% 75.0 25.0 0 100
Slowly progressing group®
n 11 3 0 14
% 78.6 214 0 100

Notes: “The rapidly progressing group includes diffuse large B-cell NHL, Stage III follicular NHL. Burkitt’s lymphoma and T-cell NHL do not belong

to the aforementioned two types. Clinical manifestations are usually remarkable during diagnosis. Treatment should be immediately performed with

a strong regimen. "The slowly progressing group includes chronic lymphocytic leukemia/small cell lymphoma, follicular lymphoma (stages I and

IT), marginal zone lymphoma (node, spleen, and MALT body), sezary syndrome/Mycosis fungoides, and primary poorly differentiated large T-cell
lymphoma. The disease typically has no clinical manifestations during diagnosis and is often discovered accidentally. The disease progresses slowly. The

initial response to treatment is good; however, the recurrence risk is high.
Abbreviation: NHL: Non-Hodgkin’s lymphoma.

Percentage (%) = Before = After
40

35

=
=
=

I U} 1] Y%

Stage
Figure 1. Disease stage before and after PET/CT
Abbreviation: PET/CT: Positron emission tomography/computed
tomography.

disease prognosis, and treatment effectiveness. Compared
with other common diagnostic imaging methods,
PET/CT provides more information about the extent of
disease spread. PET/CT can rapidly and accurately detect
extranodal malignant lymphoma organizations in the liver,
spleen, soft tissue, etc., due to the higher-than-normal
absorption of "FDG of these organizations.

In Vietnam, several studies have examined the value of
"FDG PET/CT in diagnosing the lymphoma stage. Pham
et al. found that PET/CT changed the disease stage in
25.2% of patients, with the stage increasing in 22.8% and
decreasing in 2.4%.° In addition, Nguyen Huu Thuong
showed similar results: PET/CT changed the stage in
21.4% of the patients, of which the stage increased in 19.6%
and decreased in 1.8%.* However, when only considering
extranodal lymphomas, Mai and Le found that PET/CT
changed the stage (increased stage) in more than half of
the patients (52.6%).>

The role of PET/CT in assessing the stage of lymphoma
has also been reported in the literature. According to

Kasireddy et al., the PET stages were higher and lower
than the CT stages in 27 (14%) and 3 (1%) patients,
respectively.® In Metsers et al. multicenter study of
850 patients (male = 467; female = 383), PET/CT increased
the stage in 150/850 (17.6%) patients and led to a change
in treatment strategies in 224/850 (26.4%).” In Raanani
et al’s study of 68 patients with NHL, PET/CT detected
FDG hyper-uptake lesions in normal-sized lymph nodes
(usually <10 mm) and the most common extranodal
locations, including the liver, spleen, cortical bone, bone
marrow, and skin. These locations were missed on CT. In
addition, a few cases of paravertebral lesions in the lung
were read as benign on CT; however, on PET/CT, these
lesions had increased "FDG uptake and were related to
NHL. PET/CT increased the stage in 31% of patients,
only 1% were downstaged, and the treatment strategy in
25% changed after PET/CT.* Omar et al. found that PET/
CT changed the stage from II to IV in 25% of the patients,
no lymph node lesions measured <10 mm, and all lesions
were detected. The new lesions were all outside the lymph
nodes.’ In a multicenter, multinational study by Barrington
et al., involving 1,171 patients with lymphoma, PET/CT
changed the stage in 19.9% of the patients, of which the
stage increased in 13.6% and downstaged in 6.3%. Among
patients with increased stage, additional extranodal lesions
were discovered in 74.2% (most common in the bone
marrow, lung, liver, pleura, and multiple sites), and new
lesions were detected in 22%. Lesions with normal size but
increased “FDG uptake on PET/CT, splenic lesions with
increased “FDG uptake without structural abnormalities
on CT, and other lesions that were unclear on CT had
increased “FDG uptake on PET/CT (3.8%). In patients
with lower stages, the most common cases were large
lymph node and spleen lesions on anatomical images on
CT; however, their *FDG uptake levels were in the normal
range in PET/CT. In addition, some lesions in the lungs,
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bone marrow, and adrenals demonstrated abnormalities
on CT but had "FDG absorption levels at the physiological
threshold." Particularly, studies have shown the important
role of PET/CT in assessing bone marrow lesions in NHL.
Biopsy of all bone marrow lesions is impossible, and the
assessment of bone marrow invasion based on CT or
magnetic resonance imaging (MRI) is difficult. Thus,
PET/CT with 64 molecular metabolism images can show
lesions with increased *FDG uptake very early. According
to Adams et al., PET/CT can detect bone marrow lesions
with a sensitivity of 70.8 - 90.8%, specificity of 99.0 - 100%,
and area under the receiver operating characteristic curve
of up to 99.83%. Compared to bone marrow biopsy results,
PET/CT gave false-negative results in 3.1% of the patients
and false-positive results in 12.5% (P < 0.05)." Similarly,
Li et al. compiled research based on 36 published reports
and revealed that PET/CT has a sensitivity of 93 - 99% and
specificity of 98 — 99% in detecting bone marrow invasive
lesions in NHL, whereas bone marrow biopsy had a lower
sensitivity of 34 — 55% and specificity of 92 - 100%."
Berthet et al. studied 142 cases of diffuse large B-cell
lymphoma, and *FDG PET/CT showed higher sensitivity
than bone marrow biopsy (94% vs. 24%, P < 0.001). The
negative report of PET/CT was also higher than that of
bone marrow biopsy (98% vs. 80%, P < 0.01)."

