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Preface to ”The Immunology and Biology of Brain

Tumors”

Immunotherapy has become a viable treatment modality for a variety of cancers (and referred

to as Science Magazine’s “Breakthrough of the Year” in 2013, as well as ASCO’s “Advance of the

Year” in both 2016 and 2017). This Special Issue is focused on the relevance of immunobiology in

brain tumors, touching on elements of immune suppression, immune stimulation, and the immune

microenvironment, with culminations in translational immunotherapy.
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Abstract: Cerebral radiation necrosis is a common complication of the radiotherapy of brain tumours
that can cause significant mortality. Corticosteroids are the standard of care, but their efficacy is
limited and the consequences of long-term steroid therapy are problematic, including the risk of
adrenal insufficiency (AI). Off-label treatment with the vascular endothelial growth factor A antibody
bevacizumab is highly effective in steroid-resistant radiation necrosis. Both the preservation of neural
tissue integrity and the cessation of steroid therapy are key goals of bevacizumab treatment. However,
the withdrawal of steroids may be impossible in patients who develop AI. In order to elucidate
the frequency of AI in patients with cerebral radiation necrosis after treatment with corticosteroids
and bevacizumab, we performed a retrospective study at our institution’s brain tumour centre.
We obtained data on the tumour histology, age, duration and maximum dose of dexamethasone,
radiologic response to bevacizumab, serum cortisol, and the need for hydrocortisone substitution
for AI. We identified 17 patients with cerebral radiation necrosis who had received treatment with
bevacizumab and had at least one available cortisol analysis. Fifteen patients (88%) had a radiologic
response to bevacizumab. Five of the 17 patients (29%) fulfilled criteria for AI and required hormone
substitution. Age, duration of dexamethasone treatment, and time since radiation were not statistically
associated with the development of AI. In summary, despite the highly effective treatment of cerebral
radiation necrosis with bevacizumab, steroids could yet not be discontinued due to the development
of AI in roughly one-third of patients. Vigilance to spot the clinical and laboratory signs of AI and
appropriate testing and management are, therefore, mandated.

Keywords: adrenal insufficiency; Addison’s disease; bevacizumab; cerebral radiation necrosis
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1. Introduction

Cerebral radiation necrosis is a frequent complication of current treatment algorithms for malignant
brain tumours [1]. Radiotherapy is an integral part of first-line therapy for primary brain tumours like
malignant gliomas as well as brain metastases [2,3]. Because the majority of malignant brain tumours
are incurable, recurrent disease is almost always inevitable and a second course of radiotherapy can
be considered under some circumstances [4], which further increases the risk of cerebral radiation
necrosis. Pathophysiologically, cerebral radiation necrosis is characterized by capillary collapse and
liquefaction necrosis of brain tissue, which causes an inflammation and vascular endothelial growth
factor (VEGF) A-mediated disruption of the blood–brain barrier (BBB) [1,5,6]. Local inflammation can
additionally cause necrotic areas to spread and the associated brain edema can greatly exceed the area
of BBB disruption. Therefore, cerebral radiation necrosis can cause significant morbidity.

Established therapy for cerebral radiation necrosis is the administration of high-dose
corticosteroids [7]. The most commonly employed dexamethasone is a high-potency, long-acting
corticosteroid with a biological half-life of 36 to 54 h, which causes profound suppression of
the hypothalamus–pituitary–adrenal hormone axis [8]. Patients, especially those on long-term
treatment, frequently experience several side effects including weight gain, body edema, skin thinning,
striae rubrae, proximal myopathy, steroid-induced diabetes, sleep disturbance, mood changes and
sometimes steroid psychosis or depression, osteoporosis, thrombosis, and infections [9]. Bevacizumab is
an antibody targeting VEGF-A as a mediator of angiogenesis [10] and established targeted therapeutic
approach in some cancer entities including breast and colorectal cancer [11,12]. Much hope was
therefore placed in its possible efficacy in glioblastoma (GB). While the first phase II trial of
bevacizumab and irinotecan in recurrent glioblastoma with dramatic improvement in MRI presentation
(at least a partial response in 63% of patients) sparked enthusiasm [10], three subsequent phase III
trials of first-line therapy failed to show any prolongation of overall survival [13–15]. However,
similar MRI improvements with reduced gadolinium contrast enhancement had been observed in these
studies [13–15], revealing the ability of bevacizumab to reduce the permeability of the BBB without a
significant anti-GB effect. As a consequence of the tightening of the BBB, bevacizumab also allowed
reducing the corticosteroid doses reported, e.g., in the AVAglio trial (BO21990) [15]. This effect of
bevacizumab has been used clinically in small patient collectives as a treatment option for cerebral
radiation necrosis [16–18]. However, bevacizumab has not been approved by the European Medicines
Agency (EMA) for this indication. Nevertheless, when dexamethasone has to be discontinued as a
treatment for patients with cerebral radiation necrosis due to adverse or insufficient antiedematous
effects, bevacizumab is an option as part of an individual, off-label therapeutic approach that frequently
allows the tapering off of parallel dexamethasone. Since such patients have commonly been treated
with dexamethasone for weeks or months, consecutive adrenal insufficiency (AI) has to be considered.
The clinical symptoms of AI are nonspecific, and symptoms like lethargy, weakness, and nausea
can be misinterpreted as consequences of the tumour treatment or the tumour itself. It may also be
challenging to differentiate between AI occurring as a consequence of terminated dexamethasone
treatment, which should be substituted with hydrocortisone, and the recurrence of cerebral edema,
which is best treated with dexamethasone. In order to evaluate the frequency of AI in brain tumour
patients treated with dexamethasone, we chose a collective of bevacizumab-treated patients because
corticosteroids can often be terminated and thus basal cortisol can be analysed accurately in this
patient collective.

2. Experimental Section

We performed a retrospective analysis of patients treated in our clinic between 2016 and 2019 to
identify patients with cerebral radiation necrosis who received bevacizumab and who had at least one
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documented cortisol value. AI was defined by our laboratory when morning (8–10 a.m.) serum cortisol
levels were below 7.25 μg/dL (200 nmol/L) [19]. Cerebral radiation necrosis was diagnosed based on
the localization of a lesion within a previously irradiated region, compatible MRI findings including
no significant increase in perfusion, non-solid morphology, if available no significantly increased
metabolism in O-(2-(18F)fluoroethyl)-L-tyrosine (18F-FET) positron emission tomography (PET) as
well as follow-up scans compatible with the diagnosis of radiation necrosis. The patient collective was
evaluated with regard to histology, patient age at tumour diagnosis, patient age at cortisol analysis,
duration and maximum dose of dexamethasone, the need for hydrocortisone substitution, as well
as the radiologic response to bevacizumab treatment. MRI scans including axial fluid-attenuated
inversion recovery (FLAIR), T2 weighted, and T1 weighted images before and after application of
gadolinium-based contrast agent were analysed by an experienced, board-certified neuroradiologist
(M.W.). The extent of edema was estimated on the axial FLAIR or T2 weighted sequence. Response to
bevacizumab treatment was defined as a reduction of the edema by at least 25% [18]. Additionally,
intracranial contrast-enhancing lesions were measured on postcontrast images as a further marker
of the disruption of the blood–brain barrier. Partial response was defined as a reduction of contrast
enhancement by at least 50%, and complete response by complete absence of contrast enhancement.
Progressive disease was defined as an increase of at least 25%.

Statistical analysis: SPSS Statistics Version 22 was used for statistical analysis (IBM, Armonk,
NY, United States). Ethics approval was obtained from the ethics committee of the University
Hospital Frankfurt; Goethe University (SNO_01-08). This study was performed in accordance with the
declaration of Helsinki.

3. Results

3.1. Successful Treatment of a Patient with Cerebral Radiation Necrosis with Subsequent Adrenal Insufficiency

The therapeutic potential to treat radiation necrosis is exemplified by one patient who had received
a second course of radiation for a recurrent glioblastoma. The initial diagnosis was established by
tumour resection in 2016. First-line therapy consisted of radiation therapy with a cumulative dose of
60 Gy with concomitant and adjuvant temozolomide according to the EORTC26981 trial protocol [20].
Five months after the end of chemotherapy, a recurrent tumour was diagnosed and resected. Afterwards,
the tumour cavity was treated by another course of radiotherapy with a cumulative dose of 20 Gy.
The patient subsequently experienced a worsening of headaches and epileptic seizures. An MRI scan
showed an increase of contrast enhancing lesions with corresponding edema and led to treatment of
the putative radio necrosis with 8 mg dexamethasone daily. In the course of further treatment, parts of
the contrast-enhancing lesions were resected in order to differentiate between tumour recurrence and
radiation necrosis, and dexamethasone treatment could be ceased. Cortisol had not been analysed at
this time point. Histology showed mainly necrosis and scar tissue. A follow-up MRI again showed
progressive edema and contrast enhancement, so that dexamethasone treatment was started once
again at a dose of 8 mg per day (Figure 1A,B). Despite this treatment, a follow-up MRI again showed
progressive contrast enhancement (Figure 1C,D). As a potential side effect of the dexamethasone
therapy, the patient became increasingly aggressive towards family members. A 18F-FET PET scan was
compatible with radiation necrosis and therapy with bevacizumab was started. After two infusions
of bevacizumab, MRI already confirmed a significant reduction of both contrast enhancement and
cerebral edema (Figure 1E,F). Treatment with dexamethasone could be stopped shortly thereafter,
but serum analysis revealed severe AI with 0.7 μg/dL cortisol. Thus, substitution with hydrocortisone
was started. After the therapy with bevacizumab and the end of dexamethasone, the belligerence and
rate of epileptic seizures had significantly improved.

3



J. Clin. Med. 2019, 8, 1608

Figure 1. Brain edema and disruption of the blood–brain barrier in an index patient with cerebral
radiation necrosis. MRI scans of a 46-year-old patient with glioblastoma of the right parietal lobe
(A,C,E): T2 weighted images (WI); (B,D,F): T1 (WI) after intravenous gadolinium). Re-radiation was
applied 10 months before the first MRI. (A,B) MRI shows a non-solid, necrotizing lesion with rim
enhancement adjacent to the resection defect with surrounding edema. Due to worsening headache
and increased rate of epileptic seizures, dexamethasone was started one month later. (C,D) the clinical
symptoms had declined, yet the MRI shows an increasing extent of the rim-enhancing lesion and
of the edema, so therapy with bevacizumab was started one month later. (E,F) the first follow-up
MRI after two infusions of bevacizumab showed a significant reduction of contrast enhancement and
edema. Treatment with dexamethasone could be stopped shortly after, but serum analysis revealed an
adrenal insufficiency.
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3.2. Identification of a Patient Cohort with Cerebral Radiation NECROSIS and Treatment with Bevacizumab

Forty patients with bevacizumab treatment and cerebral radiation necrosis were identified.
Routine cortisol testing is not included in institutional guidelines and at least one cortisol analysis
was available in 17 of these patients. Fifteen patients (88%) suffered from primary brain tumours
(six GBs, five anaplastic astrocytomas, two diffuse astrocytomas, one ependymoma, one anaplastic
meningioma). One patient had a radiation necrosis of the frontal lobe after radiation therapy of a
paranasal extracranial tumour, and one patient had a tumour of the cervical myelon without histological
confirmation of the tumour entity. Patients’ mean age at the time of tumour diagnosis was 43 years
(range 20–65), whereas at the time of cortisol analysis patients were 48 years (range 29–67). Six patients
were treated with radiation therapy as first-line treatment; 11 patients had repeated radiation treatment
of a recurrent tumour prior to bevacizumab. All but two patients were treated with conventional
radiation therapy. Radiation doses varied from 54 to 60 Gy for first-line therapy and 20 to 36 Gy for
recurrent tumours. One patient treated for meningioma had undergone C12 ion irradiation; another
patient suffering from ependymoma had been treated with stereotactic radiosurgery. In three patients,
bevacizumab was part of a tumour therapy regimen; the other 14 patients received 1–7 infusions of
bevacizumab, specifically as a treatment of radiation necrosis (Table S1).

Bevacizumab was highly effective in reducing local disruption of the BBB and reducing brain
edema, as all patients showed a partial response—defined as a reduction of contrast enhancement by
at least 50% in the first follow-up MRI. Fifteen of the 17 patients had a reduction of the edema by at
least 25%. However, one GB patient 58 years of age receiving treatment for radiation necrosis after
re-irradiation with a cumulative dose of 20 Gy suffered a major stroke after seven infusions as a potential
bevacizumab side effect. Two patients developed hypertension, which required antihypertensive
medication; otherwise, bevacizumab was well tolerated.

3.3. Frequent Adrenal Insufficiency in Patients with Corticosteroid-Refractory Cerebral Radionecrosis

Treatment with dexamethasone was started at a median of four months (range 0–64) after radiation
therapy and continued for a median of 141 days (range 18–699). The median maximum dose of
dexamethasone was 8 mg (range 4–100), which was reduced stepwise. Dexamethasone was stopped
at a median of 61 days after the start of bevacizumab treatment (range −4–372). In 10 patients,
the tapering of dexamethasone consisted of a dose reduction to 0.5–1 mg and subsequent switching
to hydrocortisone before the analysis of cortisol. In the seven other patients, dexamethasone doses
were reduced to either 0.25 mg daily or 0.5 mg every other day, without switching to hydrocortisone.
Cortisol analysis revealed an adrenal suppression (<7.25 μg/dL) in five patients (Figure S1). One of
these patients presented only a slight reduction of serum cortisol (patient number 5: cortisol 5.7 μg/dL);
the other four patients had a marked pathological cortisol value. Additional confirmation of adrenal
function via ACTH stimulation was available in 11 patients (two patients with AI and nine patients
without AI, as indicated by basal cortisol values) [21]. Notably, the results of all ACTH stimulation tests
matched the results of the basal cortisol analysis. Analysis via t-test did not show a significant difference
in age, duration of dexamethasone treatment, or time from radiation therapy to start of dexamethasone
or to start of bevacizumab between the group of patients with normal adrenal function and the group
of patients with AI. The Levene test of variation showed an imbalance of variation for age at cortisol
analysis and time from radiation therapy to initiation of dexamethasone/bevacizumab, which could
have confounded the results. A comparison of the two groups is given in Table 1. Regression analysis
did not show a correlation between cortisol value and duration of dexamethasone treatment or patient
age (Figure 2).
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Table 1. Comparison of the patients with and without adrenal insufficiency.

Normal Adrenal
Function

Adrenal
Insufficiency

p-Values

Number of patients 12 5
Age at tumour diagnosis (years) 44 ± 15 40 ± 11 p = 0.587
Age at cortisol analysis (years) 48 ± 15 48 ± 8 p = 0.885

Time from end of radiation therapy to start of
dexamethasone (months) 6 ± 8 17 ± 27 p = 0.397

Time from end of radiation therapy to start of
bevacizumab (months) 9 ± 8 22 ± 28 p = 0.326

Duration of dexamethasone treatment (days) 165 ± 132 309 ± 230 p = 0.120

Data are displayed as mean ± standard deviation. p-values were calculated using an independent samples t-test.

Figure 2. Correlation of cortisol levels with clinical data. Regression analysis of (A) patients’ serum
cortisol level and their age and (B) patients’ serum cortisol level and duration of dexamethasone
treatment did not reveal a significant correlation. The red line indicates the lower limit of the normal
value of 7.25 μg/dL (200 nmol/L) cortisol. The linear regression line is shown in black.

4. Discussion

We here report that AI is a frequent condition in patients undergoing bevacizumab treatment
for cerebral radiation necrosis, which was detectable in approximately 30% of patients after the
cessation of dexamethasone. Our study highlights the need for cortisol testing in brain tumour patients,
independently of the treatment duration of corticosteroids.

The frequency of AI in our cohort is in line with a study of patients receiving dexamethasone as a
supportive drug for high emetogenic chemotherapy, which revealed a rate of AI of 15% [22]. We further
confirm the potent effect of bevacizumab in treating radiation necrosis in our cohort of 17 patients,
which has previously been published in a randomized cohort of 14 patients [18]. While severe side
effects of bevacizumab have been reported when therapy was administered over longer periods and as
part of tumour-targeted treatment regimens with chemotherapy, in short-course and reduced-dose
treatment, the side effects profile is most likely significantly less severe [13,18,23].

Almost all patients with intracranial tumours receive dexamethasone during their course of
treatment. Dexamethasone is used to treat edema during surgery and radiation therapy and as
add-on therapy to chemotherapy to improve the neurological deficit or increase drug compatibility.
In patients with recurrent tumours, especially after a second round of radiation therapy, dexamethasone
is often required at least temporarily. However, there is increasing evidence for a negative influence
of corticosteroids on glioma patients [24]. Dexamethasone-induced leukocytosis is associated with
shorter survival and increased risk for lymphopenia [25–27]. Therefore, the lowest possible dose of
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dexamethasone should always be administered. Nevertheless, balancing dexamethasone doses with
edema-associated morbidity can be challenging in daily practice. Patients treated with bevacizumab as
part of a chemotherapy regimen or to treat radiation necrosis are the exception in which dexamethasone
can frequently be reduced and eventually stopped. Our retrospective analysis revealed a considerable
proportion with AI after prior dexamethasone treatment. This is of the utmost clinical importance
because AI symptoms can easily be overlooked. Fatigue is one of the most frequent complaints of
tumour patients undergoing radiation therapy, but it can also be indicative of AI. We therefore propose
testing for AI when terminating dexamethasone treatment with a low threshold, especially in elderly
patients and patients who have received dexamethasone over a long period. Additionally, in times of
stress (surgery, infection) or unspecified clinical deterioration, cortisol testing should be included in the
clinical workup. Notably, none of the patients in our cohort permanently discontinued corticosteroids
without prior evidence of sufficient adrenal function. Therefore, specific clinical symptoms of AI were
not detected.

The main limitation of our analysis is the small and select sample size, with potential bias
for overrating the frequency of AI with regard to the general population of brain tumour patients.
Cortisol analysis is not routinely included in the laboratory workup of glioma patients and was only
available in 17 of the 40 initially identified patients with bevacizumab treatment for cerebral radiation
necrosis (Figure S1). The small sample size may also be the cause of the rather unexpected lack of a
significant correlation between the duration of dexamethasone treatment and AI. However, this result
is in line with findings in other studies. AI was common in patients with corticosteroid treatment for
glomerular disease, but was not predicted by daily dose or duration of treatment [28]. In patients with
rheumatoid arthritis treated with corticosteroids, the duration of treatment was also not significantly
associated with AI [29].

