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Abstract
Glioblastoma is the most common primary malignant brain tumor and one of the most aggressive tumors across all cancer 
types with remarkable resistance to any treatment. While immunotherapy has shown a robust clinical benefit in systemic 
cancers, its benefit is still under investigation in brain cancers. The broader use of immunotherapy in clinical trials for glio-
blastoma has highlighted the challenges of traditional methods of monitoring progression via imaging. Development of new 
guidelines, advanced imaging techniques, and immune profiling have emerged to counter premature diagnoses of progressive 
disease. However, these approaches do not provide a timely diagnosis and are costly and time consuming. Surgery is cur-
rently the standard of care for diagnosis of pseudoprogression in cases where MRI is equivocal. However, it is invasive, risky, 
and disruptive to patient’s lives and their oncological treatment. With its increased vascularity, glioblastoma is continually 
shedding tumor components into the vasculature including tumor cells, genetic material, and extracellular vesicles. These 
elements can be isolated from routine blood draws and provide a real-time non-invasive indicator of tumor progression. 
Liquid biopsy therefore presents as an attractive alternative to current methods to guide treatment. While the initial evalu-
ation of liquid biopsy for brain tumors via identification of mutations in the plasma was disappointing, novel technologies 
and use of alternatives to plasma cell-free DNA analytes provide promise for an effective liquid biopsy approach in brain 
tumors. This review aims to summarize developments in the use of liquid biopsy to monitor glioblastoma, especially in the 
context of immunotherapy.
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Introduction

Glioblastoma is the most common primary malignant brain 
tumor, comprising up to 50% of glioma incidence in all age 
groups (Hanif et al., 2017). Patients have a median survival 
of 14–15 months, despite advancements in current standard 
of care (Hanif et al., 2017). Current treatment consists of 
maximal safe surgical resection followed by radiotherapy 
and concurrent temozolomide (Davis, 2016; Delgado-López 

& Corrales-García, 2016). Given glioblastoma’s high pro-
pensity for relapse, there has been considerable interest in 
developing novel treatments that can prolong survival and 
quality of life (Sherriff et al., 2013).

Immunotherapy for Brain Tumors

Recently, immunotherapy has emerged as a viable thera-
peutic option against difficult-to-treat solid tumors includ-
ing melanoma, non-small cell lung carcinoma, and renal 
cell carcinoma (Coppin et al., 2004; Farina et al., 2017; 
Luke et al., 2017; Vansteenkiste et al., 2013). The arsenal 
of immunotherapeutic options against such tumors ranges 
from the use of vaccines and oncolytic viruses to immune 
checkpoint inhibition (Desjardins et al., 2018; Sampson 
et al., 2010; Schumacher et al., 2014). Vaccine therapies 
aim to use epitopes that occur only on glioma tumor cells, 
such as EGFRvIII or mutant IDH1, to prime the immune 
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system to recognize and lyse these cells. Oncolytic virus 
therapy seeks to both directly cause tumor cell oncoly-
sis via infection in combination with the release of intra-
tumoral antigens from lysed cells for recognition by the 
immune system, leading to an immune response. Through 
the inhibition of tolerogenic markers like programmed 
cell death protein 1 (PD-1), cytotoxic t-lymphocyte-asso-
ciated protein 4 (CTLA-4), T-cell immunoglobulin and 
mucin domain-3 (TIM-3), lymphocyte-activation gene 
3 (LAG-3), glucorticoid-induced tumor necrosis factor 
receptor (GITR), and T cell immunoreceptor with Ig and 
ITIM domains (TIGIT), there are drastic changes to the 
tumor microenvironment including increased infiltration of 
lymphocytes, anti-tumor polarization of tumor-associated 
macrophages, and depletion of regulatory T cells (Gubin 
et  al., 2018; Jackson et  al., 2019; Luksik et  al., 2017; 
Markovic et al., 2018; Nicholas et al., 2013; Selby et al., 
2013; Simpson et al., 2013). Traditional views of the brain 
as a distinct immunologically privileged state with limited 
immune activity have been replaced in favor of a more 
nuanced paradigm depicting the brain as privy to ongo-
ing immune surveillance and potent immune responses 
(Lim et al., 2018). This paradigm shift paved the way for 
trialing immune checkpoint inhibitors (ICI) therapy in 
glioblastoma.