Compared with MRI, PET/CT has a comparable
ability to accurately diagnose lesions. However, in slowly
progressing lymphoma, MRI could detect lesions that
barely capture ""FDG on PET/CT. Wang et al. examined
338 patients and showed that in those with rapidly
progressing lymphomas, PET/CT and MRI had the same
accuracy rates in determining the disease stage (98%,
P < 0.05), and in slowly progressing disease, PET/CT
only had a diagnostic accuracy rate of 87%, whereas MRI
recorded up to 96%. Among these, many slowly
progressing histopathological lesions could not nearly
capture FDG." Similarly, Maccioni et al. evaluated MRI
as a good imaging diagnostic tool for lymphoma stages,
and the results between MRI and “FDG PET/CT were
very similar."” ®FDG PET/CT is still the “gold standard” in
accurately assessing the stage of B-cell lymphoma.

Herein, before PET/CT, 86 patients were staged
according to the Ann - Arbor classification based on the
ultrasound, CT, and MRI findings: 30.2%, 33.7%, 17.5%,
and 18.6% of the patients were in Stages I, II, III, and
IV, respectively. After PET/CT, patients were restaged
based on the lesion number and locations identified on
PET/CT images. After PET/CT, among patients with
Stage 1 disease, three patients had additional lymph node
damage on the same side of the diaphragm, changing
the stage to II; another lymph node damage on the

same side of the diaphragm was noted in three patients;
therefore, the stage was changed to III; additional lesions
in two extranodal organs were noted in one patient,
which progressed to Stage IV. Among patients in Stage
II, additional lesions were found on the diaphragm side
in five patients; therefore, they were restaged to III, and
>2 additional extranodal organs were detected in four
patients, changing their stage to IV. Among patients with
Stage III disease, five progressed to Stage IV due to the
additional spread of extranodal lesions was noted. Thus,
PET/CT results showed a change in stage (increased stage)
in 21 of the 86 patients (24.4%). The rate of stage change
between the rapidly and slowly progressing histopathology
groups was not significantly different. Thus, our research
results were not much different from the research results
of others in Vietnam and worldwide. Therefore, "FDG
PET/CT is a very valuable method in diagnosing the B-cell
lymphoma stage. Accurate assessment of the disease stage
helps doctors select appropriate treatment methods with
the highest effectiveness. In addition, PET/CT is very
valuable in monitoring, evaluating treatment response,
and predicting B-cell NHL. Before PET/CT, 26 (30.2%),
29 (33.7%), 15 (17.5%), and 16 (18.6%) patients were in
Stages I, IL, I1I, and IV, respectively. After PET/CT, the rates
of Stages I, I1, ITI, and IV cases were 22.1%, 26.8%, 20.9%,
and 30.2%, respectively. The rate of patients with increased
stage after PET/CT scan in the rapidly progressing
histopathology group was higher (25%) than in the slowly
progressing histology group (21.4%), and the difference
was not significant.

5. Conclusion

PET/CT plays an important role in accurately determining
the disease stage of B-cell NHL, helping detect additional
lesions missed on conventional imaging diagnostic tools.
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CASE SERIES

The role of "8F-fluorodeoxyglucose positron
emission tomography/computed tomography
in the detection of brown tumors: A case series

Salah Nabih Oueriagli*, Ayoub Dribla*, Omar Ait Sahel, Yassir Ben Ameur,
and Abderrahim Doudouh

Department of Nuclear Medicine, Mohammed V Military Teaching Hospital, Souissi University, Rabat,
Morocco

Abstract

We present two cases of chronic hemodialysis patients with suspicious lytic
pelvic bone lesions in the context of secondary hyperparathyroidism (HPT). Bone
biopsies were inconclusive. '®F-fluorodeoxyglucose positron emission tomography/
computed tomography (**F-FDG PET/CT) scans revealed highly hypermetabolic lytic
lacunar bone lesions scattered throughout the skeleton. Pathological *™Tc-hexakis-
methoxy-isobutyl-isonitrile (*"Tc-MIBI) uptake in the cervical region suggested
parathyroid tissue involvement, while whole-body *™Tc-MIBI scintigraphy did not
reveal pathological uptake. Brown tumors were strongly suspected based on clinical
and laboratory evidence of HPT, ruling out malignancy. Our cases suggest the
superior sensitivity of '®F-FDG PET/CT in detecting and characterizing brown tumors
compared to whole-body *™Tc-MIBI scintigraphy. This examination offers crucial
insights into characterizing brown tumors based on morpho-metabolic criteria,
minimizing inaccurate diagnosis of this pathological condition.

Keywords: Brown tumors; Positron emission tomography/computed tomography;
8F-fluorodeoxyglucose; Hyperparathyroidism

1. Background

Brown tumors represent a rare manifestation of hyperparathyroidism (HPT), a condition
characterized by excessive secretion of parathyroid hormone (PTH), leading to
abnormalities in bone metabolism. Despite their non-neoplastic nature, these tumors can
inflict significant morbidity due to their deleterious effects on bone structure and function.
Within the realm of diagnosing and detecting brown tumors, “*F-fluorodeoxyglucose
positron emission tomography/computed tomography (*F-FDG PET/CT) assumes a
pivotal role. Through two clinical case reports, we highlight the role of this hybrid imaging
technique in detecting the morpho-metabolic aspect of brown tumors.

2. Case presentation
2.1.Case 1

A 40-year-old female, undergoing chronic hemodialysis for 6 years, had a history of
invasive ductal carcinoma of the right breast with contralateral recurrence in 2013.
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Following conservative treatment, an increase in CA15-3
levels at 73 U/mL (reference value <31.3 U/mL) and
diffuse bone pain in 2018 suggested metastatic recurrence.
Bone scintigraphy indicated metabolic super scan with
heterogeneous uptakein the skull. Inaddition to mediastinal
and left internal mammary lymph node involvement, a CT
scan revealed lytic lesions in the spine, sternum, and pelvic
bones. PET-CT scan showed metabolically active metastatic
lesions in the left lung, liver segment I'V, mediastinal lymph
nodes, and left internal mammary chain. Bone lesions
appeared hypermetabolic with lacunar lytic foci. The spine
showed slightly more intense and heterogeneous uptake,
particularly with hypermetabolic chondrocostal and lower
jaw lesions, resembling a metabolically active, extensively
remodeled skeleton (Figure 1). A weakly hypermetabolic
retrothyroid left focus with maximum standardized uptake
value (SUV_ ) = 3.3 suggested a parathyroid formation,
necessitating additional ultrasound and parathyroid
scintigraphy. Concurrently, the phosphocalcic assessment