Another limitation is the bias of a retrospective analysis. It is possible that cortisol was only
determined when a higher risk of AI was anticipated and, thus, the proportion of AI may be overestimated.
However, cortisol testing is not a common element in routine serum analyses in nonpituitary brain
tumour patients, and therefore AI may be greatly underdiagnosed. Further prospective data collection
is necessary to estimate the true rate of AI in glioma patients.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/8/10/1608/s1,
Supplementary Table S1. Patient collective. Supplementary Figure S1: Consort diagram of the study population.
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Abstract: Histopathological verification is currently required to differentiate tumor recurrence from
treatment effects related to adjuvant therapy in patients with glioma. To bypass the complications
associated with collecting neural tissue samples, non-invasive classification methods are needed to
alleviate the burden on patients while providing vital information to clinicians. However, uncertainty
remains as to which tissue features on magnetic resonance imaging (MRI) are useful. The primary
objective of this study was to quantitatively assess the reliability of combining MRI and diffusion tensor
imaging metrics to discriminate between tumor recurrence and treatment effects in histopathologically
identified biopsy samples. Additionally, this study investigates the noise adjuvant radiation therapy
introduces when discriminating between tissue types. In a sample of 41 biopsy specimens, from a
total of 10 patients, we derived region-of-interest samples from MRI data in the ipsilateral hemisphere
that encompassed biopsies obtained during resective surgery. This study compares normalized
intensity values across histopathology classifications and contralesional volumes reflected across
the midline. Radiation makes noninvasive differentiation of abnormal-nontumor tissue to tumor
recurrence much more difficult. This is because radiation exhibits opposing behavior on key MRI
modalities: specifically, on post-contrast T1, FLAIR, and GFA. While radiation makes noninvasive
differentiation of tumor recurrence more difficult, using a novel analysis of combined MRI metrics
combined with clinical annotation and histopathological correlation, we observed that it is possible to
successfully differentiate tumor tissue from other tissue types. Additional work will be required to
expand upon these findings.

Keywords: glioma; diffusion tensor imaging; generalized q-ball imaging; treatment-related effects;
multiple resections

1. Introduction

An important challenge facing the neuro-oncological treatment of gliomas is discriminating
between tumor recurrence and treatment-related effects using non-invasive diagnostic imaging [1].
Not only do tissue types appear similar on standard magnetic resonance imaging (MRI), but new
lesions are often a composite of tumor cells, gliosis, necrosis, inflammatory cells, and neovascularity,
which confounds characterization [2]. Moreover, targeted therapies like bevacizumab complicate
follow-up imaging even further by modifying vascular endothelial growth factor (VEGF), often causing a
“pseudoresponse” with vascular changes resulting in a subsequent decrease in contrast enhancement [3].
Similarly, changes related to radiation or immunotherapy can mimic tumor progression, including
changes in T1-weighted (T1w) contrast enhancement and T2-weighted (T2w) hyperintensity, once again
complicating imaging-based tissue discrimination [4]. Etiological characterization of lesions observed
on longitudinal follow-up scans factors into the clinical decision-making in the course of treatment and
prognostic decisions.
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While histopathology remains the gold standard for tissue type identification, it is not without
its problems, such as the need for additional surgery, sampling bias, and risks of neurological
complication [2,5]. Thus, a non-invasive method capable of distinguishing recurrence from treatment
effects must be established in order to reduce the dependency on biopsy and improve the efficacy of
patient follow-up with noninvasive imaging. Advanced MRI methods such as magnetic resonance (MR)
spectroscopy, MR perfusion, positron emission tomography (PET), single photon emission CT (SPECT),
diffusion weighted imaging (DWI), and diffusion tensor imaging (DTI) have been used to explore
the feasibility of differentiating tumor recurrence and treatment effects with varying success [6–11].
PET-based methods, which measure glucose metabolism, demonstrate some ability in distinguishing
glioma recurrence from radiation-induced necrosis. For example, increased fludeoxyglucose (FDG)
tracer activity, corresponding to enhanced uptake on post-contrast T1 imaging, is consistent with tumor
recurrence, while decreased FDG tracer activity is less specific, typically denoting vasogenic edema,
stemming from recurrence and treatment effects [12,13]. Amino acid transport PET-based imaging,
especially the use of tyrosine or tryptophan-based tracers, has also been studied to improve the ability
to distinguish tumor recurrence from treatment-related changes. O-(2-[18F]fluoroethyl)-L-tyrosine
(FET) has been studied since the 1990s and is believed to be more specific for tumor recurrence given
the enhanced uptake of glucose in all brain (FDG) versus less amino acids uptake [14]. This should
make FET PET more specific than FDG, and there have been a number of cases showing increased
uptake of FET in tumors, and it may also be useful at assessing pseudoprogression from true recurrence
in glioma [15–20]. However, several other tissue types can also have increased uptake, including
brain abscesses, demyelinating processes, epilepsy, and in tissue adjacent to cerebral ischemia or
hematomas, making some interpretation of results challenging [14,15,17]. MR perfusion techniques,
like dynamic contrast-enhanced (DCE) MRI and dynamic susceptibility contrast (DSC) MRI, yield
estimates of relative cerebral blood volume (rCBV) and vascular permeability (ktrans), reflecting
underlying microvasculature and angiogenesis [21–23]. Studies have indicated MR perfusion’s
utility in differentiating tumor progression from treatment effects and pseudoprogression [24–26].
However, these techniques are hindered by mixed results [27], model complexity [28], and sensitivity
to thresholds [29]. MR spectroscopy, estimating biomarkers like lactate and choline to creatinine ratios,
has demonstrated higher diagnostic accuracy than conventional MRI in detecting tumor progression
as well, reaching a sensitivity and specificity as high as 91% and 95%, respectively [30]. The diffusion
metrics fractional anisotropy (FA) and mean diffusivity (MD) have been useful in differentiating
between tissues types as well [31–33]. Recent research on glioblastoma demonstrated that MD can help
differentiate between tumor recurrence and radiation-induced necrosis, as it is known that more free
water lies within necrotic tissue than enhancing solid tumor [34]. Also, Apparent Diffusion Coefficient
(ADC) ratios and mean ADC of tumor recurrence are significantly lower than those of radionecrosis,
since higher cellularity (tumor recurrence) contributes to more restricted diffusion [35]. Verma et al.
(2013) suggests the combination of low ADC values and high FA values help define the presence of
tumor recurrence [2].

High grade gliomas, the most prevalent intracranial neoplasm, are highly heterogenous in the
lesion area, have an invasive nature, and often require additional multimodality treatment later
in the course of the disease. For these reasons, noninvasive diagnosis, monitoring, and prognosis
strategies, such as MRI, must be sought and refined. With the goal to improve the noninvasive
diagnostic utility of advanced MRI for gliomas, we studied a group of patients who had imaging
localized histopathology. Through the combination of both conventional and advanced MRI modalities,
we demonstrate improved efficacy in diagnosing recurrent tumor versus imaging effects related to
treatment. These results demonstrate the potential for refining multi-modal MRI assessment of glioma
tissue classification, thereby facilitating the clinical decision-making process.
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2. Experimental Section

2.1. Patient Information

All procedures and protocols for this study were reviewed and approved by the Colorado
Multi-Institutional Review Board (COMIRB 17-1136). Subjects included in this study were patients
undergoing repeat resective surgery after radiologically defined tumor progression between August
and November 2018 at the University of Colorado Hospital. The patient set consisted of 10 subjects
who received prior resection(s) for recurrent glioma with detailed histopathology recorded for 2 or
more biopsies (41 biopsies collected in total). Data were collected retrospectively from patient chart
review. Two patients received two prior resections; all others received one prior resection. The patient
set is divided into two groups: those that underwent radiation therapy prior to repeat resection (RT,
n = 7) and those that did not (No RT, n = 3). For each patient, biopsy samples were collected during
surgery from the radiologically-defined tumor region and examined by an expert neuropathologist
(B.K.D.). The neuropathologist classified each sample and an expert neurosurgeon (D.R.O.) designated
each classification as primarily consisting of abnormal, nontumor tissue (Abnormal), or tumor tissue
(Tumor). Patient information is summarized in Table 1.

Table 1. Clinical data of the patient set.

Age Sex Location & Pathology
IDH/MGMT/EGFR

Status

Time between
Imaging and

Surgery (Days)

Months
Since
Prior

Resection

RT
Prior to
Latest

Resection

CT
prior to
Latest

Resection

No. of
Abnormal
Biopsies

No. of
Tumor

Biopsies

59 M Right occipital,
glioblastoma multiforme WT/−/lo 2 4.0 Yes Yes 1 3

34 F Left frontal, diffuse
astrocytoma MT/NA/NA 2 14.8 No No 0 4

32 M Left frontal, anaplastic
oligodendroglioma MT/NA/NA 0 70.4 Yes Yes 0 4

62 M Right temporal,
glioblastoma multiforme WT/+/moderate 4 49.2 Yes Yes 4 1

36 F Right frontal,
glioblastoma multiforme

MT/−/No/BRAF
V600E mut 24 27.7 Yes Yes 6 0

32 M Right frontal,
glioblastoma multiforme MT/NA/neg 7 62.6 Yes Yes 0 4

32 F Right frontal,
oligodendroglioma MT/NA/NA 7 21.5 No Yes 1 4

58 M Right tempoparietal,
glioblastoma multiforme WT/+/hi 2 2.8 Yes Yes 1 2

31 M Right frontal, diffuse
astrocytoma MT/−/lo 0 51.6 No No 2 0

42 M Right frontal,
glioblastoma multiforme WT/NA/lo 10 26.0 Yes Yes 0 4

Abbreviations: M = male, F = female, MT = mutant, WT = wild type, NA = not available, lo = low
expression, hi = high expression, + = methylated, − = unmethylated, IDH = isocitrate dehydrogenase,
MGMT = O-6-methylguanine-DNA-methyltransferase, EGFR = epidermal growth factor receptor, BRAF = v-Raf
murine sarcoma viral oncogene homolog B, RT = radiation therapy, CT = chemotherapy.

2.2. Imaging Sequence Parameters

All images were obtained using a 3.0-T whole-body MR imager (Signa HDxt; GE Medical Systems,
Milwaukee, Wisconsin, USA) between 0–24 days prior to repeat surgical intervention. Acquisition times
were 2.5, 5.4, 4.6, 7.8, and 9.0 minutes for non-enhanced T1-weighted (T1w), gadolinium-enhanced
T1-weighted (T1ce), T2-weighted (T2w), T2-FLAIR (FLAIR), and diffusion-weighted (DW) images,
respectively. For T1w, TE = 2.3 ms, TR = 5.5 ms, and flip angle = 8◦. Data were recorded as a
256 × 256 matrix with 1 mm × 1 mm pixel spacing, a slice thickness of 1.2 mm, and zero slice gap.
For T1ce, TE = 2.5 ms, TR = 6.8 ms, and flip angle = 8◦. Data were recorded as a 512 × 512 matrix with
0.5 mm × 0.5 mm pixel spacing, a slice thickness of 1.2 mm, and zero slice gap. For T2w, TE = 6333 ms,
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TR = 80 ms, and flip angle = 142◦. Data were recorded as a 512 × 512 matrix with 0.5 mm × 0.5 mm
pixel spacing, a slice thickness of 2 mm, and zero slice gap. For FLAIR, TE = 6000 ms, TR = 128 ms,
and flip angle = 90◦. Data were recorded as a 512 × 512 matrix with 0.5 mm × 0.5 mm pixel spacing, a
slice thickness of 1.2 mm, and zero slice gap. For DW images, TE = 85 ms, TR = 16,000 ms, and flip
angle = 90◦. The diffusion gradient was encoded in 32 directions at b = 1000 s/mm2 and an additional
measurement without the diffusion gradient (b = 0 s/mm2). DW data were recorded as a 128 × 128
matrix with 0.9375 mm × 0.9375 mm pixel spacing. A total of 50 sections were obtained with a slice
thickness of 2.6 mm and zero slice gap.

2.3. Image Processing

Images were processed using a combination of open-source software packages: MRtrix [36],
FSL [37], and greedy [38]. Standard MR images (T1w, T1ce, T2w, and FLAIR) were non-linearly
registered to the MNI152 (Montreal Neurological Institute, MNI) atlas [39] space using the deformable
registration package greedy. Automated tissue-type segmentation was performed on T1w image sets
using FSL-FAST (FMRIB’s Automated Segmentation Tool) [40]. DT images were preprocessed to remove
noise and corrected for distortion and field-bias using MRtrix’s dwidenoise [41], dwipreproc [42],
and dwibiascorrect [40,43] scripts. After preprocessing, DT images were linearly registered into
T1w-space using FSL-FLIRT (FMRIB’s Linear Image Registration Tool) [44] and then transformed into
MNI-space by applying the affine matrix generated to register the T1w image. Lastly, all image sets
were downsampled by a factor of 0.45 with cubic interpolation using MRtrix to avoid oversampling
(voxel size: 1.75 mm3).

2.4. Image Normalization

MR image intensities are acquired in arbitrary units, introducing noise when comparing scans
taken at different times. To compensate for artifacts between scans, each MR and DW sequence
were normalized across the patient set. Standard MR sequences were normalized using the RAVEL
method [45] implemented with the intensity-normalization library [46]. The DW sequence was
normalized using MRtrix’s dwiintensitynorm.

2.5. Diffusion Feature Space

All diffusion features were calculated using DSI Studio (http://dsi-studio.labsolver.org) on
processed and normalized diffusion-weighted images. The diffusion information was reconstructed in
two fashions using diffusion tensor [47] and generalized q-space imaging [48]. Diffusion tensor imaging
(DTI) determines three primary diffusion directions (and magnitudes) using a tensor, from which the
standard diffusion metrics fractional anisotropy (FA) and mean diffusivity (MD) were determined.
Generalized q-ball imaging (GQI) is a model-free method that calculates the orientation distribution of
the density of diffusing water. Using GQI, the non-standard diffusion metrics quantitative anisotropy
(QA) and generalized fractional anisotropy (GFA) were determined. A diffusion sampling length
ratio of 1.25 was used. The b-table was checked by an automatic quality control routine to ensure its
accuracy [49]. Diffusion feature (FA, MD, QA, and GFA) maps were extracted for each subject from
normalized diffusion images.

2.6. Regions of Interest (ROI)

During resective surgery, the locations of biopsies on the patient’s MRI were identified using
a Medtronic StealthStation S8 Surgical Navigation system (Medtronic, Minneapolis, MN, USA) and
application software (Version 1.1.0-39). The biopsy locations were recorded via screenshots. With this
information, voxel locations were manually identified on our analytical setup and transformed into
MNI-space by applying the patient’s transformation affine. A one-half cubic centimeter sphere was
used as a facsimile for the biopsy in MR image space.
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2.7. Data Analysis

All data analysis was performed using the programming language Python with NiBabel, Numpy,
Pandas, Seaborn, Scipy, and Statsmodels modules.

3. Results

3.1. Image Analysis of Biopsy Classifications

The image data analyzed in this study is summarized in Figure 1. Eight MR/DW image features
(T1w, T1ce, T2w, FLAIR FA, MD, QA, and GFA) were collected from each patient prior to re-resection.
Each image feature was normalized across patients to account for fluctuations in signal acquisition due
to environmental and equipment variations (Figure 1A). The image intensities were extracted from
ROIs representing the locations of surgical biopsies along with their contralaterally Normal analogs
(Figure 1B). Example photomicrographs of the Abnormal and Tumor biopsy classifications from one
patient are displayed in Figure 1C.

Figure 1. A 59-year old male patient with glioblastoma multiforme. (A) Axial slices of the
image modalities explored in this study, comprised of four standard MRI metrics (T1w, T1ce, T2w,
FLAIR = fluid-attenuated inversion recovery) and four diffusion MRI metrics (fractional anisotropy
(FA) and mean diffusivity (MD) quantitative anisotropy (QA) and generalized fractional anisotropy
(GFA)). (B) Depiction of biopsies from the patient shown in (A). Filled circles indicate the locations of
0.5 mm3 Regions of Interest (ROIs) representing tissue extractions. Open circles indicate the locations
of anatomically similar locations of 0.5 mm3 ROIs in the normal appearing (“healthy”) contralateral
hemisphere. For this patient, one biopsy (red) consisted primarily of abnormal tissue and three biopsies
(magenta, cyan, and yellow) consisted primarily of tumor tissue. (C) Example slides of histopathology
used in classification. (Left image) Tumor: Infiltrating high-grade glioma is seen with cytologically
pleomorphic nuclei with large areas of necrosis and thick hyalinized blood vessels (20×magnification).
(Right image) Abnormal: cortical white matter with extensive gliosis and neuropil vacuolization.
Regional necrosis with thick hyalinized blood vessels consistent with radiation necrosis is present
(10×magnification).
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To explore the effect of radiation therapy on biopsy classification, mean signal intensities were
calculated for each ROI and separated based on treatment group (Figure 2). For No RT patients
(Figure 2A), differences were detected between Abnormal and Tumor in the T1ce and T2w signals
(Tukey’s post-hoc test, Family Wise Error Rate (FWER) = 0.05) and between Tumor and Normal in
the T1w, T1ce, T2w, FLAIR, FA, and MD signals (Tukey’s post-hoc test, FWER = 0.05). No differences
were detected between Abnormal and Normal. For RT patients (Figure 2B), fewer image features were
deemed statistically different. No differences were detected between Abnormal and Tumor (Tukey’s
post-hoc test, FWER = 0.05), one difference was detected between Tumor and Normal in the T1ce
signal (Tukey’s post-hoc test, FWER = 0.05), and two differences were detected between Abnormal
and Normal in FLAIR and MD signals. The only difference consistent among treatment groups was
between Tumor and Normal for the T1ce image modality; though, the feature demonstrated a reversed
behavior between the two groups. Mean Normal signal intensities were equal between groups in all
MRI modalities excluding MD (Figure S1).

Figure 2. Average ROI normalized image intensity for biopsies classified as Abnormal (green) and
Tumor (blue). Contralaterally mirrored ROI locations classified as Normal (yellow). Data separated
depending on chemoradiation therapy strategy prior to re-resection: (A) patients with adjuvant
radiation therapy and (B) patients without adjuvant radiation therapy. Error bars show 95% confidence
intervals. Asterisks indicate significance determined using Tukey’s post-hoc test, p < 0.05.

3.2. Logistic Regression Modeling

Given the overall lack of consensus for features that consistently discriminated between treatment
groups, we evaluated the ROI image intensities on the voxel-level (Figure 3A,B) to the presence of
Tumor (Figure 3C,D) using logistic regression. The regression coefficients provide an estimate of the
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explained variance each image modality has on the likelihood of the presence of Tumor. Models
incorporating all eight image features were created for each treatment and the resulting regression
coefficients were calculated (Figure 3C). The significant features consistent in both models were T1ce,
FLAIR, QA, and GFA (Student’s t test, corrected for multiple comparisons using False Discovery Rate
(FDR), p < 0.05). However, T1ce, FLAIR, and GFA express inverted information between the models:
T1ce shows that for the RT group, higher intensities indicated the presence of Tumor tissue, whereas
for the No RT group, higher intensities indicated the presence of Abnormal tissue. The converse is true
for FLAIR and GFA: for the RT group, higher intensities indicated the presence of Abnormal tissue,
and for the No RT group, higher intensities indicated the presence of Tumor tissue. Therefore, the same
approach for differentiating Abnormal and Tumor tissue for patients in the No RT group is not wholly
applicable to patients in the RT group (only for QA). Figure 3D illustrates how the No RT and RT
models—built using the T1ce, FLAIR, QA, and GFA features—perform similarly (area under curve
(AUC) = 0.84 and AUC = 0.75, respectively) when accounting for treatment. However, the aggregate
model (“All patients”, Figure 3D) performed the worst (AUC = 0.60)—showing that the conflicting
information (demonstrated in Figures 2 and 3C) degraded the model’s ability to differentiate Abnormal
and Tumor tissue using multi-modal MRI.