However, despite the initial success of ICIs seen in a 
variety of solid tumors, glioblastoma did not exhibit the 
same results. Checkmate 143 was the first randomized 
phase III clinical trial to trial nivolumab, an anti-PD-1 ICI, 
against bevacizumab, an anti-vascular endothelial growth 
factor therapy, in recurrent glioblastoma. Their recently 
published study shows that there was no improved survival 
benefit in patients treated with nivolumab monotherapy as 
compared to bevacizumab (Reardon et al., 2020). How-
ever, despite these initial results, there is still promising 
work being done with ICIs in the setting of glioblastoma. 
New approaches aim to sensitize the tumor microenvi-
ronment to ICI therapy or to harness the ability of ICIs 
to create a pro-immunogenic milieu and synergize with 
other forms of therapy (Medikonda et al., 2020; Preusser 
et al., 2015). Additionally, neoadjuvant anti-PD-1 treat-
ment with subsequent adjuvant treatment after surgical 
resection has shown survival benefit in patients with glio-
blastoma (Cloughesy et al., 2019). Given this increased 
interest in the role of ICIs with regard to glioblastoma, it 
is imperative that there are clear and consistent guidelines 
on monitoring treatment response and identifying patient 
responders. Prematurely stopping a treatment may pre-
vent a patient from benefitting from a promising therapy, 
while failing to stop a treatment when there is a lack of 
response may lead to unwarranted toxicities and may pre-
vent/exclude patients from other trials with agents that 
could prove more effective.

Monitoring of Immune Response in Brain 
Tumors via Imaging Modalities

Traditional methods of monitoring treatment response of 
glioblastoma to a variety of therapies including radiation, 
chemotherapy, and surgical resection involved the use 
of imaging via computed tomography (CT) or magnetic 
resonance imaging (MRI). Response evaluation criteria in 
solid tumors (RECIST) guidelines published in 2000 and 
revised in 2009 characterized a tumoricidal response as 
shrinkage on imaging, while disease progression was oper-
ationalized as enlargement or development of additional 
foci (Kasten et al., 2019; Wolchok et al., 2009). However, 
such guidelines failed to account for inflammatory infil-
tration and response that can present as apparent tumor 
enlargement when using standard CT/MRI techniques. 
This presumed progression is then ultimately followed by 
tumor regression and corresponding clinical improvement. 
The series of events describing tumor response following 
an initial trajectory of tumor progression is deemed ‘pseu-
doprogression’ (Frelaut et al., 2020; Kasten et al., 2019). 
Although pseudoprogression can be seen as a result of 
radiation or chemotherapy, immunotherapy and ICIs are 
particularly susceptible to pseudoprogression given their 
enhancement of immune infiltration and morphogenic 
changes to tumor makeup (Chamberlain, 2008; Gubin 
et al., 2018; Markovic et al., 2018; Mieghem et al., 2013).

To address the shortcomings of traditional imaging 
criteria like the RECIST guidelines with regard to pseu-
doprogression, the response assessment in neuro-oncol-
ogy (RANO) guidelines were published in 2010 (Wen 
et al., 2010). The RANO criteria aimed to account for 
pseudoprogression through the use of advanced imaging 
techniques, like fluid-attenuated inversion recovery (T2/
FLAIR) MRI, and a revised definition of disease progres-
sion that allowed time to distinguish between pseudopro-
gression and true progression. Increasing enhancement 
or additional foci specifically in the treatment area in the 
first 12 weeks of therapy would not meet the criteria for 
disease progression. Given that immunotherapy in glio-
blastoma has garnered interest largely in the last decade, 
the 2010 RANO criteria were focused primarily on dis-
tinguishing pseudoprogression in response to radiation 
or chemotherapy (Wen et al., 2010). In 2015, the RANO 
group published specific criteria for immunotherapy called 
the iRANO guidelines (Okada et al., 2015). This set of rec-
ommendations employed a similar use of a more flexible 
timeline to account for pseudoprogression in that new foci 
of lesions within the initial 6 months of immunotherapy 
do not constitute progressive disease.