showed a total calcium level of 116 mg/L (reference range:
80 - 105mg/L) and a phosphoruslevel of 42 mg/L (reference
range: 25 - 50 mg/L). The PTH level was abnormally
elevated at 1214 pg/mL (reference range: 15 - 68 pg/mL),
confirming the diagnosis of secondary HPT. A cervical
ultrasound revealed a centimetric retrothyroid left mid-
lobe nodular formation suggestive of a parathyroid nodule
at this level. Whole-body scan with 99mTc-MIBI show
no definite suspicious focus suggestive of brown tumors,
except for physiological radiopharmaceutical uptake in
the parotid, submaxillary, hepatobiliary, and digestive
regions (Figure 2A). *™Tc-hexakis-methoxy-isobutyl
isonitrile (*™Tc-MIBI) parathyroid scintigraphy showed
a pathologically retained focus of *Tc-MIBI in the left
mid-lobe, with slightly delayed washout compared to the
rest of the thyroid parenchyma, suggesting pathological
parathyroid tissue, consistent with the results of cervical
ultrasound (Figure 2B). Whole-body scanning at the end
of the examination showed two areas of very low and

Figure 1. Hypermetabolic uptake in the spine, chondrocostal regions, and lower jaw. (A) 3D Maximum Intensity Projection (MIP) image show heterogeneous
and diffuse hypermetabolism throughout the axial skeleton, particularly intense lower mandibular hypermetabolism and staggered, symmetrical
hypermetabolic foci in the right and left chondrocostal joints, presumably metabolic in origin, related to the patient’s known chronic hemodialysis state.
(B) Sagittal CT and PET/CT fusion images of the lumbar spine show multiple hypermetabolic lacunar foci corresponding to brown tumors. (C) CT and
PET/CT fusion images show a rounded, hypermetabolic lytic lesion with regular contours in the inner third of the left clavicle (orange arrow). (D) CT and
PET/CT fusion images show a hypermetabolic lower mandibular lacuna (yellow arrow). (B-D) Images corresponding to brown tumors.

Abbreviation: PET/CT: Positron emission tomography/computed tomography.
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Figure 2. *Tc-MIBI whole-body scan, parathyroid scintigraphy, and cervical static acquisition show physiological uptake, a pathologic focus in the left
mediolobar region, and low uptake near the clavicle and manubrium, respectively, suggestive of brown tumors. (A) Whole-body scan with *™Tc-MIBI show
no definite suspicious focus suggestive of brown tumors, except for physiological radiopharmaceutical uptake in the parotid, submaxillary, hepatobiliary,
and digestive regions. (B) Parathyroid scintigraphy showing a pathologic retention focus of *Tc-MIBI in the left mediolobar region consistent with
the retrothyroid nodule visualized on cervical ultrasound (indicated by the arrow). (C) Anterior cervical static acquisition following whole-body scan
showing two areas of very low and heterogeneous *™Tc-MIBI uptake adjacent to the inner third of the left clavicle and the sternal manubrium, presumably
corresponding to brown tumors on PET/CT examination (indicated by the arrow).

Abbreviation: PET/CT: Positron emission tomography/computed tomography.

heterogeneous *Tc-MIBI uptake corresponding to the Whole-body scanning at the end of the examination did
inner third of the left clavicle and the sternal manubrium not show any pathological uptake of *"Tc-MIBI elsewhere
(Figure 2C). A comparison of images in PET/CT and in the body. CT scan revealed spondylodiscitis at L2 — L3
#mTc-MIBI scintigraphy suggested that these uptake areas and lacunar images in both iliac wings suggestive of renal
corresponded presumably to brown tumors. Thus, given osteodystrophy. The bone scan showed no suspicious foci.
these clinical, biological, and radiological findings, the Lumbar magnetic resonance imaging (MRI) confirmed
diagnosis of brown tumors was established, especially spondylodiscitis and bone biopsies yielded inconclusive
in the absence of signs of malignancy on bone biopsies results. PET/CT scan revealed metabolically active lytic
performed on the patient. foci in the axial and peripheral skeleton, particularly in the

pelvis and lumbar spine at the level of L2 and L3 (Figure 3),

2.2.Case 2 suggesting a neoplastic origin, but the symmetric nature of
A 2l-year-old female with chronic renal failure due to lesions and lacunar contours favored brown tumors. The
congenital urological malformation presented to the diagnosis was confirmed by the absence of malignancy in
rheumatology department with pelvic pain, lumbalgia, bone biopsies and clinical-biological arguments related to
and weight loss. X-rays revealed lytic lacunar images secondary HPT. The subsequent management consisted of
in both iliac wings and L3. Biological tests showed an conservative medical treatment of HPT and appropriate
inflammatory syndrome, elevated C-reactive protein antibiotic therapy with biological and radiological
60.8 mg/L, and increased gamma globulins. Phosphocalcic follow-up.