Figure 3. Differentiating the histopathology classifications Abnormal and Tumor on the voxel-level
accounting for prior chemoradiation treatment regime. Voxel intensity histograms from the (A) No RT
and (B) RT groups. Solid lines indicate median, dashed lines indicate the lower and upper interquartile
interval. (C) Logistic regression coefficients: filled circles indicate significant features in the model, open
circles indicate non-significant features. Error bars show standard deviation. (D) Logistic regression
model performance using only the features deemed significant in (C). ROC denotes “receiver operator
characteristics”, AUC denotes “area under curve”, and the “All patients” model (built only using
features significant in both models) is an aggregate of the treatment groups.

4. Discussion

In order to more specifically evaluate imaging changes consistent with treatment-related effects
versus tumor recurrence, we began collecting voxel-based MRI information coupled with location
specific blinded histopathological review using a within subject experimental design (i.e., contralesional
matched normal voxel as a normal brain control). The goal of this project was to ultimately identify
hurdles in predictive modeling regarding imaging diagnoses when longitudinally following patients
with glioma after treatment to better assess true recurrence when MR changes occur, incorporating the
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use of DTI into standard algorithms. Frequently, changes occur on MRI after treatment, which can be
difficult to interpret. Treatments such as immunotherapy (still experimental), radiation, or cytotoxic
therapy often induce changes in T2w hyperintensity and T1w contrast enhancement that can
occur even several years after treatment has ended [4,50–52]. Additionally, targeted therapies,
such as bevacizumab, can decrease contrast enhancement and hyperintensity, sometimes masking
progression [3]. These challenges in imaging interpretation have been well known for many years.
Defining progression in glioma has always been difficult and somewhat controversial.

First described by Macdonald et al., in 1990, the Macdonald criteria were imaging-based
criteria to determine glioma progression based on contrast enhancement in two dimensions on
CT scans in patients undergoing treatment [53]. This was later adapted to MRI and included four
response categories: complete response, partial response, stable disease, or progressive disease.
Macdonald criteria is limited by irregularly shaped tumors or nonspecific contrast enhancement from
pharmacological treatments, radiation, inflammation, necrosis, pseudoprogression, etc. [54–56]. It also
does not account for noncontrast enhancing disease, which is especially important in the evaluation
of diffuse low-grade glioma. In 2010, the RANO Criteria consortium published, and later modified,
guidelines for the evaluation of treatment response in gliomas and incorporated nonspecific contrast
enhancement, multifocal tumors, pseudo-response after treatment, and nonenhancing fluid-attenuated
inversion-recovery (FLAIR) hyperintense region in determining treatment response [57,58]. More recent
measures of clinical progression have been developed to also help in distinguishing between true
progression and pseudoprogression [59,60]. While these measures are important in assessing the
global status of the patient and are quite sensitive and specific for global tumor recurrence, they do
not answer the challenge of voxel-by-voxel analysis of imaging features specific for tumor recurrence.
This study helps to further efforts of predictive, noninvasive modeling by investigating chemoradiation
therapy influence on imaging in the process of determining tumor recurrence. These models can also
be used to potentially better predict presence of residual disease following surgery, sites of future
disease progression, and progression free survival.

This study investigated the effects of surgery alone or surgery plus radiation on voxel-specific
pathology. Overall, radiation makes noninvasive differentiation of abnormal-nontumor tissue to tumor
recurrence much more difficult. This is because radiation exhibits opposing behavior on key MRI
modalities: specifically, on post-contrast T1, FLAIR, and GFA (a GQI feature related to FA). A number
of treatment modalities clearly distinguish tumor from abnormal-nontumor postoperatively, however
many of these features lose their distinguishing characteristics after radiation (see Figure 2). Specifically,
features significant in both models (T1ce, FLAIR, and GFA) demonstrate contrasting information
dependent on the postsurgical treatment strategy. T1ce shows that for the RT group, higher intensities
indicate the presence of tumor where for the No RT group, higher intensities indicate the presence
of abnormal tissue not containing tumor. The converse is true for FLAIR and GFA: for the RT group,
higher intensities indicate the presence of abnormal, nontumor tissue, while lower intensities indicate
tumor tissue (see Figure 3C). This implies that in order to differentiate abnormal-nontumor tissue from
tumor tissue, understanding previous treatment modalities is imperative. The same approach for
discriminating one for the other will not work depending on prior treatment.

Violin plots of standard MRI features (Figure 3A,B) help to understand these shifts in a more
granular way. Shifts in the histograms happen all along normalized intensity values with nearly
all features tested. This is predictable and influenced by treatment strategy, although histograms
appear more similar after radiation, demonstrating the difficulty of distinguishing recurrence from
post-treatment effects after radiation using standard features of MRI. Standard measurements also
differed significantly from normal with or without radiation (Figure 2). However, distinguishing
between tumor and abnormal-nontumor was difficult. FA and MD, specifically, provided no information
to distinguish tumor from abnormal-nontumor tissue after radiation, although QA and GFA did.
Instead, logistic regression helped to illustrate which features contributed most to differentiating
the biopsy labels of tumor versus abnormal-nontumor. Hence, the opposing but important findings
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described previously of T1ce, FLAIR, and GFA and their predictive value in our model. Whereas,
QA (quantifies the spin orientation population in a specific direction) remained consistent across
treatment models. Ultimately, both models separating images by prior treatment modality (both
groups had prior surgery, some with or without chemoradiation prior to re-resection) performed well,
while the aggregate model “all patients” performed poorly. This shows that the conflicting information
demonstrated in Figure 3C degrades the model’s ability to differentiate abnormal-nontumor from
tumor tissue on MRI unless separated by treatment modality.

Overall, including non-standard DTI metrics is a useful addition towards differentiation between
tumor recurrence and abnormal-nontumor MRI changes, although more is needed in the effort to
improve accurate noninvasive prediction of recurrence. This study demonstrates the continued
importance of matching imaging data to pathology and clinical annotation to avoid misinterpreting
findings on MRI. Ultimately, combining complex datasets including pathology, genomics, epigenetics,
imaging, and clinical information will all be important in improving noninvasive assessment of glioma.
Future studies including more patients and more precise imaging/pathology correlation will help
improve our predictive modeling to the betterment of the care of glioma patients.

5. Conclusions

Radiation makes the noninvasive differentiation of abnormal-nontumor tissue vs tumor recurrence
much more difficult. This is because radiation exhibits opposing behavior on key MRI modalities:
specifically, on post-contrast T1, FLAIR, and GFA. Ultimately, combining multiple MRI metrics
with clinical annotation allows the more successful differentiation of tumor recurrence from other
post-treatment effects on MRI.
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Abstract: Background: The tumor microenvironment (TME) plays a crucial role in virtually every
aspect of tumorigenesis of glioblastoma multiforme (GBM). A dysfunctional TME promotes drug
resistance, disease recurrence, and distant metastasis. Recent evidence indicates that exosomes released
by stromal cells within the TME may promote oncogenic phenotypes via transferring signaling
molecules such as cytokines, proteins, and microRNAs. Results: In this study, clinical GBM samples
were collected and analyzed. We found that GBM-associated macrophages (GAMs) secreted exosomes
which were enriched with oncomiR-21. Coculture of GAMs (and GAM-derived exosomes) and GBM
cell lines increased GBM cells’ resistance against temozolomide (TMZ) by upregulating the prosurvival
gene programmed cell death protein 4 (PDCD4) and stemness markers SRY (sex determining region
y)-box 2 (Sox2), signal transducer and activator of transcription 3 (STAT3), Nestin, and miR-21-5p
and increasing the M2 cytokines interleukin 6 (IL-6) and transforming growth factor beta 1(TGF-β1)
secreted by GBM cells, promoting the M2 polarization of GAMs. Subsequently, pacritinib treatment
suppressed GBM tumorigenesis and stemness; more importantly, pacritinib-treated GBM cells showed
a markedly reduced ability to secret M2 cytokines and reduced miR-21-enriched exosomes secreted
by GAMs. Pacritinib-mediated effects were accompanied by a reduction of oncomiR miR-21-5p, by
which the tumor suppressor PDCD4 was targeted. We subsequently established patient-derived
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xenograft (PDX) models where mice bore patient GBM and GAMs. Treatment with pacritinib
and the combination of pacritinib and TMZ appeared to significantly reduce the tumorigenesis of
GBM/GAM PDX mice as well as overcome TMZ resistance and M2 polarization of GAMs. Conclusion:
In summation, we showed the potential of pacritinib alone or in combination with TMZ to suppress
GBM tumorigenesis via modulating STAT3/miR-21/PDCD4 signaling. Further investigations are
warranted for adopting pacritinib for the treatment of TMZ-resistant GBM in clinical settings.

Keywords: tumor microenvironment (TME); glioblastoma multiforme (GBM); ; GBM-associated
macrophages (GAMs); exosomes; oncomiR-21; STAT3 inhibitor

1. Introduction

Glioblastoma multiforme (GBM) is the most aggressive brain tumor of glial origin and has
a poor median survival of 14 months [1]. One of the reasons for its malignancy and challenging
therapeutics development lies in its heterogeneous nature at the cellular and molecular levels. It is
now generally recognized that GBM is composed of a subpopulation of glioma stem cells (GSCs),
capable of tumor initiation and progressive self-renewal upon treatments, and other cells within the
tumor microenvironment (TME). The TME contains cancerous cells surrounded by parenchymal cells,
including endothelial/vascular cells, microglia, and immune cells [2]. One of the major cell types from
the GBM TME is glioblastoma-associated macrophages (GAMs). GAMs have been shown to contribute
to the progression of GBM. For instance, the presence of M2 GAMs has been shown to promote the
growth and metastasis of GBM cells [2,3].

More importantly, emerging evidence indicates the dynamic intercellular communications within
the GBM TME via secretions of cytokines, chemicals, and signaling molecules. Among these, secreted
exosomes represent a class of small bilayered particles (ranging from 50 to 150 nm in diameter) which
have been extensively explored for their roles in GBM tumorigenesis over the past few years [4].
Recent studies have shed light on the diverse functions of exosomes involved in GBM tumorigenesis.
For instance, exosomes released from human GBM cell lines contain various types of heat shock proteins
and transforming growth factor beta 1(TGF-β1) which are proposed to exert immune suppressive
roles in GBM [5]. In addition, serum-derived exosomes from GBM patients and Cerebrospinal fluid
(CSF) derived exosomes were shown to contain a high level of miR-221, serving as a potential GBM
biomarker [6]. A recent study demonstrated that microglia also communicate and affect the function
of glioma via the release of exosomes [7]. These findings suggest that there is a potential area for
therapeutics development via interrupting the intracellular communications between GBM cells and
their TME by means of exosomes. However, the role of exosomes derived from M2 GAMs has not
been fully appreciated.

In this study, we first demonstrated that when human GBM cell lines were cocultured with
clinically isolated glioblastoma-associated macrophages, this significantly enhanced colony formation
ability and tumor sphere generation in association with an increased expression of Sox2, STAT3,
interleukin 6 (IL-6), and Nestin and a decrease in glial fibrillary acidic protein (GFAP). Subsequently,
exosomes released into the culture medium of GAMs were isolated and cocultured with GBM cell lines.
A similarly increased tumorigenic property was observed in addition to the increased resistance against
temozolomide (TMZ). More importantly, miR-21, a oncomiR, was identified as the most abundant
microRNA species in the exosomes released from the GAMs. We then provided evidence for the
positive association between miR-21 level and GBM malignancy. Exogenously increased miR-21 in
GBM cells increased their ability to polarize GAMs towards the M2 phenotype, and the reduction of
miR-21 reversed these properties. In addition, we showed that miR-21-mediated oncogenic properties
were associated with their targeting/inhibitory function on PDCD4 (a tumor suppressor). An increased
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miR-21 level in the GBM cells led to their increased ability to polarize GAMs towards the M2 phenotype
by the increased secretion of the M2 cytokines IL-6 and TGF-β1.

Subsequently, we examined the feasibility of applying pacritinib, an inhibitor of the
STAT3-associated pathway, as an anti-GBM agent. We showed that pacritinib treatment significantly
reduced cell viability and colony/tumor sphere formation in association with reduced levels of STAT3,
Sox2, PDCD4, and miR-21; it also reduced the ability to generate M2 GAMs. Notably, pacritinib-treated
GAMs released fewer miR-21-enriched exosomes. Finally, we demonstrated preclinical support for
using pacritinib to overcome TMZ-resistance using a TMZ-resistant LN18-bearing mouse model.

2. Materials and Methods

2.1. Sample Collection and Cell Culture

Tumor sample and stromal GAMs were collected from our Department of Neurosurgery, Taipei
Medical University-Shuang Ho Hospital, under strict adherence to Institutional Review Board (IRB)
guidelines (approval numbers: IRB: N201801070 and N201602060). Patients were fully informed and a
written consent form was signed prior to the operation. The pathological examination was performed
by the Department of Pathology and all verified cases met the criteria of GBM. Samples (tumor samples
and stromal cells) were isolated and cultured according to previously established protocols [8,9].
Human GBM cell lines U87MG and LN18 were obtained from the American Type Culture Collection
(ATCC) and maintained in DMEM supplemented with 2 mM glutamine, 100 U/mL penicillin, 100μg/mL
streptomycin, and 10% FBS. Neurospheres from both cell lines and clinical samples were generated
using tumor-sphere-forming medium containing growth factors supplemented with DMEM-F12 1:1
medium, as previously described [10]. For coculture experiments, a previously established protocol
was followed with minor modifications [11]. In brief, U87MG and LN18 (2 × 105 cells) were seeded
in a transwell insert (0.4 μm pore size) with GAMs (2.5 × 105 cells) seeded in the lower chamber of a
six-well system. Cells were cultured in DMEM medium as described above. Cells were maintained for
48 h and harvested for further analyses. In the case of the exosome coculture, GBM cells were cultured
in serum-free DMEM in the presence of exosomes for 48 h and harvested.

2.2. Transfection

In order to explore the functional roles of miR-21 in GBM cells, the upregulation or downregulation
of miR-21 was achieved using mimic and inhibitor, respectively. MiR-21-5p mimic (HMI0372, Sigma,
St. Louis, MO, USA) and inhibitor (HSTUD0371, Sigma, St. Louis, MO, USA) were transfected into
GBM cells using Lipofectamine 2000 reagent (Invitrogen, USA) according to the vendor’s instructions.
The change in the expression of miR-21-5p was then determined by real-time PCR (RT-PCR) 48 h
post-transfection in both GBM cell lines. hsa-miR-21-5p primers (MPH02337, Abm, Richmond, BC,
Canada) were purchased and used for qPCR experiments.

2.3. Exosome Isolation

GAMs were cultured in serum-free medium for 48 h (with and without pacritinib treatment,
0.5 μM) before exosome isolation. Culture medium was collected and a standard procedure was
performed accordingly [12]. In short, we carried out a serial centrifugation procedure (500× g for
10 min, 1200× g for 20 min, and 10,000× g for 30 min), followed by filtration with a 0.22 μm pore
syringe and a spin at 100,000× g for 60 min. The collected pellet was washed in PBS three times
before another ultracentrifugation at 100,000× g for 60 min. The exosomes were used for further
analyses. A small portion of the pellet was processed for transmission electron microscopic examination.
In brief, purified exosomes were fixed with 1% glutaraldehyde (1 h, room temperature) and washed,
followed by 1% reduced osmium tetroxide fixation (1 h). The sample was washed, stained with 0.3%
thiocarbohydrazide, and fixed again in OsO4. Finally, the sample was embedded into Epon. Ultrathin
sections were placed on formvar-coated grids. Electron microscopy (EM) analysis was performed as
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previously described [13]. The flowchart of GBM cell lines either treated with exosomes or mimics or
inhibitors is listed in the Supplementary Materials.

2.4. miRNA PCR Array Analysis

Total RNA (200 ng) isolated from exosomes derived from GAMs was transcribed to cDNA
using the miScript II RT kit (Qiagen, Valencia, CA, USA) according to the protocol provided by the
vendor. The miRNA PCR array (Qiagen, Valencia, CA, USA) was used for profiling according to the
instructions provided.

2.5. Real-Time PCR

Total RNAs were extracted, purified, and reverse transcribed using the RNeasy kit (Qiagen,
Valencia, CA, USA) and OneStep RT-PCR Kit (Qiagen, Valencia, CA, USA). RT-PCR was performed
using an I-Cycler IQ Multicolor RT-PCR Detection System (Bio-Rad) with SsoFast Eva Green Supermix
(Bio-Rad). All experimental Ct values were normalized against the Ct value of internal control, GAPDH.
Relative abundance was determined by 2-ΔΔCt and expressed as fold changes. Primer sequences are
listed in Supplementary Table S1.

2.6. SDS-PAGE and Western Blotting

A standard SDS-PAGE and Western blotting was carried out according to previously established
protocols [14]. The primary antibodies used in this study were all purchased from AbCam (Taipei,
Taiwan) unless otherwise specified: anti-STAT3 (ab119352, 1:1500); anti-IL-6 (ab6672, 1:500); anti-Sox2
(ab93689, 1:800); anti-Nestin (ab105389, 1:800); anti-CD9 (ab92726, 1:400); anti-CD63 (ab217345, 1:400);
anti-CD81 (ab79559. 1:400); anti-actin (ab179467, 1:2000); and anti-tubulin (ab6046, 1:1000).

2.7. In Vivo Xenograft Model

A tumor sample from a GBM patient with TMZ resistance was used to establish the TMZ-resistant
mouse model for in vivo evaluation according to previously established protocols [15]. In brief,
NOD/SCID mice were anaesthetized (10 mg/kg, ketamine/xylazine and buprenorphine, 0.05 mg/kg,
before and after injection). TMZ-resistant LN18 GBM cells (5 × 105 cells) were stereotactically injected
into the right striata of the mice. One week postinjection, the mice were randomly divided into vehicle,
pacritinib (100 mg/kg, five times/week), TMZ (30 mg/kg, five times/week), or the combination of
pacritinib (100 mg/kg) and TMZ (30 mg/kg) groups. Both drugs were administered via oral gavage.
Mice were humanely sacrificed by sodium pentobarbital at the end of the experiments. The tumor
presence and size were determined in the mice via necropsy and cranial dissection. Tumor samples
were harvested for further analysis. The tumor size (average area) was determined from cross sections
of the tumor samples. Image J software was used for calculating the tumor size. The animal study
protocol was approved by the Animal Care and User Committee at Taipei Medical University (Affidavit
of Approval of Animal Use Protocol# Taipei Medical University—LAC-2017-0512).