In addition to updated imaging criteria, the technol-
ogy for discerning pseudoprogression via imaging has 
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advanced considerably. Radiomics, a new field that uses 
imaging features from various modalities such as MRI, 
CT, and PET and algorithmically combines these features 
to identify subtle differences in these images by clinical 
condition, not possible through standard imaging analysis, 
holds considerable enthusiasm (Kumar et al., 2012). This 
methodology is currently under investigation in many non-
CNS cancers with promising results. Sun et al. conducted 
a retrospective multicohort study in which they examined 
patients with advanced solid tumors who were treated 
with immunotherapy (Sun et al., 2018). They developed 
and validated a radiomic biomarker predictive of immu-
notherapy response using RNA sequencing data and 
pretreatment CT scans from 135 patients enrolled in the 
MOSCATO trial to evaluate cytotoxic T cell tumor infil-
tration (Sun et al., 2018). This biomarker was validated in 
an independent patient cohort from The Cancer Genome 
Atlas (AUC = 0.67) and subsequently validated in two 
other cohorts (Sun et al., 2018). This study demonstrated 
the connection between imaging data, tumor phenotype, 
and clinical responses to immunotherapy. Subsequently, 
Korpics et al. validated the radiomics biomarker devel-
oped by the Sun group (Korpics et al., 2019) in a differ-
ent clinical setting. They used this algorithm to examine 
the impact of anti-PD-1 and stereotactic radiosurgery 
(SRS) in 68 patients with 139 metastatic solid tumors on 
progression-free survival (PFS) and overall survival (OS) 
(Korpics et al., 2019). Patients with a low radiomic signa-
ture score were significantly less likely to respond to SRS 
and had worse PFS and worse OS (Korpics et al., 2019). 
Furthermore, Trebeschi et al. analyzed 1055 primary and 
metastatic lesions from 203 patients with non-small cell 
lung cancer (NSCLC) and advanced melanoma treated 
with anti-PD1 in order to create a radiomics biomarker to 
predict treatment response at the lesion level (Trebeschi 
et al., 2019). On combining lesion-specific predictions at 
the patient level, they achieved an AUC 0.76 (p < 0.001) 
(Trebeschi et al., 2019).

Radiomics in neuro-oncology is a newer field with a pau-
city of research studies available in the literature compared 
to other cancer types. Various studies have shown the prom-
ise of radiomics as a tool with significant potential for high-
grade glioma diagnosis (Artzi et al., 2014; Chaddad et al., 
2018; Gevaert et al., 2014; Jamshidi et al., 2014; Lee et al., 
2015), but few studies have specifically addressed the issue 
of treatment response. Elshafeey et al. used dynamic suscep-
tibility contrast (DSC) and dynamic contrast-enhanced per-
fusion (DCE) MRI images to construct a radiomics model 
to differentiate pseudoprogression from disease progression 
in a retrospective cohort of 98 patients with glioblastoma 
treated with immunotherapy (Elshafeey et al., 2019). This 
model yielded high accuracy with a sensitivity of 91.36%, at 
a specificity of 88.24%. However, these findings need to be 

validated in an independent cohort of glioblastoma patients 
to assure generalizability of the methodology. Nevertheless, 
this study provided a theoretical framework for future stud-
ies to further assess the value of machine learning and deep 
learning algorithms in neuroradiology.

Despite these promising studies, many of them face limi-
tations and challenges. One major challenge is the small 
sample size explored in these studies that are often pre-
liminary and exploratory in nature. It will be important to 
incorporate these new radiomic tools in large multi-center 
randomized clinical trials in order to better validate these 
algorithms. Furthermore, one of the biggest limitations of 
this field is data reproducibility. Given the novelty of this 
field as well as the massive amounts of data that it generates, 
there are so much variety and a lack of standardization in 
image acquisition, nomenclature, calculation of radiomics 
features, and statistical and machine learning methods (Lim-
kin & Sun, 2020). Standardization of these various compo-
nents would help limit technical and procedural heterogene-
ity and improve the generalizability of the data produced 
in these studies. Given the large amounts of data produced 
by these radiomic studies, data sharing becomes an issue, 
especially with the use of larger trials involving multiple 
hospital sites and health networks—the cultural, adminis-
trative, regulatory, and personal issues will be difficult to 
navigate and creative solutions will be required (Nelson, 
2009). These limitations highlight the need for exploring 
easily implemented and less costly imaging-based meth-
ods for determining disease progression versus therapeutic 
response in immunotherapy trials.

Immune‑Based Predictors 
of Immunotherapeutic Response for Brain 
Tumors

One natural extension of efforts of non-invasive disease 
monitoring during the course of immunotherapy is the 
assessment of the surface marker expression on immune 
cells or cytokine levels in the peripheral blood during the 
course of immunotherapy. We here highlight some of the 
efforts that have been used to track immune responses during 
the course of immunotherapy trials.