assessment indicated slightly elevated corrected calcium

of 2.53 mmol/L and normal phosphorus levels, but 3. Discussion

significantly increased PTH levels. Cervical ultrasound Brown tumors are benign Iytic bone lesions, often
revealed two centimetric hypoechoic heterogeneous encountered in the context of secondary HPT or
well-vascularized nodular formations at the lower hypersecreting parathyroid carcinoma.! They are much
poles, suggestive of bilateral parathyroid nodules. *™Tc- more common in women over 50 and can affect the entire
MIBI parathyroid scintigraphy confirmed pathological skeleton, particularly the bones of the face, long bones of
parathyroid tissue near the lower poles of both thyroid lobes. the upper and lower limbs, pelvis, and ribs.? They can cause
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Figure 3. Hypermetabolic uptake is seen in the right humeral head,
lumbar spine (L2 and L3), iliac wings, and right femoral diaphysis
corresponding to brown tumors. Multiple hypermetabolic lytic foci in
both iliac wings and a focus in the lumbar spine at L2 are suggestive of
spondylodiscitis. (A) 3D Maximum Intensity Projection (MIP) image
showing hypermetabolic foci in the right humeral head, the lumbar
spine at the level of L2 and L3, the iliac wings, and the upper end of
the right femoral diaphysis, corresponding to morphological images
of brown tumors. (B) PET/CT fusion image of the pelvis in the sagittal
section showing multiple hypermetabolic lytic lacunar foci in both iliac
wings, corresponding to brown tumors. (C) PET/CT fusion image of
the lumbar spine at the level of L2 in the sagittal section highlighting
a hypermetabolic focus in the body of L2 associated with diffuse and
heterogeneous hypermetabolism of the lateral wall of L2 and adjacent
areas suggestive of spondylodiscitis focus.
Abbreviation: PET/CT: Positron emission
tomography.

tomography/computed

intense inflammatory pain and swelling, exposing the
patient to a high risk of fractures.' In a neoplastic context,
their presence can pose a differential diagnostic problem
with unrecognized bone metastases, which is illustrated
by the case of a 69-year-old woman who presented
with pain in her right clavicle. A CT scan revealed a
pathological fracture of the right clavicle, associated with
multiple osteolytic lesions, and a left cervical mass. An
¥F-FDG PET/CT showed significant FDG uptake in the
cervical mass and osteolytic lesions, suggesting metastatic
parathyroid cancer,’ or, in rare cases, with a primary giant
cell tumor of polyostotic nature. Their positive diagnosis
relies on a convergence of clinical-biological arguments
related to HPT and histopathological findings, but above
all on the contribution of imaging after ruling out a
neoplastic origin.

Standard radiographs are usually sufficient for
identifying brown tumors, but they may lack specificity

in their description. Additional imaging modalities, such
as CT, MRI, and/or PET/CT become necessary in cases
of diagnostic uncertainty, multifocality, or involvement of
adjacent soft tissues.

In general, *™Tc-MIBI scintigraphy remains the gold
standard for pre-operative localization of hyperfunctional
parathyroid lesions in primary, secondary, or tertiary HPT.*
In cases of known bone lesions, it is feasible to combine
cervical and mediastinal exploration with a whole-body
analysis, which allows mapping of the lesions throughout
the skeleton in a single examination.’ In a study by
Zhao and Wang, whole-body *™Tc-MIBI scintigraphy
performed in the context of primary (63 patients) and
secondary (16 patients) HPT showed bone hyperfixations
corresponding to brown tumors in 4% of cases (3/79). These
hyperfixations are not constant, differ from one patient to
another, and are not specific to brown tumors but reflect bone
hypermetabolism related to osteoclastic cell proliferation.®
The radiopharmaceutical accumulates in mitochondrial
cells and reflects cell proliferation and multinucleation of
osteoclasts within the bone. The heterogeneity of fixation
of bone lesions with *™Tc-MIBI can be explained by the
difference in cellularity and mitochondrial content within
brown tumors in the same patient,” as in the case of our first
patient where the pathological foci found on whole-body
scanning with *™Tc-MIBI were of low and heterogeneous
uptake, located differently, and fewer in number than those
found on PET/CT.

PET/CT with *F-FDG has been used in this context,
marking its superiority. Few clinical observations in
line with this advancement have been reported in the
literature.”"® This can be explained by the limited number
of patients and the decreasing prevalence related to
systematic biological screening of hypercalcemia.'' A case
of brown tumors reported in the literature involving a
patient with secondary and then tertiary HPT concluded
the superiority of F-FDG PET/CT for detecting diffuse
bone lesions compared to **Tc-MIBI scintigraphy.”
Undoubtedly, F-FDG is a non-specific tracer of
glucose metabolism whose accumulation is higher in
neoplastic cells. Foci of uptake in bone can be seen
during PET/CT examination and have a benign nature,
notably inflammatory foci (active osteoarthritis, fracture,
synovitis, etc.), infectious foci (osteomyelitis, prosthetic
infection, arthritis, spondylodiscitis, etc.), and some
benign bone pathologies such as brown tumors, giant
cell bone tumors, and Paget’s disease in case of malignant
transformation. During this examination, brown tumors
appear as multiple lytic lacunar foci with regular contours,
highly metabolically active, single or multiple, scattered
throughout the axial and peripheral skeleton, particularly
in long bones, facial bones, and the pelvis. These lacunar
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foci are sometimes symmetrical, distinguishing them
from osseous metastases, which are, by nature, randomly
distributed throughout the skeleton. Despite these
morpho-metabolic criteria, it is impossible to definitively
rule out the neoplastic origin of these lacunar foci, and
histological methods remain the only guarantee to confirm
the diagnosis of brown tumors. Sometimes, in the face of
repeated bone biopsies free of malignancy, the convergence
of clinical-biological arguments related to secondary HPT
and the morpho-metabolic aspect of these tumors are
sufficient for clinicians to diagnose brown tumors.?

In our cases, parathyroid scintigraphy complemented
by whole-body scanning did not show clear pathological
uptake of *™Tc-MIBI outside the usual sites of cervical
and/or mediastinal uptake: Bone sites suspected of
being brown tumors. Similarly, bone scintigraphy with
radiobiphosphonates performed for diagnostic purposes
in the neoplastic context failed to highlight these lytic
foci. This suggests that both methods lack the sensitivity
to detect multiple brown tumors scattered throughout the
axial and peripheral skeleton. Our two clinical cases thus
suggest that *F-FDG PET/CT may be more sensitive for
detecting bone lesions in the context of brown tumors than
whole-body *"Tc-MIBI scintigraphy. This examination
provides key insights into characterizing brown tumors
based on morpho-metabolic criteria, minimizing
inaccurate diagnosis of pathological condition.