2.8. Statistical Analysis

The miRNA expression levels from the array experiments were analyzed by SDS software version
2.2.2 (Applied Biosystems, foster city, CA, USA). The delat Ct values were calculated against U6
internal control. Heatmaps of differentially expressed miRNAs were analyzed by R software. Other
data were analyzed using Student’s t-test to determine statistical significance among the different
groups. p-values (represented by asterisks), where * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.
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3. Results

3.1. M2 Polarization of GAMs Promotes GBM Tumorigenesis

Initially, we cocultured clinically isolated GAMs with human GBM cell lines U87MG and LN18,
which showed increased colony (Figure 1A) and neurosphere (Figure 1B) forming abilities. Consistently,
qPCR analysis demonstrated that the presence of GAMs was associated with an increased mRNA
level of stemness markers (Figure 1C). The results from the Western blots were consistent where the
expression of Sox2, Oct4, Wnt, and Nestin were elevated, while GFAP was decreased in the presence of
GAMs (Figure 1D).

Figure 1. M2 glioblastoma multiforme (GBM)-associated macrophages (GAMs) promote GBM
tumorigenesis. GBM cells U87MG and LN18 cocultured with M2 GAMs showed significantly increased
colony forming ability (A) and tumor sphere generating ability (B) as compared to their parental
controls. Comparative real-time PCR (C) and Western blots (D) showed that M2 GAM cocultured GBM
cells expressed a significantly higher level of stemness markers, Sox2, Oct4, Wnt, and Nestin while
GFAP was reduced. Scale lengths = 100 μm, * p < 0.05; ** p < 0.01; *** p < 0.001.

3.2. Exosome Enriched with miR-21 from GAMs Promotes Tumorigenic Properties

We further investigated the underlying tumorigenesis by isolating and characterizing exosomes
secreted into the culture medium by GAMs. First, we used different markers for exosomes—CD9, CD63,
and CD81—to verify the identity of the exosomes isolated from the GAMs (Figure 2A). Next, we showed
that incubation of GAM-derived exosomes significantly increased TMZ resistance in both U87MG and
LN18 cells (Figure 2B). For example, the estimated IC50 value for U87MG increased approximately
4-fold after incubation with GAM-derived exosomes, while this was even more significant in the
LN18 cells after exosome treatment. This increased TMZ resistance was accompanied by increased
colony-forming (Figure 2C) and tumor-sphere-forming (Figure 2D) abilities. We then screened a small
cohort of microRNAs in two batches of GAM-derived exosomes and found that miR-21 appeared to be
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the most abundant microRNA (Figure 2E). As shown in the heatmap, the miR-21 level appeared to be
the most enriched in the exosomes collected from two samples of GAMs.

Figure 2. GAM-derived exosomes harbor miR-21, which promote GBM tumorigenesis. (A) Representative
transmission electronic micrograph of exosomes isolated from clinical GAMs (left); Western blot
validation of exosomes isolated from GAM culture medium showed the expression of CD9, CD63,
and CD81. (B) Increased temozolomide (TMZ) resistance in U87MG and LN18 cells cocultured with
exosomes (+exo). Enhanced colony-forming ability (C) and tumor-sphere-generating ability (D) in
the presence GAM-derived exosomes. (E) MicroRNA profiling analyses showed that exosomes (two
samples) isolated from M2 GAMs contained a high level of miR-21. Scale lengths = 100 μm, * p < 0.05;
** p < 0.01; *** p < 0.001.

3.3. MiR-21 Is Associated with GBM Tumorigenic Properties

Next, we examined the effects of miR-21 on GBM cells by gene silencing and overexpression
techniques. First, we demonstrated that miR-21-5p level increased in both U87MG and LN18 cells after
being cocultured with GAM-derived exosomes (Figure 3A). We then transfected GBM (postincubation
with GAM exosomes) with either mimic or inhibitor molecules of miR-21-5p. We found that the
stemness markers Sox2, Oct4, Wnt, STAT3, and Nestin were all significantly increased when mimic
miR-21-5p was added to both cells, while the opposite occurred after the miR-21-5p level was inhibited
(Figure 3B). The Western blotting results agreed with the real-time PCR results (Figure 3C), where an
increased miR-21-5p level led to the increased expression of Sox2, Oct4, STAT3, Akt, Nestin, and Wnt
and a decreased level of GFAP. More importantly, tumorigenic properties such as colony formation and
tumor sphere formation were also positively correlated with the level of miR-21-5p. For instance, an
increased miR-21-5p level by mimic molecules led to an increased number of colonies (Figure 3D) and
neurospheres (Figure 3E) generated, and the opposite was true with a decreased level of miR-21-5p
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with the inhibitor treatment. Furthermore, miR-21-5p mimic transfection made both U87MG and LN18
cells more resistant against TMZ, whereas miR-21-5p inhibitor reversed the resistance (Figure 3F).

Figure 3. GAM-derived exosomes promoted GBM tumorigenesis via miR-21-5p. (A) U87MG and
LN18 cells incubated with GAM-derived exosomes showed a significantly increased level of miR-21-5p.
GBM tumorigenesis was associated with miR-21-5p. Increased miR-21-5p level (by mimic molecules)
in GBM cells showed an increased mRNA level of Sox2, Oct4, Wnt, STAT3, and Nestin or protein
level of Sox2, Oct4, STAT3, Akt, Wnt, and Nestin with decreased GFAP, while a decrease in miR-21-5p
(inhibitor) led to the opposite phenomenon (B,C). Incubation with GAM-derived exosomes increased
colony-forming ability (D) and tumor-sphere-generating ability (E) in both U87MG and LN18 cells. (F)
U87MG and LN18 cells transfected miR-21-5p mimic molecules (increased miR-21-5p level) resulted
in significantly increased TMZ resistance, while there was reduced miR-21-59 and decreased TMZ
resistance. Scale lengths = 100 μm, * p < 0.05; ** p < 0.01; *** p < 0.001.

3.4. STAT3 and PDCD4 are Targets of miR-21-5p

Subsequently, we examined the potential target(s) for miR-21-5p using bioinformatics tools and
we identified STAT3, a well-known oncogene, and PDCD4, an established tumor suppressor, as the
top-ranking candidates from all three algorithms used (PITA, miRmap, and miRanda). A potential
site of interaction between miR-21-5p and STAT3 and PDCD4 was identified in the 3’UTR (upper
panel, Figure 4A); more importantly, based on TCGA database, a strong negative correlation between
the expression level of PDCD4 and miR-21-5p was established within a cohort of GBM patients
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(n = 525, lower panel, Figure 4B). We then demonstrated that increased miR-21-5p by mimic
molecules in both U87MG and LN18 cells supported the negative correlation between the expression of
miR-21-5p and PDCD4. Conversely, a decreased level of miR-21-5p by inhibitor molecules restored the
expression of PDCD4 (Figure 4C). We then cocultured miR-21-5p-silenced GBM cells with GAMs and
observed a significantly reduced M2 signature (CD68+/CD206+) (Figure 4D). More importantly, the
M2 cytokines VEGF, TGF-β1, and IL-6 released by GAMs cocultured with miR-21-5p-silenced U87MG
cells were significantly reduced and restored partially after cocultured miR-21-5p-silenced U87MG
were transfected with mimic of miR-21-5p (Figure 4E).

Figure 4. MiR-21-5p targets STAT3 and PDCD4. (A) The bioinformatics tool shows miR-21-5p binding
to the 3’UTR of STAT3 and PDCD4 (upper panel). (B) A negative correlation between the expression of
miR-21-5p and PDCD4 in the GBM database (n = 525, TCGA). (C) An increased miR-21-5p level (by
mimic molecule, lane M) led to significantly reduced PDCD4 expression in both U87MG and LN18
cells; the reverse was true with the inhibitor of miR-21-5p. (D) Flow cytometry analysis showed a
significantly reduced CD206+/CD68+ population in GAMs cocultured with miR-21-5p-silenced U87MG
and LN18 cells; the reverse was observed in miR-21-5p mimic transfected coculture experiments. (E)
The inhibitor of miR-21-5p resulted in the reduction of VEGF, TGF- β1, and IL-6 secreted by the U87MG
cells into the culture medium. *** p < 0.001.

3.5. Pacritinib Suppresses GBM Tumorigenesis and M2 Polarization of GAMs

Elevated STAT3 signaling has been attributed to the malignancy of GBM and the generation
of glioma stem cells [16]. In addition, increased STAT3 signaling is associated with the increased
miR-21 level in the promotion of tumorigenesis [17,18]. Based on these premises, we examined a
clinical STAT3 inhibitor, pacritinib, for its potential GBM inhibitory effects. We found that pacritinib
treatment significantly suppressed the cell viability of both U87MG and LN18 cells at low IC50 values
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(0.5 and 1.7 μM, respectively) (Figure 5A). Subsequently, we showed that pacritinib-treated U87MG
and LN18 cells contained a significantly lower ability to generate M2-polarized GAMs (Figure 5B),
as reflected by the reduced CD206 (M2 marker) and increased TNF-α (M1 marker). In addition,
the addition of pacritinib prominently suppressed colony formation (Figure 5C) and tumor sphere
generation (Figure 5D). Furthermore, pacritinib treatment led to a decreased expression of Sox2,
PDCD4, and STAT3; more importantly, the level of miR-21-5p in both GBM cell lines was suppressed
as well (Figure 5E). Notably, pacritinib treatment led to significantly reduced exosome release and a
corresponding level of miR-21-5p from GAMs (Figure 5F).

Figure 5. Pacritinib treatment suppresses GBM tumorigenesis and glioma stem cell (GSC) properties.
(A) Pacritinib treatment significantly suppressed both U87MG and LN18 cells (approximate IC50 values
0.5 and 1.5 μM, respectively). (B) Pacritinib treatment significantly reduced GBM cells’ ability to induce
M2 GAMs. CD206 mRNA in GAMs was significantly reduced, while TNF-α was increased. Pacritinib
treatment significantly reduced colony formation (C) and tumor sphere generation (D) in both U87MG
and LN18 cells. (E) Pacritinib treatment led to a significantly reduced mRNA level of STAT3, Akt,
Sox2, PDCD4, and miR-21-5p and increased GFAP in both U87MG and LN18 cells. (F) GAMs treated
with pacritinib resulted in the decreased release of exosomes. Western blot of exosomes collected from
GAMs showed a significantly lower abundance of exosomes (CD63 and CD9, markers of exosomes).
The exosomes collected showed a significantly lower miR-21-5p level. Scale lengths = 100 μm, * p < 0.05;
** p < 0.01; *** p < 0.001.

3.6. In Vivo Evaluation of Pacritinib

Finally, we evaluated the potential of using pacritinib as a treatment for GBM using a preclinical
mouse model bearing TMZ-resistant LN18 cells (cocultured with exosomes isolated from GAMs).
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Representative brain slices showed that a single treatment of pacritinib suppressed the tumorigenesis
of TMZ-resistant LN18 cells compared to TMZ single treatment and vehicle control (Figure 6A).
Notably, there was no significant difference in tumor size between vehicle control and TMZ single
treatment groups (Figure 6B), while the combination of pacritinib and TMZ appeared to produce the
most significant inhibitory effect on tumor progression (right panel, Figure 6B). In support, tumor
samples harvested from the combination of pacritinib and TMZ showed the lowest level of STAT3,
Sox2, PDCD4, and miR-21-5p and an increased level of GFAP (Figure 6C). Microglial cells isolated from
the single pacritinib treatment and the combination of pacritinib and TMZ groups also demonstrated
a significantly reduced CD206 mRNA level and an increased TNF-α level (Figure 6D). The overall
median survival was significantly increased in each treatment group compared with vehicle control
(Figure 6E). Median survival was 19 days for vehicle control, 24 days for TMZ (p = 0.024, compared with
control ), 26.5 days for pacritinib (p = 0.0098, compared with control ), and 32.5 day for combination of
pacritinib and TMZ (p = 0.0006, compared with control, p = 0.0092, compared with TMZ, p = 0.0219,
compared with pacritinib) (Figure 6F).

Figure 6. In vivo evaluation of pacritinib for treating GBM and reducing M2 GAMs in TMZ-resistant
LN18 bearing mice. (A) Immunohistochemical staining in TMZ-resistant LN18-bearing mice showed
that treatment in the pacritinib group and pacritinib/TMZ combination group suppressed tumorigenesis.
(B) The tumor size showed that the significantly reduced tumor size in the pacritinib group and the
combination of pacritinib and TMZ group led to the most significantly reduced tumor size. NS,
statistically nonsignificant. (C) Comparative real-time PCR analyses showed the reduced mRNA level
of STAT3, Sox2, PDCD4, and miR-21-5p and the increased GFAP expression in the pacritinib group and
pacritinib/TMZ combination group (lane 1, control; lane 2, TMZ alone; lane 3, pacritinib alone; lane
4, pacritinib/TMZ combination). (D) M2 GAMs from tumor samples showed a significantly reduced
CD206 (M2 marker) mRNA level (lane 3, pacritinib alone; lane 4, pacritinib/TMZ combination) and an
increase in TNF-α (lanes 3 and 4). (E) Kaplan–Meier survival curve and (F) statistical comparisons
showed increased median overall survival in TMZ, pacritinib, and pacritinib/TMZ combination groups.
Scale lengths = 50 μm, * p < 0.05; ** p < 0.01; *** p < 0.001.
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4. Discussion

Despite advances in therapeutics development over the past decade, GBM remains challenging
to treat due to its heterogeneity and malignant nature. The tumor microenvironment plays a crucial
role in promoting GBM tumorigenesis. GAMs have been shown to be one of the key players in
the GBM microenvironment. We first demonstrated that clinical samples of GAMs promoted GBM
tumorigenesis. For instance, U87MG and LN18 GBM cells cocultured with clinical M2 GAMs showed
increased colony-forming and tumor-sphere-generating abilities in association with increased stemness
markers Sox2, STAT3, Wnt, and Nestin in the GBM cells. Accumulating evidence has supported
the observations where GAMs induced epithelial–mesenchymal transition (EMT) in GBM cells and
subsequently generated properties of GSCs [19]. In addition, our observations were in agreement with
previous studies, where interactions between GBM and GAMs increased CD133+ GSCs and malignant
phenotypes [20,21]. GAM-mediated GBM-promoting effects were through different communicating
molecules such as M2 cytokines (IL-6, VEGF, and TGF-β1) [2]. Here, we showed that the presence
of GAMs promoted GBM tumorigenesis and stemness not only via the cytokines but also through
the aid of exosomes. More specifically, we found that GBM cells incubated with exosomes derived
from GAMs exhibited enhanced ability in colony and tumor sphere formation; more importantly,
exosome-incubated GBM cells became more resistant against TMZ. Emerging evidence indicates the
functional roles of exosomes in GBM tumorigenesis. A recent study showed that exosomes secreted from
GBM cells promoted the oncogenic transformation of astrocytes in the tumor microenvironment [22].
This observation complements the results of our study, which demonstrated intimate communication
between the tumor microenvironment and tumor cells via the exchange of exosomes.

We performed an array analysis on the exosomes secreted by GAMs and found that the
most abundant microRNA species was miR-21. Notably, a recent review points out that miR-21
plays a pivotal role in GBM pathogenesis, where miR-21 functions through the modulation of
the insulin-like-growth-factor-associated signaling pathway, RECK, and TIMP3 to promote GBM
tumorigenesis [23]. Our results provided an added feature of miR-21 in GBM tumorigenesis, where
miR-21 was enriched in the exosomes secreted by GAMs. It is very plausible that GAM-derived
miR-21-enriched exosomes were incorporated into GBM cells and executed their tumor-promoting
functions. It has been well demonstrated that the transfer and uptake of exosomes between donor and
recipient cells represents one of the major routes for intercellular communications in many diseases,
including cancer [24]. We provided support that increased miR-21-5p in GBM cells by miR-21-5p
mimic molecules resulted in similar tumorigenic and stemness properties in GBM cells cocultured with
GAM-derived exosomes; the reduction of miR-21-5p significantly reduced the tumorigenic properties
in both GBM cell lines. Furthermore, GBM cells transfected with miR-21-5p inhibitor showed a
significantly reduced ability to generate M2 GAMs, based on our coculture experiments; this was
attributed to the decreased secretion of M2 cytokines such as IL-6 and VEGF by miR-21-5p-silenced
GBM cells and an increased secretion of TNF-α, an M1 marker. More importantly, we provided
evidence that miR-21-5p targets PDCD4, a tumor suppressor in both GBM cell lines. PDCD4 has
been shown to be frequently suppressed in GBM cells and is associated with poor prognosis [25,26].
In agreement with our results, a previous study also demonstrated that PDCD4 was targeted by miR-21
in GBM [27].

According to our experimental results, miR-416a ranks as the second-most abundant microRNA
species in the GAM-secreted exosomes. It has been shown that miR-416a plays a key role in the
progression of malignant melanoma via the activation of notch signaling [28]. The activation of notch
signaling has also been shown to be responsible for the generation of GSCs [29,30]. The fact that miR-21
and miR-416a, two powerful oncogenic microRNA molecules, were enriched in the GAM exosomes
further supports our notion that GAMs play a key contributing role in GBM malignancy and should be
targeted in treatment design. Currently, the role of exosomal miR-416a in GBM tumorigenesis is under
intense investigation in our laboratory.
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Since targeting microRNA for therapeutic purposes still remains challenging, miR-21-5p represents
a potential therapeutic target. Thus, we evaluated the feasibility of using a small-molecule agent
which may indirectly increase the miR-21 level to convey therapeutic functions in GBM. STAT3
signaling has been shown to be important in GBM tumorigenesis as well as linked to the expression
of miR-21 [17,31,32]. Based on these premises, we evaluated pacritinib, a recent FDA-approved
inhibitor of STAT3/JAK2 signaling for treating myelofibrosis [33,34]. We found pacritinib treatment
suppressed cell viability and colony/tumor sphere formation in association with decreased expression
of STAT3, Sox2, PDCD4, and miR-21-5p and increased GFAP expression. Equally important, GAMs
cocultured with pacritinib-treated U87MG and LN18 GBM cells showed a significantly reduced
M2 marker (CD206) and increased M1 marker (TNF-α), strongly suggesting pacritinib not only
suppressed GBM tumorigenesis but also affected GAM polarization. These tumor inhibitory and
tumor microenvironment normalizing effects of pacritinib could be attributed to the suppression of
STAT3/JAK2 signaling. Our observations were supported by a recent report that the inhibition of the
JAK/STAT3 pathway resulted in disrupted intercellular communications between microglia and GBM
cells [35] and pronounced anti-GBM effects [36,37]. In addition, we found that pacritinib treatment
was able to suppress the number of miR-21-enriched exosomes secreted by GAMs.

Finally, we provided support for combining pacritinib with TMZ using a TMZ-resistant GBM
mouse model. A single treatment of pacritinib was sufficient to suppress GBM growth, while the
combination of pacritinib and TMZ exerted the most significant inhibitory effect. Several studies have
demonstrated the benefit of using a STAT3 inhibitor to overcome TMZ resistance [38,39]. Notably, one
report showed that STAT3 inhibitor treatment promoted the infiltration of tumoricidal lymphocytes [40].
Another study also lends support to our results, where the sequential combination of STAT3 inhibition
and TMZ led to the induction of GBM apoptosis with an increased level of miR-21 [41]. This
is consistent with another previous study that combined treatment with pacritinib and TMZ to
dramatically reduce the activity of the JAK2/STAT3 pathway. This highlights the potential for pacritinib
to be a useful adjuvant therapy with the standard-of-care TMZ. Additionally, pacritinib could be used
as a salvage therapy for patients with a TMZ-resistant recurrent disease, as STAT3 inhibition sensitizes
TMZ-resistant, patient-derived brain-tumor-initiating cell (BTIC) cultures [42].