Crane et al. showed that ex vivo stimulation of T cells 
isolated from PBMCs of patients treated with a HSPPC96 
(Heat shock protein–peptide complexes-96) vaccine, pre- 
and post-vaccination, produced a significant T cell prolif-
eration in responders but failed to stimulate a similar pro-
liferative effect in non-responders (Crane et al., 2013). The 
immune response was associated with an improvement in 
overall survival of these patients.

Another T cell surface marker that has shown promise 
in assessing immune response is ICOS (Inducible T-cell 
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COStimulator) or CD278. ICOS is a molecule expressed in 
activated T cells. The number of CD4 + ICOS + cells in the 
peripheral blood was significantly correlated with treatment 
response and improvement of overall survival in a clinical 
trial of CTLA-4 administration of patients with melanoma 
(Carthon et al., 2010). This marker, however, has not been 
assessed in an immunotherapy glioblastoma clinical trial so 
far.

The use of cytokine expression and other surface markers 
of inflammation in the peripheral blood as a tool for dis-
ease monitoring during treatment has not shown consistent 
and clinically useful results so far and therefore we will not 
expand on the subject.

An exciting new avenue for monitoring of treatment 
response during immunotherapy has been recently pro-
vided by the field of immunogenomics. More specifically, 
the use of T cell receptor sequencing technology has pro-
vided a way to non-invasively assess the emergence of T cell 
receptor (TCR) repertoires in response to immunotherapy. 
Zhang et al. utilized the TCR sequencing technology for 
patients enrolled in a HSPPC-96 trial of primary glioblas-
toma (Zhang et al., 2020). They TCR-sequenced tumor infil-
trating lymphocytes (TILs) of patients with great response 
(long-term survivors) and no response (short-term survivors) 
and found that the responders had a narrower TCR reper-
toire indicating a more coordinated immune response. These 
clones appeared to be shared among the responder group and 
not be present in the non-responder group. While this group 
used TILs obtained from tumor biopsy and not peripheral 
blood, their results highlight the use of this technology to 
assess response to treatment.

Cloughesy et al. assessed the efficacy of neoadjuvant anti-
PD-1 in the treatment of glioblastoma and unlike the use 
of adjuvant anti-PD-1, they found a significant number of 
patients with treatment response (Cloughesy et al., 2019). 
They assessed the TCR repertoire at several timepoints dur-
ing the course of anti-PD-1 treatment and suggested that 
T cell expansion at the neo-adjuvant setting can increase 
tumor-specific T cell clones. While the study did not specifi-
cally address T cell clonality at timepoints of response and 
recurrence/disease progression of each patient, the fact that 
responses to neoadjuvant anti-PD-1 treatment were associ-
ated with an increase in tumor-specific T cell clones could 
prove useful in tracking immune responses during and after 
the course of immunotherapy and should be further explored 
in future clinical trials.

Overall, blood-based immune monitoring approaches 
appear to be of limited use in predicting treatment response 
or failure during the course of treatment. This is mainly due 
to the low sensitivity and specificity of the approaches, their 
lack of generalizability, the expensive and complicated pro-
tocols required for these assays, and the low throughput of 
the current technologies.

Liquid Biopsy for Disease Monitoring During 
Brain Tumor Treatment

A strategy that has garnered interest for monitoring tumor 
progression is using biofluid analytes such as circulating 
tumor cells, nucleic acids, or exosomes shed by the tumors 
in patient blood or cerebrospinal fluid (CSF) (Crowley 
et al., 2013; Pantel & Alix-Panabières, 2013, 2019; Zhang 
et al., 2017). These methods have been shown to correlate 
with tumor burden in patients and early detection for thera-
peutic response (Dawson et al., 2013; Diehl et al., 2008). 
Liquid biopsies also offer several advantages compared 
to traditional imaging or biopsy methods. Firstly, liquid 
biopsies tend to be easier for patients; in that, they are 
subjected to timely blood draws that can be done anywhere 
as opposed to scheduled, long imaging appointments. 
Secondly, they offer more information than a static image 
such as tumor genetics and specific biomarkers (Di Meo 
et al., 2017). Furthermore, non-invasive liquid biopsies 
have the advantage of posing no risk for iatrogenic injury 
during traditional biopsies, especially in eloquent brain 
areas. In the modern era of precision medicine, clinicians 
understand that genetic and epigenetic modifications con-
tribute to unique tumor morphologies and phenotypes. 
Since liquid biopsies sample a wide array of the genetic 
material originating directly from the tumor and perhaps 
tumor-related immunological changes in the circulation, 
they provide valuable data that can be used to predict prog-
nosis and therapeutic response (Mathai et al., 2019). This 
is especially advantageous in glioblastoma given its excep-
tional heterogeneity with respect to its tumor microenvi-
ronment (Soeda et al., 2015). Imaging methods and the 
traditional gold standard for solid tumors, biopsy, cannot 
accurately account for the dissimilar phenotypes in the 
intratumoral niche. Such advantages make liquid biopsy an 
attractive avenue of both diagnostic and prognostic means. 
Table 1 provides a summary of notable liquid biopsy stud-
ies discussed in-depth later during this review.