4, Conclusion

The two clinical cases we present are consistent with other
cases reported in the literature, suggesting the superiority
of ®F-FDG PET/CT for the detection of brown tumors
compared to whole-body **Tc-MIBI scintigraphy and/or
bone scintigraphy with radiobiphosphonates. Histological
methods remain the reference to confirm the diagnosis
and rule out a neoplastic origin of these lytic foci.

Acknowledgments

None.

Funding

None.

Conflict of interest

The authors declare that they have no competing interests.

Author contributions

Conceptualization: Ayoub Dribla, Yassir Ben Ameur
Investigation: Ayoub Dribla, Omar Ait Sahel

Methodology: Salah Nabih Oueriagli, Ayoub Dribla
Writing - original draft: Ayoub Dribla, Salah Nabih Oueriagli

Writing - review ¢ editing: Salah Nabih Oueriagli,
Abderrahim Doudouh

Ethics approval and consent to participate

All procedures performed in studies involving human
participants were in accordance with the ethical standards
of the institutional and/or national research committee
and with the 1964 Helsinki Declaration and its later
amendments or comparable ethical standards. For this
case series, formal consent to participate is not required.

Consent for publication

Written informed consent was obtained from the patients
for publication of this case series and any accompanying
images.

Availability of data

Authors make available to all scientists, documents
described in the manuscript, including new software,
databases, and all relevant raw data.

References

1. Ullah E, Ahmad M, Ali SA, Redhu N. Primary
hyperparathyroidism having multiple Brown tumors
mimicking malignancy. Indian ] Endocrinol Metab.
2012;16:1040-1042.

doi: 10.4103/2230-8210.103037

2. Penhaat MG, Drui D, Ansquer C, Mirallie E, Maugars Y,
Guillot P. Contribution of ¥FDG PET/CT for the detection
of brown tumors in a case of primary hyperparathyroidism.
Rhum Rev. 2016;83:386.389.

doi: 10.1016/j.rhum.2016.05.013

3. Tsukamoto S, Kawabata K, Kawamura H, Takata K,
Hosono M. Differentiating brown tumor from bone
metastasis in parathyroid cancer using 18F-FDG PET and
99mTc-MIBI SPECT. Clin Nucl Med. 2024;49(5):444-446.

doi: 10.1097/RLU.0000000000005115

4. Greilsamer T, Blanchard C, Christou N, et al. Management
of thyroid nodules incidentally discovered on MIBI scanning
for primary hyperparathyroidism. Langenbecks Arch Surg.
2015;400:313-318.

doi: 10.1007/s00423-015-1286-y

5. Santiago Chinchilla A, Ramos Font C, Muros de
Fuentes MA, et al. False negative of the scintigraphy with
99mTc-sestamibi in parathyroid carcinoma with associated
brown tumors. Contributions of the 18F-FDG-PET/CT. Rev
Esp Med Nucl. 2011;30:174-179.

doi: 10.1016/j.remn.2010.08.006
6. Zhao Y, Wang Q. Bone uptake of Tc-99m MIBI in patients

Volume 3 Issue 1 (2025)

doi: 10.36922/arnm.3540


https://dx.doi.org/10.36922/arnm.3540
http://dx.doi.org/10.4103/2230-8210.103037
http://dx.doi.org/10.1097/RLU.0000000000005115
http://dx.doi.org/10.1007/s00423-015-1286-y
http://dx.doi.org/10.1016/j.remn.2010.08.006

Advances in Radiotherapy
& Nuclear Medicine

Role of 18F-FDG in brown tumor detection

with hyperparathyroidism. Ann Nucl Med. 2014;28:349-355.
doi: 10.1007/s12149-014-0818-9

Gedik GK, Ata O, Karabagli P, Sari O. Differential diagnosis
between secondary and tertiary hyperparathyroidism in
a case of a giant-cell and brown tumor containing mass.
Findings by (99m)Tc-MDP, (18)F-FDG PET/CT and (99m)
Tc-MIBI scans. Hell ] Nucl Med. 2014;17:214-217.

doi: 10.1967/s002449910147

Sager S, Aliyev A, Halac M, Oztiirk T. Positron emission
tomography/computed tomography imaging of brown
tumors mimicking multiple skeletal metastases in patient
with primary hyperparathyroidism. Indian ] Endocrinol
Metab. 2012;16:850-852.

doi: 10.4103/2230-8210.100682

10.

11.

Zanglis A, Andreopoulos D, Zissimopoulos A, Baziotis N.
Multiple brown tumors with Tc-99mMDP superscan
appearance and negative Tc-99mMIBI uptake. Clin Nucl
Med. 2006;31:640-643.

doi: 10.1097/01.rlu.0000237968.88074.fb

Geysen A, Van Laere K, Verscuren R. Detection of unexpected
brown tumors due to hyperparathyroidism diagnosed by
18F-FDG PET/CT. Clin Nucl Med. 2021;46(1):e16-e17.

doi: 10.1097/RLU.000000000003380

Heimburger C, Andres E, Rust E, et al. Morpho-functional
imaging in a patient with hyperparathyroidism and
multifocal maxillary brown tumor. Rev Med Interne.
2013;34:377-381.

doi: 10.1016/j.revimed.2013.02.007

Volume 3 Issue 1 (2025)

102

doi: 10.36922/arnm.3540


https://dx.doi.org/10.36922/arnm.3540
http://dx.doi.org/10.1007/s12149-014-0818-9
http://dx.doi.org/10.1967/s002449910147
http://dx.doi.org/10.4103/2230-8210.100682
http://dx.doi.org/10.1097/01.rlu.0000237968.88074.fb
http://dx.doi.org/10.1097/RLU.000000000003380
http://dx.doi.org/10.1016/j.revmed.2013.02.007