5. Conclusions

In conclusion, as shown in the scheme in Figure 7, we have provided translational evidence that
miR-21-enriched GAM-derived exosomes contribute to GBM malignancy via increasing stemness.
The feasibility of using pacritinib to modulate STAT3/miR-21/PDCD4 signaling was demonstrated using
both in vitro and in vivo GBM models. Further investigation is warranted for conducting potential
clinical trials for GBM patients experiencing TMZ resistance.
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Figure 7. GAMs in the tumor microenvironment promote the survival of GBM cells via miR-21-enriched
extracellular microvesicles (EVs). Mir-21 targets and suppresses the expression of tumor suppressor
PDCD4 in GBM cells, leading to the elevated STAT3/Akt signaling. In turn, GBM cells secrete
inflammatory cytokines TGF-β1 and IL-6 and promote M2 polarization. Pacritinib (STAT3 inhibitor)
treatment suppresses GBM tumorigenesis by inhibiting STAT3 signaling and reducing M2 polarization
of GAMs.

6. Ethics Approval and Consent to Participate

Clinical samples were collected from Taipei Medical University (Taipei, Taiwan). All enrolled
patients gave written informed consent for their tissues to be used for scientific research. The study
was approved by the IRB of the Taipei Medical University (IRB: N201801070 and N201602060),
consistent with the recommendations of the Declaration of Helsinki for biomedical research (Taipei
Medical University (Taipei, Taiwan) and following standard institutional protocol for human research.
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Abstract: Cavernous sinus (CS) invasion is an aggressive behavior exhibited by pituitary
neuroendocrine tumors (PitNETs). The cause of CS invasion in PitNETs has not been fully elucidated.
The tumor immune microenvironment, known to promote aggressive behavior in various types of
tumors, has not been examined for PitNETs. Vascular endothelial growth factor (VEGF)/VEGF receptor
(VEGFR) signaling is strongly associated with the tumor immune microenvironment. In the present
study, these molecular and histopathological characteristics were examined in invasive non-functional
PitNETs (NF-PitNETs). Twenty-seven patients with newly diagnosed NF-PitNETs (with CS invasion:
17, without CS invasion: 10) were analyzed by immunohistochemistry for VEGF-A/VEGFR1 and 2,
hypoxia-inducible Factor (HIF), tumor-infiltrating lymphocytes, immunosuppressive cells including
regulatory T cells (Tregs) and tumor-associated macrophages (TAMs), and immune checkpoint
molecules. Previously validated tumor proliferation markers including mitotic count, Ki-67 index,
and p53 were also analyzed for their expressions in NF-PitNETs. VEGF-A and VEGFR1 were
expressed on not only vascular endothelial cells, but also on tumor cells. The expressions of VEGF-A
and VEGFR1 were significantly higher in NF-PitNETs with CS invasion. The number of TAMs
and the expression of PD-L1 were also significantly higher in NF-PitNETs with CS invasion than
in NF-PitNETs without CS invasion. The high expression of VEGF-A and VEGFR1 and associated
immunosuppressive microenvironment were observed in NF-PitNETs with CS invasion, suggesting
that a novel targeted therapy can be applied.

Keywords: pituitary neuroendocrine tumors; VEGF; Treg; TAM; PD-1; PD-L1

1. Introduction

Pituitary neuroendocrine tumors (PitNETs) are common intracranial tumors that arise from the
pituitary gland [1]. In recent years, the development of transnasal endoscopic surgery has improved
the surgical outcomes in patients with PitNETs. However, PitNETs often invade into the surrounding
cavernous sinus (CS), making them difficult to remove entirely. Although radiation therapy including
gamma knife is performed for residual tumors [2], it is onerous to protect essential structures including
the optic nerve and internal carotid artery around the sella turcica.

The vascular endothelial growth factor (VEGF)/VEGF receptor (VEGFR) signaling is a potent
activator of angiogenesis that is known to correlate with disease progression and hemorrhage in
PitNETs [3,4]. The difference in the status of VEGF/VEGFR signaling remains controversial. Niveiro
et al. [3] demonstrated that the lowest protein level of VEGF-A was detected in prolactin-secreting
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PitNETs and the highest levels were detected in non-functional PitNETs (NF-PitNETs). In contrast,
Cristina et al. [4] demonstrated that higher expressions of VEGF-A and VEGFR1 were observed in
prolactin-secreting PitNETs than in NF-PitNETs.

Recently, the significance of the programmed cell death-1 (PD-1)/programmed cell death ligand-1
(PD-L1) immune checkpoint system in various types of tumors has received attention [5,6]. Anti-PD-1
and PD-L1 antibodies exerted a highly potent effect in the inhibition of tumor growth in melanoma,
non-small lung cancer, and kidney cancer [7,8]. Among immune cell types of note, M2 macrophages
produce growth factors and anti-inflammatory cytokines to suppress the host immune response [9–11].
Tumor-associated macrophages (TAMs) typically behave as M2 macrophages in the tumor immune
microenvironment to induce immunosuppression [12–14]. Regulatory T cells (Tregs) also exert
immunosuppression, resulting in the failure of cancer immunotherapy [15,16]. High Foxp3(+) Tregs
infiltration was significantly associated with shorter overall survival in most patients with solid tumors
including melanomas and cervical, renal, and breast cancers [17]. VEGF-A plays a pivotal role in
the development of these immunosuppressive microenvironments by inhibiting the maturation of
dendritic cells and stimulating the proliferation of Tregs [18,19]. However, these immunosuppressive
microenvironments have not been fully elucidated in PitNETs.

In the present study, VEGF-A/VEGFRs expressions, the tumor immune microenvironment,
and their cross interaction were evaluated, leading to the development of novel treatment strategies
for patients with NF-PitNETs.

2. Materials and Methods

This research was approved by the Institutional Review Board of our institute (Reference number:
20050002). Written informed consent was obtained from all patients.

2.1. Study Population

From April 2011 to October 2017, a total of 27 patients with newly diagnosed NF-PitNETs were
analyzed in the present study. All patients received neurosurgical procedures, for mass reduction or
diagnostic biopsy, and did not receive radiochemotherapy before the operations.

2.2. Immunohistochemical Analysis

Histopathological analyses were performed on 3 μm sections of formalin-fixed paraffin-embedded
sections of 27 tumors from 27 patients with newly diagnosed NF-PitNETs that were determined on
the basis of the hormonal status in the peripheral blood. NF-PitNETs are usually soft and easy to
remove via aspiration. A small amount of tissue was used for pathology assessment. In the present
study, a large size of tissue was selected because the multiple, most vascularized regions (hot spots)
should be screened for regionally averaged positive cell counts. Mitotic activity was assessed using
hematoxylin and eosin (H&E) staining. Immunohistochemistry was performed according to standard
procedures [20]. After tissue sections were deparaffinized and rehydrated, antigen retrieval was
performed in citrate buffer (Ki-67, p53, VEGFR1, CD34, Foxp3, CD163, CD3, CD4, and PD-1), or in Tris
buffer (pH 9 for VEGF-A, VEGFR2, CD8, HIF-1α, and PD-L1) using microwave irradiation or autoclave
(HIF-1α and PD-L1). The sections were blocked for 60 min in 2.5% horse serum (ImmPRESSTM
Detection Systems, Vectorlabs, CA, USA). The sections were incubated overnight at 4 °C with anti-Ki-67
antibody (1:200, M7249, DAKO), anti-p53 monoclonal antibody (1:100, DO-7, DAKO), anti-VEGF-A
antibody (1:200, JH121, Merck Millipore), anti-VEGFR1 antibody (1:200, AF321, R&D SYSTEMS),
anti-VEGFR2 antibody (1:600, 55B11, Cell Signaling Technology), anti-CD34 antibody (1:100,°C F1604,
Nichirei Biosciences Inc.), anti-Foxp3 antibody (1:100, ab54501, Abcam), anti-CD163 antibody (1:100,
ab87099, Abcam), anti-CD3 antibody (1:100, ab5690, Abcam), anti-CD4 antibody (1:200, 1F6, Nichirei
Bioscience Inc.), anti-CD8 antibody (1:50, ab17147, Abcam), anti-hypoxia-inducible factor-1α (HIF-1α)
antibody (1:100, H-206, Santa Cruz Biotechnology), anti-PD-1 antibody (1:50, NAT105, Abcam),
and anti-PD-L1 antibody (1:500, 28-8, Abcam), then incubated with anti-mouse, anti-rabbit, or anti-goat
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Ig secondary antibody (ImmPRESSTM Detection Systems, Vectorlabs) for 60 min at room temperature.
The products were visualized with a peroxidase-diaminobenzidine reaction.

For the assessment of Ki-67 index, manual counting of 1000 tumor cells was routinely done at a
high-power field (HPF: ×40) [21]. The positivity of VEGF-A staining in the tumor cytoplasm or stroma
was assessed as the following: ++, diffuse intense staining; +, diffuse faint staining; −, negative staining.
The staining positivity of VEGFR1 and VEGFR2 on endothelial cells was assessed as the following: +,
staining in vascular endothelial cells; −, negative staining. For the assessment of microvessel density
(MVD), the tissue sections were screened at low-power fields (×4), and the three most vascularized
regions (hot spots) were selected for each region. The counting of microvessels was performed on these
regions at HPFs (×20, 0.95 mm2). HIF-1α expression was assessed as the following: ++, expression in
>10% of tumor cells; +, expression in ≤10% of tumor cells; −, negative staining [22]. For the assessment
of density of Foxp3, CD163, CD4, and CD8 (+) cells, the tissue sections were screened using each
immunohistochemistry at the low-power fields (×4), and three hot spots were selected. Counting of
the positive cells was performed in these areas at the HPFs (×40, 0.47 mm2). PD-L1 expression was
assessed as the following: 3+, expression in ≥50% of tumor cells; 2+, expression in ≥5% and <50% of
tumor cells; 1+, expression in ≥1% and <5% of tumor cells; 0, expression in <1% of tumor cells [23].
Both histopathological reviewing and scoring were independently performed with blinded clinical
information by three authors (MS, RT, and YM).

The specificity of immunohistochemistry was checked using negative and positive controls.
For negative controls, paraffin sections were incubated with non-immune mouse, rabbit, and goat
IgG at the same concentration used for each antibody. Sections from glioblastomas were used as the
positive controls for each antibody (Figure S1).

2.3. Radiographical Analysis

The existence of CS invasion was evaluated by gadolinium (Gd)-enhanced T1-weighted
images. We classified NF-PitNETs into two types: NF-PitNETs with CS invasion and NF-PitNETs
without CS invasion. Cystic formation and hemorrhage components were evaluated using T1- or
T2-weighted images. Tumor size was volumetrically measured via Gd-enhanced imaging, as previously
described [20].

2.4. Statistical Analysis

Student’s t-test was used for the quantitative analysis of Ki-67, mitotic count, Foxp 3, CD 163,
PD-1, CD 4, and CD 8 (+) cells and the ratio of Foxp3 (+) cells to CD8 (+) cells in the CS (+) group
and the CS (−) group. For the scores of VEGF-A, VEGFR1, VEGFR2, HIF-1α, and p53 the chi-squared
test was used. PD-L1 expression on tumor cells was scored according to the percentage of PD-L1
positive cells (score 0–4). Therefore, nonparametric analysis of Mann-Whitney U-test was used to
test the immunostaining raw scores of PD-L1 expression between the two groups, considering that
the analytical immunohistochemistry scores were not normally distributed. All statistical analyses
were performed using IBM SPSS statistics (IBM Corp., Armonk, NY, USA). A p-value of <0.05 was
considered statistically significant.

3. Results

3.1. Patients’ Characteristics

Characteristics of 27 patients with newly diagnosed NF-PitNETs are summarized in Table 1.
The patients were categorized into a CS (+) group (n = 17) and a CS (−) group (n = 10) (Figure 1,
Table 1). The average age of patients with NF-PitNETs exhibiting CS invasion was higher than in
those without CS invasion (p = 0.0030). There was no significant difference in terms of sex in both
groups (p = 0.45). Tumor volume was significantly higher in the CS (+) group than in the CS (−)
group (p = 0.0011). However, some NF-PitNETs easily invade into the CS despite their small tumor
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size. There were no significant differences between the two groups in cystic formation (p = 0.78) and
hemorrhagic component (p = 0.89).

Table 1. Patient characteristics and results.

CS Invasion (+) CS Invasion (−) p Value

Number 17 10 -

Age (years old) 66.06 (37–85) 49.45 (32–76) 0.0030

Sex Male: 6, Female: 11 Male: 5, Female: 5 0.45

Cystic formation 6 3 0.78

Hemorrhagic component 2 1 0.89

Tumor volume (cm3) 27.75 ± 22.33 7.16 ± 7.23 0.0011

Ki-67 index <1%: 17 <1%: 10 -

Mitotic count
0/10HPF: 13
1/10HPF: 3
2/10HPF: 1

0/10HPF: 9
1/10HPF: 1 0.38

p53 IHC positive 0 0 -

VEGF-A expression ++: 6
+ or −: 11

++: 0
+ or −: 10 0.033

VEGFR1 expression +: 12
−: 5

+: 3
−: 7 0.040

CD163
expression 7.70 ± 10.9 2.60 ± 3.53 0.046

CS: cavernous sinus, IHC: immunohistochemistry, VEGF: vascular endothelial growth factor, VEGFR: vascular
endothelial growth factor receptor.

3.2. Histological Analysis

No significant differences were observed in mitotic count between the two groups (p = 0.38)
(Figure 1, Table 1). Ki-67 index was <1%, and p53 was immunonegative in all patients (Figure 1,
Table 1).

3.3. Expressions of VEGF-Related Molecules and MVD

Expressions of VEGF-A and VEGFR1 were significantly higher in the CS (+) group than in the
CS (−) group (VEGF-A: p = 0.033, VEGFR1: p = 0.04) (Figure 2). VEGFR2 expression showed no
significant difference between the two groups (p = 0.28). VEGF-A and VEGFR1 were expressed on not
only endothelial cells, but also on tumor cells. MVD showed no significant difference between the two
groups (p = 0.42; Figure 2), and the average of all cases in both groups, 24.9/3HPF, was equivalent to
that of other central nervous tumors with high vasculatures, previously described [19]. Expression of
HIF-1α showed no significant difference between the two groups (p = 0.88; Figure 2).
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Figure 1. Analysis of classical histological atypical features for invasive non-functional pituitary
neuroendocrine tumors (NF-PitNETs). The existence of CS invasion was evaluated by gadolinium
(Gd)-enhanced T1-weighted images. There were no significant differences in Ki-67 and p53 expression
or mitotic count between NF-PitNETs with CS invasion and NF-PitNETs without CS invasion (Ki-67
and mitotic count, student’s t-test; p53, chi-squared test). Black arrow: tumor cell showing positive
Ki-67 expression (Original magnification, ×20).
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Figure 2. Expressions of VEGF-A related molecules in NF-PitNETs. Immunohistochemical analysis
of VEGF-A, VEGFR1, VEGFR2, CD34, and HIF-1. Typical examples of each staining are shown in
both groups. Black arrow: tumor cells showing positive VEGFR1 expression. V: vascular structure
(original magnification, ×20). Statistical analysis of each staining is shown. Expressions of VEGF-A
and VEGFR1 are significantly higher in the CS (+) group than in the CS (−) group (VEGF-A: p = 0.033,
VEGFR1: p = 0.040). Expressions of VEGFR2 and HIF-1α do not reach statistical significance (VEGFR2:
p = 0.28, HIF1-α: p = 0.88). MVD shows no significant difference between the two groups (p = 0.42).
Data represent the mean± standard error of mean (VEGF-A, VEGFR1, VEGFR2 and HIF-1α, chi-squared
test; MVD, student’s t-test).

3.4. Tumor-Infiltrating Immune Cells

The number of CD8 (+) lymphocytes tended to be higher in the CS (+) group than in the CS (−)
group, but the difference is not statistically significant (10.81 vs. 2.9, p = 0.052; Figure 3). The number
of CD4 (+) lymphocytes showed no significant difference between the two groups (6.94 vs. 4.89,
p = 0.28; Figure 3). The number of immunosuppressive CD163 (+) cells was significantly higher in
the CS (+) group than in the CS (−) group (7.7 vs. 2.6, p = 0.046; Figure 4). Although the number of
immunosuppressive Foxp3 (+) cells showed no significant difference between the two groups (0.5 vs.
0.4, p = 0.39; Figure 4), Foxp3/CD8 ratio was significantly higher in the CS (+) group than in the CS (−)
group (25.87 vs. 7.25, p = 0.0059; Figure 4).
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Figure 3. Analysis of tumor-infiltrating lymphocytes. Immunohistochemical analysis of CD8 and CD4
(Original magnification, ×20). Typical examples of each staining are shown in both groups. Statistical
analysis of each staining is shown. The number of CD8 (+) lymphocytes tends to be higher in the
CS (+) group than in the CS (−) group, but the difference is not statistically significant (p = 0.052).
The number of CD4 (+) lymphocytes shows no significant difference between the two groups (p = 0.28).
Data represent the mean ± standard error of mean (CD4 and CD8, student’s t-test).

 

 

 

 

 

 

 

Figure 4. Analysis of immunosuppressive cells and immune checkpoint molecules. Immunohistochemical
analysis of CD163, Foxp3, PD-1, and PD-L1 (Original magnification,×20). Typical examples of each staining
are shown in both groups. Black arrow: tumor cell showing positive Foxp3 expression. The number of
CD163 (+) tumor-associated macrophages (TAMs) and Foxp3/CD8 ratio are significantly higher in the CS
(+) group than in the CS (−) group (CD163: p = 0.046, Foxp3/CD8: p = 0.0059). The score of PD-L1 tends to
be higher in the CS (+) group than in the CS (−) group (p = 0.050). Expressions of Foxp3 and PD-1 do not
reach statistical significance (Foxp3: p = 0.39, PD-1: p = 0.39). Data represent the mean ± standard error of
mean (CD163, Foxp3, PD-1 and Foxp3/CD8 ratio, student’s t-test; PD-L1, Mann-Whitney U test).
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3.5. Immune Checkpoint Molecules

The expression of PD-L1 was observed on cell membrane and in the cytoplasm of tumor cells
(Figure 4). The endothelial cells were also occasionally immunopositive for PD-L1. In the CS (+) group,
the PD-L1 score was 2 or 3 in eight patients, and 0 or 1 in nine of the 17 patients. In contrast, in the CS
(−) group, the PD-L1 score was 2 or 3 in one patient, and 0 or 2 in nine of the 10 patients. The score
tended to be higher in the CS (+) group than in the CS (−) group, but the difference is not statistically
significant (p = 0.050; Figure 4). There were no significant differences in PD-1 (+) cells between the two
groups (0.61 vs. 0.50, p = 0.39).