Circulating Tumor Cells

The first documented paper on circulating tumor cells 
(CTCs) in 1869 proposed that metastasis occurred when 
tumor cells were shed by the primary tumor into the cir-
culation to seed new tumor sites (Wang et al., 2017). We 
now understand that CTCs are primary tumor cells that 
have undergone an epithelial-to-mesenchymal transition 
and have been released from the basement membrane via 
a variety of matrix metalloproteases (Chistiakov & Chek-
honin, 2018). These released cells employ immune eva-
sion and host mimicry, along with their increased mobility, 
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to survive in the vasculature and search for other sites 
permissive of cell proliferation and invasion. With their 
enhanced capacity for survival, these cells not only con-
tribute to metastasis but also can explain recurrence after 
treatment after the CTCs switch from a dormant, quiescent 
state to a proliferative one (Gao et al., 2017). This is espe-
cially pertinent to glioblastoma since glioblastoma has an 
extracranial metastasis rate of only 0.4–0.5% (Lun et al., 
2011). Given that CTCs retain many of the genetic and 
phenotypic qualities of the original tumor, these cells can 
be harnessed to glean information about the characteristics 
of the original tumor (Fig. 1a).

One of the primary hurdles with CTC isolation in 
glioblastoma patients is that glioma cells did not express 
EpCAM, a surface glycoprotein marker present on many 
carcinomas and commonly used for CTC detection (Mold-
enhauer et al., 1987). Instead, researchers had to develop 
alternate methods to identify glioblastoma CTCs. In 2014, 
Muller et al. found that CTCs were present in 29 of 141 
patients, or approximately 20% of glioblastoma patients, 
when isolated using the marker glial fibrillary acidic pro-
tein (GFAP) (Müller et al., 2014). These cells also harbored 
tumor-specific mutations in the forms of distinct cell sur-
face markers and genetic alterations, showing that sampling 

Table 1   Analytes and methodologies used as liquid biopsy approaches for brain tumors

Biofluid Analyte Number of patients Results References

CTCs
 Peripheral blood GFAP 141 glioblastomas 20.6% sensitivity, 96% 

specificity
Müller et al. (2014)

 Peripheral blood Negative selection of CD45 
and CD16

33 glioblastomas 39% sensitivity, specificity 
not assessed

Sullivan et al. (2014)

 Peripheral blood Chromosome 8 aneuploidy 31 gliomas 77% sensitivity, specificity 
not assessed

Gao et al. (2016)

 Peripheral blood T elomerase 19 high-grade gliomas No sensitivity–specificity 
analysis, CTCs decreased 
post-radioptherapy com-
pared to pre-radiotherapy

MacArthur et al. (2014)

cfDNA in plasma or CSF
 Plasma High-coverage targeted 

sequencing and PCR 
analyses

41 primary brain tumors 7% sensitivity, specificity not 
assessed

Bettegowda et al. (2014)

 Plasma High-coverage targeted 
sequencing

42 patients with glioblastoma No sensitivity–specificity 
analysis, BBB disruption, 
and macrophage distribu-
tion associated with ctDNA 
released in brain tumors

Nabavizadeh et al. (2020)

 Plasma High-coverage targeted 
sequencing

665 samples from 419 
patients with intra- and 
extra-axial primary brain 
tumors

Sensitivity 55%, specificity 
not assessed

Piccioni et al. (2019)

 Plasma Low-coverage whole-genome 
sequencing

22 glioblastomas 73% sensitivity, 92% speci-
ficity

Mouliere, Chandrananda, et al. 
(2018a)

 Plasma DNA methyl-sequencing of 
CpG regions genome-wide

122 patients with diffuse 
glioma

High AUC numbers > 0.9 in 
ROC analyses

Nassiri et al. (2020)