ACCSCIENCE
PUBLISHING

Advances in Radiotherapy &
Nuclear Medicine

*Corresponding author:
Salah Oueriagli Nabih
(hmimV@gmail.com)

Citation: Nabih SO, Sahel OA,
Benameur Y, Aboussabr M,

Zahfir |, Dousouh A. Utility of
fluorine-18 fluorodeoxyglucose
positron emission tomography

in the etiological diagnosis

of unexplained inflammatory
syndromes: A retrospective study of
25 cases. Adv Radiother Nucl Med.
2025;3(1):103-108.

doi: 10.36922/arnm.5895

Received: November 13, 2024
1st revised: December 16, 2024
2nd revised: January 15, 2025
Accepted: January 16, 2025

Published online: February 28,
2025

Copyright: © 2025 Author(s).
This is an Open-Access article
distributed under the terms of the
Creative Commons Attribution
License, permitting distribution,
and reproduction in any medium,
provided the original work is
properly cited.

Publisher’s Note: AccScience

Publishing remains neutral with

regard to jurisdictional claims in
published maps and institutional
affiliations.

BRIEF REPORT

Utility of fluorine-18 fluorodeoxyglucose
positron emission tomography in the etiological
diagnosis of unexplained inflammatory
syndromes: A retrospective study of 25 cases
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Meryem Aboussabr(?, Ikram Zahfir(2, and Abderrahim Dousouh

Department of Nuclear Medicine, Military Teaching Hospital, University Hassan Il, Rabat, Morocco

Abstract

Positron emission tomography integrated with computed tomography using
2-deoxy-2-[fluorine-18]fluoro-D-glucose ('®F-FDG PET/CT) plays a critical role in the
localization, diagnosis, and management of infectious diseases and inflammatory
disorders. This hybrid imaging modality provides morpho-metabolic information
that aids in defining the etiology of unexplained inflammatory syndromes and
assessing treatment response. A key advantage of '®F-FDG PET/CT is its ability to
provide a comprehensive, “all in one” diagnostic solution, particularly in cases where
localizing symptoms are absent, facilitating the identification of metastatic and/or
septic foci. Recently, there has been increasing recognition among clinicians of its
potential in diagnosing, characterizing, and assessing inflammatory disorders. This
study evaluates the clinical utility of '®F-FDG PET/CT in identifying the etiology of
inflammatory syndromes by analyzing 25 patients with unexplained inflammatory
disorders. The findings highlight the high reproducibility, sensitivity, and specificity
of this imaging modality in this context.

Keywords: "®F-FDG PET/CT; Unexplained inflammatory syndromes; Predictive values

1. Introduction

Since its introduction in Morocco in 2010, "*F-fluorodeoxyglucose positron emission
tomography/computed tomography (*F-FDG PET/CT) has played a crucial role in
the localization, diagnosis, and management of infectious diseases and inflammatory
disorders, particularly in cases where paraclinical examinations fail to provide a
definitive diagnosis. Delayed diagnosis in such cases can lead to unfavorable medical
and economic consequences. The adoption of this hybrid imaging technique has
significantly improved the specificity of disease detection. As a result, there has been
a growing interest in employing "*F-FDG PET/CT for the detection of inflammation
and infections. Notably, the mechanisms underlying *F-FDG uptake and metabolic
trapping are fundamentally similar in both inflammatory and neoplastic cells. In both
cases, cellular accumulation occurs due to the upregulation of membrane transporters
(GLUT1 and GLUTS5), increased cellular energy consumption, and inability to
metabolize "*F-FDG. A comprehensive literature review indicates that the most common
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etiologies of unexplained inflammatory syndromes include
vasculitis, neoplastic processes, granulomatous diseases,
and infections affecting the cardiovascular, gastrointestinal,
and pulmonary systems.

2. Methods
2.1. Patient recruitment
This retrospective study included 25 consecutive

patients with unexplained inflammatory syndrome who
underwent ®F-FDG PET/CT at our institution between
January 2019 and December 2024. Inflammatory
syndrome was defined as a persistent elevation of
C-reactive protein beyond the normal range for a
minimum duration of 3 weeks. All patients presented
with febrile syndrome and had negative morphological
findings on conventional imaging.

2.2, "*F-FDG PET/CT

All ¥F-FDG PET/CT scans were performed using an
integrated PET/CT scanner (GE Discovery STE8, GE
Healthcare, USA). Patients fasted for at least 8 h before
imaging, without any premedication. Blood glucose levels
and body weight were measured before *F-FDG injection,
ensuring that all patients had blood glucose levels below
6.27 mmol/L. A net dose of 3 MBq/kg of *F-FDG was
administered intravenously, with an average uptake time
of 45 - 60 min. Based on patient body weights ranging
from 50 to 80 kg, and after accounting for residual syringe
activity, the mean net injected dose was 193 MBq. Image
acquisition began 45 min post-injection, covering the region
from the head to the upper thighs, with a scan duration of
3 min per bed position. PET images were reconstructed
using vendor-provided algorithms that applied ordered
subset expectation maximization, employing two
iterations, 28 subsets, and a 128 x 128 reconstruction
matrix. Attenuation correction was achieved using CT
data acquired during the same session. CT imaging was
performed from the skull base to the upper thighs, with
imaging parameters set at 120 mA current, 140 kV voltage,
and a table speed of 13.5 mm/rotation. Axial CT images
were reconstructed with a slice thickness of 3.75 mm.
All PET/CT studies were independently reviewed by two
nuclear physicians. These experts analyzed PET-only,
CT-only, and fused PET/CT images in combined sessions.
Fused PET/CT images were primarily used to localize
lesions and differentiate pathological **F-FDG uptake from
physiological uptake in adjacent organs. Metabolic activity
atabnormal ¥F-FDG uptake sites was assessed qualitatively
and semi-quantitatively. The maximum standardized
uptake value (SUVmax) within the volume of interest was
calculated using Equation I:

Measured activity within the

volume of interest(@)

suv, =
" Injected dose of18F

~FDG(MBq)

@

Patient’s body weight(g)

Theensureaccuracyandreliabilityin SUV measurements,
a rigorous in-house quality control program was
implemented. This program included weekly calibrations
conducted by the service team. It involved radioactive *F-
FDG PET/CT sources, calibration phantoms, standardized
protocols, detailed result analysis, and regular staff training
to maintain optimal equipment performance and reliable
imaging results. On PET/CT images, sites of abnormal **F-
FDG uptake were documented based on uptake intensity
and anatomical location. These findings were further
evaluated by comparing the intensity of abnormal intake to
that of physiological "*F-FDG uptake in the liver.