4. Discussion

CS invasion is a commonly demonstrated aggressive behavior exhibited by PitNETs [24–26],
and this property has been recommended to describe aggressive PitNETs in the revised 2017 World
Health Organization (WHO) classification [1]. Recently, Rutkowski et al. [27] re-emphasized the
importance of classical histological characteristics. They demonstrated that mitotic activity, extensive
p53 staining, and Ki-67 index were associated with poor prognosis [27]. However, in the present study,
these classical histological characteristics did not show a correlation with CS invasion.

In contrast, our data suggested that VEGF-A/VEGFR1 expressions could be associated with
CS invasion. The relationship between the expressions of VEGF-A/VEGFR1 and the prognosis of
PitNETs has been previously discussed [28,29]. VEGF-A and VEGFR1 are known to contribute to the
tumor cell growth of PitNETs [28,30,31]. Some studies have demonstrated that VEGFR2 is widely
expressed in NF-PitNETs, with aggressive behavior such as suprasellar extension in NF-PitNETs [3,32].
MVD, characterized by CD31 immunopositivity and VEGF-A expression, reflected poor prognosis of
NF-PitNETs [4]. Our findings corroborate with the findings of these studies. Importantly, VEGF-A
and VEGFR1 were expressed on not only endothelial cells, but also on tumor cells, which have
been previously confirmed using PitNETs cell line HP75 [33,34]. Tumor cells expressing VEGFR1
themselves release VEGF-A, and an autocrine regulatory function for VEGF in tumor growth in PitNETs
is plausible.

Xiao et al. demonstrated rapid and hemorrhagic transformation in PitNETs via the HIF-1α
hypoxic signaling pathway [35]. Interestingly, there was no significant correlation in the expression
levels of HIF-1α and VEGF mRNA in PitNETs, although VEGF-A is mainly induced by HIF-1α [35].
RSUME, a small RWD-domain containing protein, was reported to play an important role in tumor
neovascularization by regulating VEGF-A production in PitNETs [36–39]. The lack of correlation
between VEGF-A and HIF-1α observed in the present study was in accordance with previous
observations [35]. It is noteworthy that Barbagallo et al. [40] demonstrated that circSMARCA5,
which acts as circular RNA for the splicing factor Serine and Arginine Rich Splicing Factor 1 SRSF1 in
glioblastomas, is an upstream regulator of VEGF-A. Other regulators, such as circSMARCA5, might be
involved in the VEGF-A expression of PitNETs.

Other aggressive characteristics, such as cystic change, were previously correlated with
upregulated VEGF-A [29]. However, controversy exists over the relationship between hemorrhagic
change and VEGF-A expression [29,41]. VEGF-A was not associated with cystic or hemorrhagic change
in the present study. The cause for the discrepancy in the status of cystic and hemorrhage change
between previous relevant studies and this study remains unclear. It could be attributed to the small
sample size, highly heterogeneous PitNETs, and the difference between the analytical methods of
immunohistochemistry and quantitative analysis (RT-PCR and western blot). Although VEGF-A is
widely considered as a marker of poor prognosis in PitNETs, Takada et al. could not find significant
correlations between vascularity and other clinical and endocrinological parameters, suggesting that
angiogenesis is not essential for growth or invasiveness of PitNETs [42]. Further analysis using a large
number of patients might elucidate the role of VEGF-A in PitNETs.

There is a lack of studies related to the tumor microenvironment of PitNETs. PD-L1
RNA and protein expression were significantly increased in recurrent functioning (growth
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hormone and prolactin-expressing) PitNETs compared with in NF-PitNETs (null cell and silent
gonadotroph). Tumor infiltrating CD8 (+) lymphocytes were positively correlated with increased
PD-L1 expression [43,44]. In the present study, most NF-PitNETs without CS invasion showed low
PD-L1 expression score and low CD8 (+) lymphocyte count, which was compatible with previous
studies [43,44]. However, some NF-PitNETs with CS invasion demonstrated a high PD-L1 expression
score and a high number of CD8 (+) lymphocyte counts. Interestingly, PD-1/PD-L1 expressions are
known to be associated with VEGF-A exposure [45,46].

Tumor size in NF-PitNETs is positively correlated with the number of CD68+macrophages [47].
Macrophages express different functional programs in response to microenvironmental signals, which is
defined as M1/M2 polarization [48]. CD68 antigen is expressed on both M1 and M2 macrophages,
and CD163 is a specific marker for M2 macrophages [48]. Although the number of CD163 + M2
macrophages (TAMs) was not associated with the tumor volume, TAMs were associated with CS
invasion in the present study. TAMs produce matrix metalloproteinase (MMP)-9 [48] that might promote
the invasive behavior of PitNETs. Furthermore, VEGF-A is known to promote the immunosuppressive
microenvironment [49], as well as the migration and differentiation of TAMs from immature myeloid
cells [50,51].

Upregulation of VEGF-A induces VEGFR-2-expressing Tregs and also promotes their recruitment
to the tumor microenvironment via over-expression of chemokine—chemokine ligand 28 by tumor
cells [52]. Foxp3/CD8 ratio are known to correlate with the immunosuppressive microenvironment [46,
53]. In the present study, the Foxp3/CD8 ratio was strongly associated with CS invasion, which might
serve as a new biomarker of invasive NF-PitNETs.

The results obtained in the present study suggest that VEGF-A/VEGFR1 expression can be a
treatment target. Blocking VEGF-A can regulate immunosuppressive cells such as TAMs. However,
PitNETS with high PD-L1 expression deserve special attention as they correlate to poor outcomes of
certain chemo- and immunotherapies [45,54–57].

A limitation of this study was the paucity of the number of patients. Other invasive markers
such as MMP-9 and -14 were previously correlated with the hemorrhage and invasive behavior of
PitNETs [41,58]. Future studies should analyze the role of these MMPs in a large number of patients to
confirm the findings of this study. In addition, NF-PitNETs are morphologically heterogeneous. The new
classification by WHO in 2017 was based on hormone immunohistochemistry and pituitary transcription
factors. Although gonadotroph adenoma is the most common subtype among non-functional
adenomas [1,59], some cases with thyroid stimulating hormone (TSH), growth hormone (GH),
adrenocorticotropic hormone (ACTH), or prolactin (PRL) stainings behave as silent adenomas with no
secretion [1]. The relationship between VEGF/VEGFR signaling, tumor microenvironment, and the
above-mentioned hormonal and transcriptional characteristics should be investigated in future studies.

5. Conclusions

The high expressions of VEGF-A and VEGFR1 were observed in NF-PitNETs with CS invasion.
Immunosuppressive microenvironments including TAMs and immune checkpoint molecules, which are
induced by VEGF-A, were also associated with NF-PitNETs with CS invasion.
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Abstract: High-grade gliomas (HGGs) carry a dismal prognosis despite current treatments.
We previously confirmed the safety and immunogenicity of a vaccine treatment targeting tumor
angiogenesis with synthetic peptides, for vascular endothelial growth factor receptor (VEGFR)
epitopes in recurrent HGG patients. In this study, we evaluated a novel vaccine therapy targeting
not only tumor vasculature but also tumor cells, using multiple glioma oncoantigen (GOA)/glioma
angiogenesis-associated antigen (GAAA) peptides in HLA-A2402+ recurrent/progressive HGG
patients. The vaccine included peptide epitopes from four GOAs (LY6K, DEPDC1, KIF20A,
and FOXM1) and two GAAAs (VEGFR1 and VEGFR2). Ten patients received subcutaneous
vaccinations. The primary endpoint was the safety of the treatment. T-lymphocyte responses against
GOA/GAAA epitopes and treatment response were evaluated secondarily. The treatment was well
tolerated without any severe systemic adverse events. The vaccinations induced immunoreactivity
to at least three vaccine-targeted GOA/GAAA in all six evaluable patients. The median overall
survival time in all patients was 9.2 months. Five achieved progression-free status lasting at least
six months. Two recurrent glioblastoma patients demonstrated stable disease. One patient with
anaplastic oligoastrocytoma achieved complete response nine months after the vaccination. Taken
together, this regimen was well tolerated and induced robust GOA/GAAA-specific T-lymphocyte
responses in recurrent/progressive HGG patients.

Keywords: vaccine therapy; oncoantigen; tumor associate antigen; tumor angiogenesis; high-grade glioma

1. Introduction

High-grade gliomas (HGGs) carry a dismal prognosis despite current treatments [1–4]. Options
are particularly limited for patients with recurrent HGGs so new therapies are needed. Cancer vaccines
are promising in this regard, designed to induce systemic immunity against antigens overexpressed by
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tumor cells and other components in the tumor microenvironment. Pilot clinical trials by us and others
have exhibited the safety and potential efficacy of cytotoxic T lymphocyte (CTL) epitope peptide-based
vaccinations for patients with HGGs [5–11].

Although cancer vaccines have been anticipated as a promising modality to treat cancer, recent
reports indicated several mechanisms in tumor tissues that protect cancer cells from immune
attacks [12]. For example, the limitation of the antitumor effects of CTLs was explained by inter-
and intra-tumoral heterogeneity; a subset of tumor cells revealed downregulation, or loss of expression
of human leukocyte antigen (HLA), or targeted antigen proteins [13,14]. To overcome the suppression
of CTL antitumor effects, which occur due to tumor cell heterogeneity, we previously focused on a
peptide vaccine targeting the tumor vasculature in the tumor microenvironment and demonstrated
the safety and immunogenicity of vaccination with synthetic peptides for vascular endothelial growth
factor receptor (VEGFR) epitopes in recurrent HGG patients [11].

Targeting of multiple glioma antigen epitopes also helps to address the issue of inter- and
intra-tumoral heterogeneity of glioma cells. Furthermore, “oncoantigens” are ideal targets for a cancer
vaccine [15–21] as they are essential for cell growth, and the probability of immune escape of cancer
cells by reducing or lacking these proteins is expected to be low [22]. Therefore, this clinical trial
was based on the use of HLA-A2402–restricted CTL epitopes derived from four glioma oncoantigens
(GOAs) that we and others observed to be highly expressed in HGGs [23–26]: Lymphocyte antigen 6
family member K (LY6K), DEP domain containing 1 (DEPDC1), kinesin family member 20A (KIF20A),
and forkhead box M1 (FOXM1)—in addition to two glioma angiogenesis-associated antigen (GAAAs):
VEGFR1 and VEGFR2 [27,28].

To the best of our knowledge, this is the first study to evaluate a glioma vaccine therapy targeting
tumor vasculature, as well as tumor cells with multiple glioma antigen epitope peptides derived
from glioma cell-expressed oncoantigens and glioma angiogenesis factors. The primary objectives
were to assess the tolerability of this regimen and its ability to induce GOA/GAAA epitope-specific
immune responses.

2. Materials and Methods

The study protocol was approved by the institutional ethics committee (#20130294).

2.1. Vaccine Therapy Design

This study was a non-randomized, open label clinical trial with cocktail peptide vaccines for
recurrent/progressive HGGs. The primary endpoint of this study was the safety of the peptide vaccine
treatment. Secondary endpoints were the GOA/GAAA epitope–specific immune responses and the
therapeutic outcome of patients treated with this vaccine.

2.2. Patient Eligibility

As we wished to focus on safety and immunoreactivity to the antigens in this vaccine treatment,
we enrolled patients with recurrent/progressive HGG (World Health Organization (WHO) grade III/IV
glioma) including, but not limited to, glioblastoma (grade IV glioma) from April 2014 to November
2016 at Keio University Hospital (Tokyo, Japan)—resulting in a somewhat heterogenous patient cohort.

Inclusion criteria were as follows: (1) histological diagnosis of supratentorial HGG (World
Health Organization (WHO) grade III or IV according to the 2007 WHO criteria) without
multiple lesions or leptomeningeal dissemination; (2) patients were informed about their diagnosis;
(3) HLA-A*2402-positive status; (4) age between 16 and 79 years; (5) Eastern Cooperative Oncology
performance status 0–2; (6) completion of standard treatment (surgical therapy + radiation therapy
+ temozolomide); (7) four-week interval from last chemotherapy or radiotherapy; (8) adequate
bone-marrow, cardiac, pulmonary, and hepatic and renal functions including neutrophil ≥1000/μL,
platelet count ≥50,000/μL, hemoglobin ≥8 g/dL, plasma aspartate aminotransferase and alanine
aminotransferase levels ≤4 times the normal limit, plasma bilirubin levels ≤1.5 times the normal limit,
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plasma albumin levels ≥2.5 g/dL, and plasma creatinine levels ≤2.0 mg/dL; (9) life expectancy
>3 months; (10) signature confirming informed consent. Exclusion criteria were as follows:
(1) uncontrollable infection; (2) the presence of another serious disease such as uncontrolled diabetes,
hepatic disorder, cardiac disease, hemorrhage/bleeding; (3) total parenteral nutrition; (4) multiple
cancers; (5) myelodysplastic syndrome (MDS), MDS/myeloproliferative disease (MPD) and MPD;
(6) allogenic hematopoietic stem cell transplantation; (7) severe immunological disorders (autoimmune
disease, immunosuppression); (8) anaphylaxis to synthetic peptides; (9) concurrent treatment with
steroids or immunosuppressive agents; (10) pregnant or breast-feeding women; (11) severe mental
disorder; (12) unhealed wound; (13) decision of unsuitability by the principal investigator or the
physician in charge.

2.3. Peptides

The peptide vaccine included HLA-A2402-restricted epitopes for four GOAs (LY6K, DEPDC1,
KIF20A, and FOXM1) and two GAAAs (VEGFR1 and VEGFR2). These peptide epitopes have
been previously identified and evaluated for safety and potent immunogenicity in various
cancer patients: a VEGFR1-derived peptide (VEGFR1-1084; SYGVLLWEI) [29], a VEGFR2-derived
peptide (VEGFR2-169; RFVPDGNRI) [30], a LY6K-derived peptide (LY6K-177; RYCNLEGPPI) [31],
a DEPDC1-derived peptide (DEPDC1-294; EYYELFVNI) [16], a KIF20A-derived peptide (KIF20A-66;
KVYLRVRPLL) [32], and a FOXM1-derived peptide (FOXM1-262; IYTWIEDHF) [33]. All GMP-grade
peptides were synthesized by the American Peptide Company (Sunnyvale, CA, USA) according to
a standard solid-phase synthesis method and purified by reversed-phase high-performance liquid
chromatography (HPLC). The purity (>90%) and identity of the peptides were determined by analytical
HPLC and mass spectrometry analysis, respectively.

2.4. Vaccine Preparation and Treatment Protocol

One milligram of each peptide was emulsified in incomplete Freund’s adjuvant (Montanide
ISA-51VG; SEPPIC, Paris, France) and administered subcutaneously close to an axillary or inguinal
lymph node, eight times weekly. Patients demonstrating no clinical or radiological progression without
adverse events had the option of continuing to receive vaccinations at 2-week intervals, for up to
8 months after the initial vaccination.

2.5. Radiologic Response Monitoring and Other Clinical Endpoints

Tumor size was assessed at weeks 9, 17, 25, and 33, then every 3 months thereafter using
magnetic resonance imaging (MRI) with contrast enhancement. Response was evaluated by the
Response Evaluation Criteria in Solid Tumors [34] and Immunotherapy Response Assessment in
Neuro-Oncology [35] by gadolinium-enhanced T1 weighted images on the basis of the appearance of
the pretreatment MRI. Overall survival (OS) was defined by the interval from initial vaccination to
date of death. MRI was used to evaluate tumor progression over time.

2.6. Toxicity Assessment

Toxicity was assessed based on the common terminology criteria for adverse effects version 4.0.
Toxicity was defined as toxicity of grade 4 or greater.

2.7. CTL Responses to Peptide Stimulation

To evaluate the specific CD8+ T-cell response, an enzyme-linked immunosorbent spot (ELISPOT)
assay was performed in six cases using a procedure reported in a prior study [11].
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2.8. Statistical Analysis

Statistical analyses were performed using SPSS 24.0 software (IBM, Chicago, IL, USA). OS curves
were estimated using Kaplan–Meier methodology. Statistical analyses were performed with the
log-rank test and differences were considered statistically significant at p < 0.05.

3. Results

3.1. Demographics and Clinical Characteristics

A total of 10 patients—who were found to be HLA-A2402 positive by DNA typing of HLA
genomic variations—were enrolled in this study. Three patients were initially treated in other hospitals.
Mean age was 44 years old (range, 17–72). Mean follow-up was 16.2 months (range, 3.6–38.1).
Seven of the 10 patients were diagnosed with glioblastoma. Table 1 shows the characteristics of
the 10 enrolled patients.

3.2. Toxicity

No severe adverse events associated with the vaccine were observed. During the vaccination
therapy, skin flare (grade 1) was shown in one patient and induration (grade 1) was shown in five
patients at the injection site. Wound infection (grade 2) and herpes zoster (grade 2) were each found in
a single patient during the observation period and were considered to be unrelated to the vaccination.

3.3. CTL Response

CTL responses were analyzed in six evaluable patients, as shown in Table 2. All six patients
showed specific CTL responses to at least three vaccine-targeted GOA/GAAA epitopes.

Table 2. Cytotoxic T lymphocyte (CTL) responses to target antigens.

Case No. Vaccination LY6K FOXM1 DEPDC1 KIF20A VEGFR1 VEGFR2 Positive Control

1
before − + + + + − +++

2 weeks after +++ +++ +++ + + − +++

2
before − − + + − − +++

2 weeks after +++ +++ +++ + − − +++

3
before − − NT NT − NT +++

2 weeks after + +++ + − + NT +++

4
before − + + − − + +++

2 weeks after +++ +++ +++ + − + +++

5
before − + − − − − +++

2 weeks after +++ +++ +++ + + +++ +++

6
before − + − − − − +++

2 weeks after +++ +++ +++ + + +++ +++

NT, not tested.

3.4. Clinical Outcomes

Although the primary goal of this study was to provide an analysis of safety and immunoreactivity,
preliminary outcome data were obtained (Table 3 and Figure 1). Patients received a mean of 14.2 (range,
8–26) peptide vaccinations. One patient achieved partial response (PR), two patients demonstrated
stable disease, and six patients revealed progressive disease 6 months after the first vaccination
(Table 3). Patient 7 was removed from the study due to rapid tumor progression. Patients 3, 6, and 10
remain progression-free at 18, 38, and 11 months, respectively, after the first vaccination. Among these
patients, Patient 6 achieved compete response (CR) 9 months after the first vaccination. These results
indicate the preliminary efficacy of this treatment.
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Table 3. Clinical results of 10 enrolled patients.

Case No.
Frequency of
Vaccination

Period of
Vaccination (mo)

Evaluation after
3 Months

Evaluation after
6 Months

PFS
(mo)

OS
(mo)

1 18 6.2 PD PD 6.3 8.9
2 11 6.7 PD PD 6.8 18.9
3 26 21.0 SD SD 18.2 34.3
4 12 4.8 PD PD 4.9 9.1
5 8 1.6 PD PD 1.7 8.1
6 20 37.5 PR PR * 38.1 38.1
7 8 1.6 PD Dead 1.9 3.6
8 11 4.6 SD PD 4.7 7.7
9 10 2.1 PD PD 2.9 9.4
10 18 10.8 SD SD 11.0 23.6

Mo, months; OS, overall survival; PD, progressive disease; PFS, progression-free survival; PR, partial response; SD,
stable disease. * Complete response was achieved after 9 months.

(a) 

(b) 

Figure 1. Survival analysis of patients by the Kaplan–Meier method. (a) Overall survival (OS) curve
of all patients (n = 10). The median OS time (mOS) of all patients was 9.2 months and 1-year OS was
44.4%; (b) OS curve of glioblastoma (GB) patients (n = 7). The mOS was 9.1 months and 1-year OS was
33.3% in GB patients.
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The Kaplan–Meier curves for overall survival in all 10 patients and seven glioblastoma (GB)
patients are shown in Figure 1a,b, respectively. The median overall survival time (mOS) in all patients
and GB patients was 9.2 months and 9.1 months, respectively. One-year OS was 44.4% for all patients
and 33.3% for GB patients, respectively.

Five patients were treated with bevacizumab before registration. In this group, 1-year OS
was 0% and mOS was 8.6 months. Otherwise, in GB patients who had not received bevacizumab
before registration, mOS was 23.6 months. Our findings suggest that the GB patients who did not
receive bevacizumab had a longer survival period than those treated with bevacizumab following
a combination of chemotherapy and/or radiotherapy, but no significant differences in OS were
observed—likely due to the small sample numbers.

3.5. A Case of CR following Peptide Vaccination

Patient 6 was a 33-year-old female diagnosed with diffuse astrocytoma (grade 2) four years prior.
Her tumor was enlarged and removed twice, followed by treatment with TMZ and radiation therapy
for the preceding 12 months. The pathological diagnosis was anaplastic oligoastrocytoma (grade 3,
MGMT unmethylated, IDH mutant and no 1p19q codeletion). However, her tumor recurred and could
not be removed as it was located in a functional area (Figure 2a). She was thus enrolled in our study.
Her tumor decreased in size three months after vaccine initiation and disappeared nine months after
enrollment (Figure 2b,c). Thirty-eight months after the initiation of peptide vaccination, the patient
remains free of tumor recurrence.

   
(a) (b) (c) 

Figure 2. Contrast-enhanced magnetic resonance images of Patient 6. (a) Tumor had recurred in a
functional area; (b) tumor was decreased 3 months after enrollment; (c) tumor disappeared 9 months
after enrollment.

4. Discussion

This is the first clinical evaluation of peptide-based vaccine therapy, targeting glioma cells
as well as glioma neovascular endothelial cells, using multiple GOA/GAAA-derived epitopes
for recurrent/progressive HGG. Our findings demonstrate tolerability and immunoreactivity to
GOAs/GAAAs, as well as the preliminary efficacy of this treatment.

The population was very small and not homogeneous in this study. However, this was a pilot
study to assess safety and immunoreactivity to the antigens, which allowed us to assess the tolerability
and immune response regardless of patient characteristics.

The peptide epitopes included in this vaccine treatment were derived from six proteins known
as GOAs or GAAAs [23–28]. ELISPOT data demonstrated that all evaluable vaccinated patients
mounted an immune response against at least three of the target antigens, supporting the use of
such epitopes in glioma vaccine regimens. ELISPOT data also showed that CTLs specific for three
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oncoantigens, DEPDC1, FOXM1, and LY6K were frequently observed in peripheral blood mononuclear
cells from the vaccinated patients—indicating that these oncoantigens are highly immunogenic in
advanced HGG patients. To evaluate if the induced CTLs contributed to reduction of tumor cells or
tumor vascular endothelial cells in the microenvironment, further immunohistochemical analyses of
tumor tissues obtained from vaccinated patients or blood flow analyses that can detect hypoperfusion
peri-/intra-tumorally are warranted.

Although this was a pilot study focusing on safety and immunoreactivity to the antigens, we
also evaluated treatment response in the vaccinated patients. In this study, the mOS in all patients
and GB patients was 9.2 months and 9.1 months, respectively. Our median survival results are
comparable to, but do not exceed those reported in the literature by previous clinical studies of glioma
vaccines [9,10] and various combination regimens of chemotherapy and/or radiotherapy for recurrent
GB patients [36–39]. This may be reflected in immune tolerance or a hostile immune status mediated by
regulatory T-cell populations or tumor-secreted immunosuppressive factors in immunocompromised
patients with recurrent HGG. Previous studies have demonstrated that anti-VEGF agents, such as
bevacizumab, inhibit proliferation of immunosuppressive cells, such as regulatory T-cells and myeloid
derived suppressor cells [40–42]—suggesting that VEGF-VEGFR pathway blockade could restore
and improve antitumor immune responses. Nevertheless, the HGG patients who did not receive
bevacizumab had a longer survival period than the patients treated with bevacizumab following a
combination of chemotherapy and/or radiotherapy, although the sample size was relatively small
(Figure 3). These results suggest that such approaches may be most effective if applied early in
treatment, particularly in patients likely to have a robust immunity, such as the patients who have
not yet received any chemotherapy or radiation therapy. In fact, cancer vaccines often need more
time to elicit beneficial immune responses that demonstrate biological activity, which is shown by the
occurrence of delayed vaccine effects.

Figure 3. Overall survival of glioblastoma patients with or without bevacizumab. The median overall
survival time (mOS) was 23.6 months in three patients that did not receive bevacizumab before
enrollment (solid line). The mOS was 8.6 months in four patients treated with bevacizumab before
enrollment (dotted line).

One HGG patient (Patient 6) experienced objective clinical tumor regression (response rate of
this vaccine treatment was 10%). Furthermore, it is noteworthy that this patient exhibited PR at week
six and CR at week nine. CTLs specific for all six antigens were strongly induced in the patients,
suggesting that this CTL response might contribute to the observable effect.
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As biological features of HGGs in children are different from those that arise in adults [43,44],
it is necessary to discuss the cases of children specifically. Our heterogenous patient cohort included
a 17 year-old patient, whose OS was 8.9 months after enrollment. This vaccine therapy could not
extend OS significantly, but could safely induce CTLs specific for three oncoantigens in this patient,
suggesting that this vaccine therapy theoretically has the potential to exert an antitumor effect for
pediatric HGGs expressing target antigens. Therefore, immunoreactivity to antigens and clinical
efficacy of this regimen for children with HGGs will be assessed in a future study.

In summary, we performed a pilot study for HLA-A2402+ patients with recurrent/progressive
HGGs to assess the safety, feasibility, and immunoreactivity of the peptide-based vaccine targeting
GOAs and GAAAs. The safety and immunogenicity of this vaccine therapy was verified. The data
suggest that this vaccine treatment may show preliminary evidence of clinical responses. However,
a future study of this vaccine in combination with standard treatment for newly-diagnosed HGGs
as well as immune-checkpoint blockade therapies, is required to improve the efficacy of glioma
vaccine therapy.
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Abstract: Pediatric Adamantinomatous Craniopharyngiomas (ACPs) are histologically benign
brain tumors that often follow an aggressive clinical course. Their suprasellar location leaves
them in close proximity to critical neurological and vascular structures and often results in
significant neuroendocrine morbidity. Current treatment paradigms, involving surgical resection and
radiotherapy, confer significant morbidity to patients and there is an obvious need to discover effective
and safe alternative treatments. Recent years have witnessed significant efforts to fully detail the
genomic, transcriptomic and proteomic make-up of these tumors, in an attempt to identify potential
therapeutic targets. These studies have resulted in ever mounting evidence that inflammatory
processes and the immune response play a critical role in the pathogenesis of both the solid and cystic
portion of ACPs. Several inflammatory and immune markers have been identified in both the cyst
fluid and solid tumor tissue of ACP. Due to the existence of effective agents that target them, IL-6 and
immune checkpoint inhibitors seem to present the most likely immediate candidates for clinical trials
of targeted immune-related therapy in ACP. If effective, such agents may result in a paradigm shift in
treatment that ultimately reduces morbidity and results in better outcomes for our patients.

Keywords: craniopharyngioma; inflammation; checkpoint inhibitors; Interleukin-6

1. Introduction

Pediatric Adamantinomatous Craniopharyngiomas (ACPs) are histologically benign brain tumors
that often follow an aggressive clinical course. The tumors are most commonly centered in the
suprasellar region and are believed to develop from remnants of Rathke’s pouch. Radiologically and
grossly, these tumors appear as mixed solid and cystic lesions often with areas of calcification (Figure 1).
Histologically, ACPs are heterogeneous tumors of epithelial origin [1,2]. The classic features consist
of palisading epithelium, stellate cells, nodules of anuclear “ghost cells” and “wet keratin” as well
as large areas of regressive changes (i.e., inflammation and calcifications, multinucleated giant cells,
hemosiderin deposits, cholesterol clefts) [1] (Figure 2). Their proximity to critical neurological and
vascular structures often confers significant neuroendocrine morbidity on patients [3]. Surgery remains
the primary treatment strategy, but can result in significant morbidity, specifically damage to the
hypothalamus, pituitary and optic apparatus, which results in long-term sequelae that can greatly
impact a child’s quality of life [4–6]. In an era of personalized medicine and targeted therapies,
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ACP remains resistant to such advances. On the other hand, recent case reports of the response
of papillary craniopharyngioma, a different tumor of the suprasellar region, to BRAF inhibitors
have elucidated the great potential of targeted therapies in treating these tumors [7,8]. As a result,
recent years have witnessed significant efforts to fully elucidate the genomic, transcriptomic and
proteomic make-up of ACP in an attempt to identify potential therapeutic targets for the treatment of
this disease [9–15].

 
A 

 
B 

 
C 

 
D 

 
E 

 

Figure 1. Classic histopathological findings in adamantinomatous craniopharyngioma: (A) H&E
stained sections showing an epithelial tumor with palisading cells with aggregates of ‘wet’ keratin;
(B) higher magnification view demonstrating keratinized ‘ghost cells’; (C) Higher magnification view
demonstrating calcifications and stellate reticulum; (D) Immunohistochemical staining for Beta-catenin
that is nuclear positive in a subset of tumor cells. (E) The surrounding brain parenchyma shows
extensive gliosis with Rosenthal fibers.
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Figure 2. Computed Tomography (Left) andMagnetic resonance Imaging (Right) images from the
same patient of a classic example of an adamantinomatous craniopharyngioma. This typical tumor is
centered in the suprasellar region with mixed solid and cystic areas as well as areas of calcification as
seen on the CT.

1.1. The Central Role of WNT Pathway Overactivation in the Tumorigenesis of ACP

The one consistent genomic mutation that appears to be present in the majority, if not all, of ACPs
is an activation mutation in the CTNNB1 gene of the WNT/wingless pathway [9,11,16]. Most commonly
this involves a point mutation in exon 3 of the CTNNB1 gene. A number of studies have demonstrated
various different mutations, most commonly involving serine or threonine phosphorylation sites
encoded by exon 3 [13,17]. Ordinarily, and in the absence of WNT activation, beta-catenin is marked
for destruction by a destruction complex consisting of AXIN, glycogen synthase kinase-3β (GSK3β),
and APC, among other proteins. This complex binds to and phosphorylates specific residues encoded by
exon 3 of CTNNB1 and results in degradation of the protein [13,18]. In the presence of WNT activation,
WNT ligands bind to Frizzled and its co-receptor LRP (Low-density lipoprotein receptor-related
protein) at the cell membrane. This in turn leads to the activation of Disheveled (DVL) and the
binding of AXIN at the cell membrane. Consequently, the normal destruction complex is broken
up and beta-catenin is released. Eventually this stabilized beta-catenin will accumulate in first the
cytoplasm, and subsequently the nucleus resulting in the expression of WNT pathway target genes [18].
In the pathological state present in ACP, the various point mutations prevent the binding of GSK3β to
beta-catenin, and the subsequent phosphorylation of the serine and threonine residues. This results in
a degradation-resistant form of beta-catenin, resulting in aberrant nuclear accumulation of the protein
in certain cells within the tumor. In the nucleus, beta-catenin acts as a transcription factor, leading to
overactivation of the WNT/beta-catenin pathway [16,18,19]. Although this aberrant overactivation
of the WNT pathway is thought to be crucial in the pathogenesis of ACPs, the resulting nuclear
accumulation of beta-catenin is only observed in a minority of cells, specifically in whorl like epithelial
cell clusters (Figure 1D). These cells are thought to be crucial in the tumorigenesis of ACP and various
mechanisms have been proposed as to how they may drive tumor growth [16,20,21] (Figure 2).

One such theory involves a paracrine mechanism whereby these cell clusters induce tumor
growth by expressing a large array of growth factors, chemokines, and cytokines and act as a kind of
signaling center that promotes tumor progression [21]. It has also been hypothesized that the nuclear
accumulation of beta-catenin and overactivation of the WNT pathway in these cell clusters might
also play a crucial role in the invasion of adjacent structures (e.g. hypothalamus and pituitary) in
ACP [20]. Microscopically, a digitate invasion/growth pattern into structures such as the hypothalamus
can be seen and is thought to be an important factor in the neuro-endocrine disorders frequently
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seen in children with ACP [3,22]. In addition, this invasive nature can preclude the neurosurgeon
from obtaining a gross total resection at the time of surgery leading to tumor recurrence and a more
aggressive clinical course. Hölsken et al. [20] noted that beta-catenin accumulating whorls/clusters are
found at the tips of these invading projections of tumor and hypothesized that this may suggest a role
for these clusters in the promotion of tumor invasion [20]. In addition, Apps et al. [23] used micro-CT
to produce 3-D models of ACP tumor samples. Using this novel technique, they visualized cell
clusters in tumor protrusions into surrounding tissue. In a separate paper, the same group used laser
capture microdissection to separate out these cell clusters and analyze their transcriptomic profiles [10].
They found that these cell clusters express high levels of the FGF, BMP and WNT families of secreted
factors and were able to demonstrate downstream activation of the MAPK/ERK that was particularly
prominent at the tips of the invading tumor epithelium. These facts lend further credence to the theory
that these clusters drive tumor invasion in a paracrine manner. Hölsken et al. [20] cultured a total
of 6 ACP samples and measured their invasion capacity via two methods, namely Boyden chamber
assays, and wound-healing assays. They then suppressed beta-catenin expression in the samples by
introducing small interfering RNA (siRNA) directed against the CTNNB1 gene and repeated the assays.
They found that after treatment with the siRNA the accumulation of beta-catenin was significantly
reduced and resulted in a significant decrease in tumor cell migration and invasion capacity [20].
They also demonstrated that the treatment with siRNA resulted in the reduced expression of the
Fascin protein. Fascin is a member of the actin cross-linking family of proteins and plays a crucial role
in cell-matrix adhesion, cell migration, and remodeling of the cell cytoskeleton/architecture [24,25].
In addition, the aberrant overexpression of the Fascin protein has been demonstrated in a number
of cancers, including oral squamous cell carcinoma, and prostate cancer [24,26]. Hölsken et al. [20]
demonstrated that the beta-catenin accumulating cells in ACP also over expressed Fascin. They then
showed that treatment with the siRNA lead to a decrease in not only beta-catenin accumulation, but also
Fascin levels. They proposed that this increase in Fascin expression may represent the mechanism by
which WNT overactivation in these ACP cells may increase tumor cell migration and invasion into
adjacent structures [20].

Given the seemingly crucial role of WNT overactivation in ACPs, targeting the WNT pathway
would appear to represent an attractive strategy for tackling these tumors. The WNT pathway has
been shown to play a crucial role in a number of cancers such as colorectal cancers, non-small cell
lung cancer, and chronic myeloid leukemia [27,28]. This has resulted in significant efforts to better
understand the pathway and to develop therapies that target it [27,28]. Despite all these efforts, no
drug targeting the WNT pathway has been approved. The reasons for the difficulty in targeting the
WNT pathway are legion and complex but one major area of concern is the important role the pathway
plays in the maintenance of normal stem cells for tissue regeneration [27,29]. The potential issues
that may arise with WNT pathway targeting was illustrated by Zhong et al. [30] who demonstrated
significant intestinal toxicity associated with tankyrase inhibitors in mice.

Due to the difficulties that have been encountered in targeting the WNT pathway in more
aggressive cancers, it seems likely that such therapies with acceptable efficacy and toxicity will remain
elusive for some time to come [28]. It is unlikely such a therapy will become a viable option in the
treatment of ACP in the near future and as a result, the need to discover other effective therapies has
become imperative. ACP is a very rare disease and developing novel therapies specifically for this tumor
type is currently not practical or realistic. As a result, much work has focused on identifying alternative
targets with extant treatments, which may offer better results in the treatment of ACP. These efforts
have resulted in the identification of multiple molecular pathways involved in the pathogenesis of
ACP [6]. A number of these pathways result in the upregulation of pro-inflammatory/immune genes
that may be amenable to targeted therapies [10,11,31–33]. The immune/inflammatory cells seen in ACP
samples are varied and can include CD4-T-Lymphocytes, CD20-B-Lymphocytes, CD-68-Macrophages,
and CD-56-NK cells. The presence of all these cells is not consistent among all ACP samples and this
fact is reflective of the histologically heterogeneous nature of these tumors [34]. Work is ongoing to
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investigate whether these pathways may present potential therapeutic targets and ultimately leads to
better outcomes and reduced morbidity for patients. The following is a review of the evidence that
highlights the potential importance of the inflammatory/immune response in the generation of these
tumors and the potential in targeting these pathways in the treatment of this often-devastating disease.

1.2. The role of the Inflammatory Response in Generating the Cystic Compartment in ACP

ACPs often have large cystic components that contribute to the adverse clinical outcomes associated
with the disease (Figure 3). Their large size and at times rapid growth can injure or exert mass effect
on critical adjacent structures, such as the pituitary, the hypothalamus, the optic apparatus and
third ventricle, which may necessitate urgent surgical intervention to preserve function and prevent
morbidity and mortality. As a result, a better understanding of the pathogenesis of ACP cysts and the
development of better treatments to limit their growth is clearly desirable. Numerous studies have
analyzed the content of these cysts and the results of these studies have demonstrated a significant
inflammatory content within them. A summary of some of these papers is presented in Table 1.

 

Figure 3. Example of an adamantinomatous craniopharyngioma with a massive cystic component.

Table 1. Key studies that have demonstrated the key role of the inflammatory/immune response in the
pathogenesis of adamantinomatous craniopharyngioma.