2.3. Histopathological and descriptive analyses

Histopathological examination was considered the gold
standard for confirming the etiology of inflammatory
syndrome. Biopsy was performed in patients with accessible
pathological 'F-FDG uptake. Descriptive analyses,
including patient age, sex, PET value, and histological
confirmation, are represented in Table 1.

3. Results

A total of 25 patients with suspected unexplained
inflammatory syndrome were included in this study.
The mean age at the time of "F-FDG PET/CT imaging
was 55 years (range: 11 — 82 years). There was a male
predominance, with 15 males (60%) and 10 females (40%),
resulting in a sex ratio of 1.5. Among the study population,
9 patients (9/25; 36%) presented with unexplained long-
term fever (>38.5°C for at least 3 weeks). *F-FDG PET/CT
was positive in 15 patients (60%) and negative in 10 patients
(40%). Patients with a positive PET/CT result subsequently
underwent biopsy confirmation whenever possible.
However, two patients had inaccessible uptake, precluding
morphological confirmation (Table 1). In this study, the
specificity and sensitivity of *F-FDG PET/CT for diagnosing
inflammatory syndrome were 81% and 93%, respectively.
The positive and negative predictive values (NPV) were 86%
and 90%, respectively, while the false-positive and false-
negative rates were 7% and 19%, respectively (Table 2).

4. Discussion

Inflammatory syndrome can manifest in two phases: acute
or chronic, depending on its duration. Acute inflammation
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Table 1. PET-CT findings of the study population

Patient Sex Age Suspicions uptake SUVmax "“F-FDG PET-CT Biopsy
1 M 6l - - =) N/A
2 M 59  Multiple lytic bone uptake 23-43 (+) +
(Pulmonary adenocarcinoma)
3 M 56 Muscular uptake 32-54 (+) -
Physiological uptake
4 F 72 - - =) N/A
5 M 72 Vascular hypermetabolism of neck and mediastinum 53 (+) +
(Horton)
6 F 56 Mediastinal lymph-nodes 3.6 -14.8 (+) +
(Sarcoidosis)
7 M 31 Sigmoid uptake 9.4 (+) -
(Physiological uptake)
8 M 50 Rectal uptake 14.2 (+) +
(Rectal adenocarcinoma)
9 F 82  Skeletal muscle uptake 4.5-5.6 (+) +
(Polymyositis)
10 M 62 Vascular hypermetabolism of the neck and mediastinum 3.2 - 4.5 (+) +
(Horton)
11 M 64 Hypermetabolic sub-centimeter pulmonary nodule 5.9 (+) +
(Pulmonary adenocarcinoma)
12 M 33 - - =) N/A
(encephalitis)
13 F 26 - - =) N/A
14 M 64 Multiple hypermetabolic pulmonary nodules 29-6.0 (+) +
(Pulmonary adenocarcinoma)
15 71 - - (=) N/A
16 F 62 Cardiac hypermetabolic focus 5.7 (+) N/A
(endocarditis)
17 F 62 - . =) N/A
(Horton under corticosteroid therapy)
18 M 33 - - =) N/A
19 M 32 Recto-sigmoid uptake 16.4 (+) +
(Active ulcerative colitis)
20 M 56 Vascular hypermetabolism of the neck and mediastinum 3.2 - 4.5 (+) +
(Horton)
21 M 50 Cardiac hypermetabolic focus 19.0 (+) None(Endocarditis)
22 F 75 - - (=) N/A
23 F 68 - - =) N/A
24 F 74  Mediastinal lymph-nodes uptake 4.5-10.3 (+) +
Non-Hodgkin lymphoma
25 M 11 - . =) N/A

Notes: F: Female; M: Male; (+): Positive; (—): Negative; N/A: Not available.

Abbreviation: PET-CT: Positron emission tomography-computed tomography.

is characterized by an early vascular response, including
vasodilation and plasma protein exudate resulting
from endothelial damage. This increase in endothelial
permeabilityallowsleukocytes (mainly neutrophilsand some
monocytes) to escape from the vascular environment into

the tissue parenchyma. Leukocyte migration is facilitated by
chemotactic factors linked to bacterial infections or necrotic
tissue. When the underlying cause of acute inflammation is
resolved, the associated vascular and tissue changes subside
within a few days. However, certain inflammatory processes
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persist for several weeks or even months, evolving into
chronic inflammation, where vascular congestion is less
pronounced. During this phase, neutrophils in the exudate
either undergo apoptosis or migrate back into the vascular
environment. They are gradually replaced by macrophages
and lymphocytes, leading to fibrotic changes in the affected
tissues.! When phagocytic cells (primarily neutrophils,
eosinophils, and monocytes) are exposed to certain
stimuli, they metabolize large amounts of glucose through
aerobic or anaerobic glycolysis, a phenomenon known as
the “respiratory explosion” This process triggers cellular
defense mechanisms, including migration, microbicide
production, and phagocytosis.? Consequently, cellular
uptake of ®F-FDG increases, a process further enhanced
by cytokine- and growth factor-induced upregulation of
glucose transporters.”? There is no fundamental difference
between the mechanisms of ¥F-FDG uptake and metabolic
trapping in inflammatory and neoplastic cells (Figure 1).
In both cases, radiotracer accumulation occurs due to
increased expression of membrane transporters, elevated
cellular energy consumption, and inability to metabolize
fluorinated glucose.

Furthermore, there is no inherent limitation to the use of
SUVmax as a semi-quantitative index in "*F-FDG PET/CT.
This is due to the potential for intense *F-FDG uptake
in highly active inflammatory or infectious pathologies,
such as sarcoidosis or tuberculosis. Conversely, low or
absent *F-FDG uptake may occur in patients undergoing

N

Cell
metabolism
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> Glucose —— Glucose-6P —>
K

G-6-P

="
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metabolism

P HK
f=—> "F-FDG = "F-FDG-6P -
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Figure 1. Abnormal uptake and metabolic scavenging of 2-deoxy-
2-[fluorine-18]fluoro-D-glucose ~ (*F-FDG) in inflammatory or
neoplastic cells, comparing to glucose. Available via license: “https://
creativecommons.org/licenses/by-nc-nd/4.0/

empirical corticosteroid or antibiotic therapy, leading
to false-negative results. An example from our study
is a patient with Hortons disease under corticosteroid
treatment, who exhibited a negative "*F-FDG PET scan.

“FDG PET/CT is a valuable tool for identifying the
etiology of inflammatory syndromes, with a wide range of
indications. This includes gastrointestinal infections, such
as inflammatory colitis, Crohns disease, and ulcerative
colitis (Figure 2), as well as granulomatous diseases such as
sarcoidosis and tuberculosis. In this context, *F-FDG PET/CT
demonstrates high sensitivity but relatively lower specificity.**

In infectious diseases, 'F-FDG PET/CT is
particularly effective in diagnosing diabetic foot infections,
osteomyelitis, and prosthetic joint infections, with high
specificity. Beyond enabling etiological diagnosis, it also
facilitates assessments of infection extent and therapeutic
monitoring, underscoring its significant medico-economic
value.>

'?
=
£

Figure 2. (A) Maximum intensity projection showing physiological and
pathological uptake of *F-FDG. (B) CT image and fusion image in axial
sections showing intense recto-sigmoid uptake (SUVmax = 16.4). Normal
digestive uptake due to Biguanide use was ruled out. Biopsy of digestive
tract confirmed active ulcerative colitis.

Table 2. Predictive values of PET-CT for the etiological diagnosis of unexplained inflammatory syndromes in 25 patients

Metric PET-CT (+) (%) PET-CT (-) (%) Se (%)

Sp (%) PPV (%)

NPV (%) FPR (%) ENR (%)

Value 60 40 93

81 86 90 7 19

Notes: (+): Positive; (—): Negative.

Abbreviation: PET-CT: Positron emission tomography-computed tomography; Se: Sensitivity; Sp: Specificity; PPV: Positive predictive value;
NPV: Negative predictive value; FPR: False-positive rate; FNR: False-negative value.
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Figure 3. 18F-FDG PET scan of a patient follow-up for suspected vasculitis. (A) Maximum intensity projection and (B) fusion image in the sagittal section
showing moderate vascular hypermetabolism of the neck and mediastinum (SUVmax = 5.3) with a characteristic “crossbow appearance” (red arrow).
(C) Fusion image in the axial section showing suspected hypermetabolic uptake in the left temporal artery (SUVmax = 4.5), compatible with Horton’s

disease.

In endocarditis, "*F-FDG PET/CT is a highly sensitive
imaging technique capable of detecting prosthetic
valve infections and infections associated with cardiac
stimulators, particularly in cases where blood cultures
and conventional morphological imaging yield negative
results."

E-FDG PET/CT is also instrumental in investigating
fever of unknown origin (FUO). FUO is defined as a febrile
syndrome persisting for at least 3 weeks, with temperatures
reaching >38.8°C, and no definitive diagnosis after
conventional explorations.'>** The etiologies of FUO are
diverse, with infectious causes accounting for approximately
25% of cases, followed by neoplastic causes (lymphomas,
solid tumors) in 15 - 25% of cases. Other etiologies include
granulomatous diseases, vasculitis, pulmonary embolisms,
and polypharmacy-induced fever."* "*F-FDG PET/CT has
been shown to be highly effective in detecting the etiology
of FUO, with a sensitivity and specificity of approximately
90%. Notably, its NPV approaches 95%."

In vascular pathology, *F-FDG PET/CT plays a crucial
role in diagnosing vasculitis, including Horton’s arteritis,
Takayasu arteritis, rhizomelic pseudo-polyarthritis,
inflammatory arteritis, and active atheromatous plaques.
The technique provides high PPV and NPV, making it a
valuable diagnostic tool. In this context, PET/CT enables
early, infra-radiological diagnosis based on the morpho-
metabolic characteristics of ¥F-FDG uptake and facilitates
therapeutic monitoring, guiding treatment decisions

such as corticosteroid therapy, statins, and other targeted
therapies (Figure 3)."

While PET/CT remains a valuable tool for the
assessment of vascular inflammation, PET/magnetic
resonance imaging (MRI) offers additional advantages in
the assessment of cardiac and vascular pathologies. This
hybrid imaging modality combines the high sensitivity
of ®F-FDG for detecting inflammatory and infectious
diseases with the superior specificity of MRI for diagnosing
cardiovascular conditions.

5. Conclusion

Our study presents findings that are consistent with
existing literature regarding the role of “F-FDG
PET/CT in evaluating unexplained inflammatory
syndromes. Despite the predominant use of "“F-FDG
PET/CT in nuclear medicine for oncological indications,
this imaging technique remains underutilized in non-
oncological applications, as evidenced by the limited
number of patients included in our study. These findings
should further encourage clinicians to consider integrating
E-FDG PET/CT into the diagnostic workup of patients
with unexplained inflammatory syndromes, thereby
expanding its routine clinical applications.
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