Study Summary of Study Findings

Kilday et al.
2017 [35]

Multinational study assessing the efficacy of
intra-cystic IFN-alpha in treating ACP

Demonstrated a progression free survival
advantage for intracystic IFN-alpha

Pettorini et al.
2010 [36]

Identified the presence of alpha-defensins 1–3
in ACP cyst fluid

Demonstrated the importance of
inflammation the genesis of ACP cysts

Gump et al.
2015 [11]

Used mRNA microarray analysis to identify
the overexpression of multiple inflammatory

markers in ACP relative to other tumors

Identifies IL6R and IL2RB to be
overexpressed in ACP relative to normal

brain and other tumors

Donson et al.
2017 [31]

Identified elevated levels of severeal
inflammatory markers in both ACP cyst fluid

and solid tumor

Overexpressed inflammatory markers
identified included IL-6, IL-8, CXCL1,

and IL-10

Apps et al.
2018 [10]

Used various methods including RNA
sequencing to identify activation of the
inflammasome in ACP cyst fluid and

solid tumor

Imflamatory genes that were overexpressed
included IL-1B, IL-18, IL-6, IL-8, IL-10

Coy et al.
2018 [33]

demonstrated the expression of PD-L1 in
epithelial cells lining the cysts and intrinsic

PD-1 expression in the beta-catenin over
expressing whorl-like epithelial cell clusters

in ACP

The first paper to demonstrate that immune
checkpoint inhibitors may play a role in

ACP treatments
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Some of the first work examining the role of inflammation in ACP pathogenesis was carried out
by Mori et al. who demonstrated highly elevated levels of IL-6 in the cyst fluid of 15 pediatric ACPs
and posited that IL-6 plays an important role in the inflammatory reaction associated with ACPs [37].
Another study that demonstrated the role played by the inflammatory response in the generation of
the ACP cyst was that by Pettorini et al. [36]. Using high-performance liquid chromatography and
mass spectrometry to analyze cyst fluid from 6 patients, they found high levels of alpha defensins
1–3, proteins that are present in neutrophils and are involved in the inflammatory-mediated response.
Furthermore, their group demonstrated that these levels were significantly reduced after treatment with
intracystic interferon alpha (IFN-alpha). They posited that the detection of these proteins suggested that
the innate immune response was playing a critical role in cyst generation and that a possible mechanism
of action of IFN-alpha in treating the cyst was via an immune-modulatory effect [36]. A later study
by the same group performed more extensive proteomic analysis on nineteen patient samples [15].
In this study, they used reverse phase liquid chromatography in conjunction with high resolution ESI-I
TQ-Orbitrap mass spectrometry to analyze ACP cyst fluid from nineteen children. In addition to again
revealing elevated levels of alpha-defensins (that again were reduced after treatment with IFN-alpha),
they also demonstrated elevated levels of several other proteins of inflammation. Specifically, these
included alpha2-HS-glycoprotein, alpha1-antichymotrypsin and apolipoproteins.

In another study, Donson et al. [31] used cytometric bead analysis to measure the concentration
of 24 cytokines and 11 chemokines in cyst fluid from five pediatric ACPs and five pediatric pilocytic
astrocytomas (PAs). Their analysis demonstrated that six cytokines were present at statistically
significant increased levels in ACPs versus PAs. These cytokines included IL-6, IL-10, CXCL8 (IL-8),
and CXCL1 (GRO). Of these, levels of IL-6 demonstrated the greatest difference between ACPs and
PAs. Apps et al. also demonstrated similar findings when analyzing the protein content of ACP
cyst fluid [10]. They analyzed the content of cyst fluid from 6 patients with ACP using multiplex
ELISA (Enzyme-linked immunsorbent assay). They found that the cyst fluid contained several
proteins associated with inflammation, such as apolipoproteins, complement system proteins and
immunoglobulins. In addition, their analysis revealed the presence of cytokines such as IL-1B, IL-6,
IL-8, IL-10, IL-18 as well as TNF (Tumor necrosis factor) and Interferon gamma.

Further evidence for the role of inflammation in the genesis of the cystic component in ACPs is
provided by the efficacy of treatment with IFN-alpha. IFN-alpha has been used with varying degrees
of success in the treatment of multiple cancers [38]. The mechanism of action in the treatment of
neoplasms is complex and multifaceted but likely involves the stimulation of an anti-cancer immune
response [38]. The use of intracystic IFN-alpha in the treatment of cystic ACP has been established for
several years and numerous studies have demonstrated its safety and efficacy [35,39,40]. The treatment
involves the surgical placement of a catheter within the cyst with the position of the catheter confirmed
radiologically prior to the administration of the drug. This method of treatment has been shown to
delay disease progression and can allow the clinical team to delay a more definitive treatment via
surgical resection and radiotherapy [35]. Such a delay is often desirable, as it by may allow a child’s
developing brain to mature further prior to undergoing inherently risky surgery and radiation therapy.
The mechanism of action of intracystic IFN-alpha in treating ACP has not been confirmed but, as in
other cancers, is likely to involve an immunomodulatory effect. Indeed, the previously mentioned
proteomic analyses would seem to lend significant weight to this argument [36].

1.3. The Solid Component of ACP Also Demonstrates Elevated Levels of Several Inflammatory Markers

Multiple studies have also identified high levels of cytokines and inflammatory markers in the
solid component of ACPs, lending further support to the theory that inflammation plays a critical
role in pathogenesis [18,31]. Gump et al. used micro-array data to demonstrate elevated levels
of IL-6R in ACP relative to other pediatric brain tumors [11]. Subsequently, Donson et al. [31],
utilized detailed transcriptomic analysis to demonstrate increased expression of pro-inflammatory
mediators in ACP solid tumor tissue including IL-6, CXCL1, CLCL8, CXCR2, IL-10 and IDO-1. Separate
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work by Martelli et al. [32] used advanced proteomics to investigate the protein signature in ACP.
In addition to identifying beta-catenin and its related proteins in solid tumor tissue from seven patients,
their analysis also identified the presence of increased levels of alpha-defensins 1–4. As previously
stated, these proteins are neutrophil-derived proteins that play an important role in the innate immune
response and in inflammation. Their detection in the solid portion of ACP again seems to confirm that
the inflammatory response plays an important role in ACP tumorigenesis.

A recent paper by Apps et al. used transcriptome analysis of tumor tissue from 18 patients to
identify a pattern of elevated expression of several immune cell markers and immune system genes
in ACP [10]. Furthermore, their analysis used immunohistochemistry to reveal the presence of both
myeloid-derived and lymphoid-derived cells infiltrating both the reactive glial and tumor epithelial
compartments in the ACP samples. They also found that multiple cytokine encoding genes were highly
upregulated in ACP and that the expression of such genes correlated with the immune infiltrate and
inflammatory cell markers. This would suggest that this upregulated cytokine expression is mostly
derived from the infiltrating immune cells rather than from the tumor cells that are over expressing
beta-catenin. Finally, they also utilized multiplex ELISA to analyze protein lysates from eight patient
ACP samples and this analysis revealed the expression of IL-1B, Il-6, IL-8, IL-10, IL-18, and TNF-alpha
in all the samples.

1.4. Immune Checkpoint Inhibitors and Their Potential Use in ACP

Immune checkpoint inhibitors have shown promise in the treatment of a number of cancers.
Specifically, inhibition of the programmed cell death protein (PD1) and its ligand (PD-L1) with the
agents, nivolumab and pembrolizumab, has resulted in improved survival in cancers including
melanoma and non-small cell lung adenocarcinoma [41,42]. The availability of these agents and their
relatively favorable side effect profile has resulted in numerous studies investigating their efficacy in
various cancers/tumor types.

PD-1 is an important protein involved in inhibitory immune signaling and is an essential regulator
of the adaptive immune response [43]. In cancers, PD-1-expressing tumor-infiltrating T cells can be
disabled by PD-L1 expressed on the surfaces of tumor cells themselves or alternatively by PD-L1
on the surface of other infiltrating immune cells. The binding of PD-1 to its ligand results in the
suppression of the immune response to the cancer cells [43,44]. Checkpoint Inhibitors reverse this
process and allow T cells to once again attack the cancer. Predicting the response of a particular tumor
or cancer to PD1 inhibitors such as nivolumab and pembrolizumab is difficult and Taube et al. aimed
to identify those factors that best predicted a robust and meaningful response to therapy [44]. In a
prior study by the same group they found that anti-PD-1 therapy produced an objective response
in 20–25% of patients with treatment-resistant NSCLC, renal cell carcinoma and melanoma and that
PD-L1 expression by tumor cells seemed to be associated with a response to therapy [45]. In their
follow up study they aimed to further investigate various factors that might predict a response to
anti-PD-1 therapy including PD-L1 expression by tumor cells, PD-L1 expression by infiltrating immune
cells, PD-L2 expression by tumor cells and other tumor microenvironment factors. They found that in
their cohort only the expression of PD-L1 by tumor cells correlated with both an objective response
(as defined by the “Response evaluation criteria in Solid Tumors” or RECIST criteria) and clinical
benefit (p = 0.025 and 0.005 respectively). The correlation of the expression of PD-L1 by infiltrating
immune cells with a clinical response did not reach statistical significance although the correlation
with clinical benefit was statistically significant (p = 0.038). Of note, expression of the PD-1 receptor
on tumor infiltrating lymphocytes (TILs), expression of PD-L2 by tumor cells or TILs, and other
microenvironment immune factors did not correlate with outcomes. In addition, it is important to
reiterate that even in those tumors expressing PD-L1 on tumor cells, only 39% of patients (9 out
of 23) had an objective response [44]. That being said, these therapies have provided an option
for patients with aggressive and treatment-resistant cancers for whom previously there were few
if any good options. Due to the efficacy of immune checkpoint inhibitors more and more work
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is being undertaken to identify other cancers and tumors that may be amenable to such therapy
including craniopharyngiomas.

Recent work by Coy et al. [33] demonstrated the expression of PD-L1 in epithelial cells lining
the cysts and intrinsic PD-1 expression in the beta-catenin over expressing whorl-like epithelial
cell clusters in ACP. As previously discussed, these clusters are thought to play a pivotal role in
tumor growth in ACP via a number of mechanisms [13,20,21], rendering targeting of PD-1 as an
attractive potential therapy. Another study by Witt et al. [46] also demonstrated elevated PD-L1
expression in ACP. As mentioned above, numerous previous studies on other solid cancers have
demonstrated that the expression of PD-L1 can be predictive of the response to the PD-1/PD-L1
inhibitors [44,45]. Again, as previously mentioned, such a finding far from guarantees a response and
in these landmark papers they found that even in patients that expressed PD-L1 on tumor cells, the
response rate to the treatment was only 39% [44]. In addition, Witt et al. [46] nicely demonstrated,
using T cell exhaustion testing of various types of ependymomas, that elevated PD-L1 expression
in tumors can be indicative of either tumor adaptations to hide from the innate immune response
or due to normal T-cell antigen-activation, a known function of PD-1. In their study they utilized
functional T cell exhaustion assays that stimulate T cells via exposure to Phorbol 12-myristate 13-acetate
(PMA)/ionomycin. Subsequent to stimulations their group used a Milliplex Map Kit (Millipore) to
measure the concentration of several cytokines including IFN-gamma. They found that infiltrating
T-cells in RELA fusion supratentorial ependymoma did not secrete IFN-gamma. They concluded that
this suggested that in the case of RELA fusion ependymoma, the increased expression of PD-1/PD-L1
results in the exhaustion of infiltrating T-cells and immune evasion by the tumor [46]. On the contrary,
they found that in group B ependymomas (which also express high levels of PD-1), infiltrating T-cells
were, in fact, capable of secreting IFN-gamma after stimulation with PMA/ionomycin. They posited
that in these tumors, elevated expression of PD-1 was representative of normal T-cell activation in
response to the tumor [46]. As such, although the findings by Coy et al. [33] of elevated PD-1/PD-L1
expression in ACP are exciting and may result in an alternative treatment strategy in resistant and
multiply recurrent cases, further investigation is necessary to fully elucidate the implications of this
increased PD-1/PD-L1 expression in ACP before any widespread implementation.

1.5. CTLA-4 Inhibition and Its Potential Use in the Treatment of ACP

The other major group of immune checkpoint inhibitors that have become increasingly utilized
in cancer are the CTLA-4 inhibitors of which ipilimumab is the classic example. One of the first
major studies to demonstrate the efficacy of these agents was that by Hodi et al. [47] in 2010. In their
study they randomized 676 patients with stage 3 or 4 treatment-resistant melanoma to treatment
with ipilimumab plus glycoprotein 100 (gp100) or gp100 alone. They demonstrated a statistically
significant, although modest benefit, in terms of survival for patients in the ipilimumab group.
Subsequent work by Ji et al. aimed to elucidate what specific factors might be predictive of response to
treatment with CTLA-4 blockade [48]. This group utilized gene expression profiling to demonstrate
that in pre-treatment samples of patients with metastatic melanoma a higher baseline expression of
immune related genes was predictive of an increased response to treatment with ipilimumab [48].
Specifically, they analyzed the gene expression in tumor samples from 45 patients with melanoma
both before, and three weeks after treatment with ipilimumab. They found that tumors that had
increased expression of immune related genes pre-treatment, were more likely to respond to the
therapy. Indeed, when they clustered genes based on biological functions and examined the differential
expression of these groups of genes between responders and non-responders, they demonstrated
that genes related to the inflammatory response were those that were most differentially expressed
between the two groups [48]. This led their group to conclude that a “pre-existing immune-active
tumor microenvironment might favor clinical response to ipilimumab”. As previously stated, ACPs
have been shown to harbor a significant inflammatory/immune component in both the solid and cystic
component and there is mounting evidence that this pro-inflammatory environment plays an active
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role in tumorigenesis [31]. A 2017 study by Donson et al. [31] utilized various methods to demonstrate
upregulation of several pro-inflammatory genes in both the solid and cystic component of these tumors.
This begs the question, could the use of a CTLA-4 inhibitor such as ipilimumab lead to improved
outcomes in ACP? Furthermore, recent trials have demonstrated that combining different types of
immune checkpoint inhibitors can lead to a survival advantage for patients with treatment refractory
cancers. Specifically, combining ant-PD1 and anti-CTLA-4 therapy can result in improved survival in
treatment-resistant metastatic melanoma, renal cell carcinoma and non-small cell lung cancer [49–52].
Given the expression of PD-L1 and the significant immune cell and inflammatory milieu present in
ACP, the use of such combinations in the treatment of this disease would appear promising. As a result,
a lot of work remains to be done to fully elucidate the potential of such treatments in ACP. Given the
often-aggressive clinical course, and devastating effects this disease can have on patient’s quality of life
such potential is surely worth investigating.

1.6. The Role of Senescence and the Senescence Associated Secretory Phenotype (SASP) in the Pathogenesis
of ACP

In the normal physiological state, cellular senescence develops in response to both extracellular and
intracellular stressors and pushes the cell into cell cycle arrest. This prevents propagation of the damaged
cell and, when this occurs in the context of cancer, can ultimately result in tumor suppression [53].
Paradoxically, senescent cells can go on to develop secretory functions that result in changes to
the cellular microenvironment and may ultimately promote tumor growth [53]. Senescent cells
can persist in a metabolically active state, ultimately developing what is termed the Senescence
Associated Secretory Phenotype (SASP) [53]. In such a state, cells can secrete a variety of interleukins,
inflammatory cytokines, growth factors, and proteases, which can affect the surrounding cells and
tumor microenvironment. SASP factors include pro-inflammatory mediators such as IL-6, IL-1, certain
Matrix Metalloproteinases, and various chemokines [53,54]. Of these, Rodier et al. [54] found that
IL-6 was the most important in allowing senescent cells to promote cell invasion. Gonzalez-Meljem
et al. [55] demonstrated that the SASP plays a prominent role in both genetically engineered mouse
models of ACP and human ACP. They used gene set enrichment analysis (GSEA) to demonstrate
that beta-catenin accumulating cluster cells in the mouse models of ACP had gene expression profiles
that were significantly enriched for SASP genes. Similarly, they utilized ELISA cytokine arrays to
demonstrate that multiple SASP associated proteins such as IL-6, IL-1a, MMP2, MMP3, CXCL1, and
CXCL11 were all upregulated in the murine cluster cells [55]. In addition, other studies, such as those
by Gump et al. [11], and Apps et al. [10], used various techniques to demonstrate the overexpression of
several of these proteins in human ACP. Meljem et al. [55] then used laser-capture microdissection and
RNA sequencing to analyze the molecular signature of the beta-catenin accumulating cell clusters in
human ACP. They performed hierarchical clustering analysis that demonstrated similar molecular
profiles between the cluster cells from the mouse models and those from human ACP. Subsequent
GSEA of human clusters also demonstrated a strong SASP signature. They thus concluded that the
human and mouse clusters represent equivalent structures and share a common senescent molecular
signature. Given the critical role that these cell clusters are thought to play in ACP tumorigenesis, they
posited that the SASP may play a critical role in the pathogenesis of ACP [55]. This paper aimed to
demonstrate the critical role played by inflammation in the pathogenesis of ACP. Given that human
ACPs seem to harbor a very strong SASP signature and the SASP induces a strong pro-inflammatory
state, it is very possible that the SASP plays a critical role in producing the pro-inflammatory milieu
and invasive nature of ACP. Trials examining the use of senolytic drugs are currently in their incipient
stages and it is possible that such therapies may provide an attractive treatment strategy for ACP in
the future [56].
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2. Conclusions

A significant and growing body of evidence points to a critical role in the activation of inflammation
and the immune response in the pathogenesis of ACP. Multiple studies have demonstrated high
levels of inflammatory markers and cytokines in both ACP cyst fluid and solid tumor. Many of these
employed advanced genomic, proteomic and transcriptomic techniques to demonstrate expression of
multiple genes involved in the inflammatory and immune response in these tumors. A number of these
markers represent attractive potential targets for directed therapy in the treatment of ACP. Specifically,
due to existing experience combined with proven efficacy in other cancers and diseases, IL-6 and the
immune checkpoint inhibitors (anti-PD-1/PD-L1 and anti-CTLA-4) may represent particularly good
targets/therapies. Similarly, combinations of such agents have proven very effective in prolonging
survival in malignant cancer such as melanoma, renal cell carcinoma and non-small-cell lung cancer
that were failing more traditional treatment. Such combination therapy may also present a potential
therapeutic strategy in the management of recurrent and treatment-resistant ACP. In addition, these
agents might also be combined with agents that do not specifically interact with inflammatory/immune
processes (e.g., MEK inhibition). In fact, Apps et al. [10] demonstrated that MAPK/ERK pathway likely
plays a pivotal role in the pathogenesis of both murine and human ACP. In addition, they showed
that treating human ACP with trametinib ex vivo resulted in decreased proliferation and increased
apoptosis. Finally, recent work has also demonstrated the pivotal role played by senescence and the
SASP in the pathogenesis of these tumors. It is possible that the strong SASP signature drives much of
the inflammation seen in ACP, and that targeting SASP associated pathways may provide an effective
treatment strategy in the future. Due to the benign histological nature of the disease, it is likely that
initial clinical trials of such agents will be reserved for patients with recurrent or progressive disease. In
addition, due to the rarity of the disease and the scarcity of tumor tissue it is vital that pediatric centers
continue to work together to share knowledge and tissue in an effort to accelerate the development of
safe and efficacious treatments. Such efforts will hopefully result in improved outcomes for children
suffering from this chronic and often devastating disease. Finally, other advanced techniques are
being developed that continue to enhance our ability to better diagnose, and identify biomarkers in
oncologic diseases that may result in the development of better therapeutics [57,58]. It is possible that
such techniques if applied to ACPs could result in significant advances in the diagnosis and treatment
of ACP in the future.
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