 CSF, Plasma Low-coverage whole-genome 
sequencing

13 patients with primary 
glioma

39% sensitivity, specificity 
not assessed

Mouliere, Mair, et al. (2018b)

 CSF, Plasma High-coverage targeted 
sequencing

85 patients with glioma 49% sensitivity, specificity 
not assessed

Miller et al. (2019)

 CSF RT-PCR MicroRNA Panel 111 with glioblastoma 28% sensitivity, 95% speci-
ficity

Akers et al. (2017)

Extracellular vesicles
 CSF RT-PCR MicroRNA Panel 111 with glioblastoma 28% sensitivity, 95% speci-

ficity
Akers et al. (2017)

 Serum mIR-21, mIR-222, and miR-
124-3p

100 patients with gliomas 84% sensitivity, 77% speci-
ficity

Santangelo et al. (2018)

 Serum exosomal-mIR-210 91 patients with glioma AUC of 0.86 in ROC 
analysis

Lan et al. (2020)
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tumor CTCs could provide valuable information about the 
primary tumor without direct biopsy. Although 20% is only 
a minority, the authors acknowledged that the yield may 
increase when using a marker other than GFAP to isolate 
CTCs. Sullivan et al. used a “microfluidic device” called 
the CTC-iChip to negatively select against the leukocyte 
markers CD45 and CD16 (Sullivan et al., 2014). In this man-
ner, the authors hoped to avoid having to select for a single 
antigen or differentiating factor among all CTCs, especially 
since glioblastoma displays inherent heterogeneity. How-
ever, the use of the CTC-iChip was only marginally more 
effective than Muller et al.’s approach where 39% of patients 
with glioblastoma were detectable. The CTC-iChip was 
interestingly able to reliably differentiate between patients 

who had progressive disease versus those who had stable 
disease. However, other aspects of tumor burden such as 
small tumor foci occurring around the bulk of the tumor 
and extent of resection were not able to be distinguished 
with this method.

To address the low yield exhibited by early attempts at 
CTC detection, Gao et al. in 2016 employed fluorescence 
in  situ hybridization (FISH) to look for chromosome 8 
polyploidy rather than a specific marker to find CTCs (Gao 
et al., 2016). With this methodology, the authors were able 
to detect CTCs in 77% of the patients. Interestingly, patients 
had decreased level of CTCs following 2 years of standard 
clinical therapy, indicating CTCs could be used as a marker 
of therapeutic response. MacArthur et al. were also able to 

Fig. 1   Schematic representation of liquid biopsy approaches for gli-
omas. High-grade gliomas can shed circulating tumor cells, DNA, 
RNA as well as extracellular vesicles in the circulation or the CSF. 

Analysis of these analytes through a blood draw or a lumbar punc-
ture could allow for real-time monitoring of tumor dynamics. Created 
with BioRender.com
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detect CTCs in 72% of patients, prior to radiotherapy admin-
istration using a probe that stained for human telomerase 
(MacArthur et al., 2014). Since telomerase has elevated 
expression in tumor cells vs normal tissue, the probe suc-
cessfully bound only to tumor cells in peripheral blood. 
Interestingly, CTCs were only detected in 13% of patients 
post-radiotherapy treatment. This suggests that CTCs may 
correlate with overall tumor burden but do not have a high 
sensitivity of determining tumor presence in smaller, resid-
ual tumors.

The detection and isolation of CTCs through these vari-
ous methods have proved that there is valuable information 
that can be gleaned from the peripheral blood regarding the 
nature of a patient’s specific glioblastoma. The aforemen-
tioned studies have shown that CTCs can provide an esti-
mate toward pseudoprogression by determining if increase 
in tumor size seen on imaging correlates with increases in 
CTC levels post-treatment. However, the sensitivity of CTC 
detection in glioblastoma remains quite variable and is still 
in the beginning stages. Furthermore, it has not been shown 
that there is a linear relationship between tumor burden 
and CTC level. As such, CTCs remain a novel tool in the 
potential monitoring of disease progression and therapeutic 
response that still requires considerable work before it can 
be used as a sole marker of discerning pseudoprogression.

Circulating Tumor DNA in Plasma

Circulating tumor DNA (ctDNA) was analyzed long after 
the presence of CTCs was speculated but has been heav-
ily investigated in recent years due to the advent of next-
generation sequencing technologies. In the context of 
oncology, ctDNA is a genetic material that is released by 
tumor cells through various processes including apoptosis, 
necrosis, or secretion (Heitzer et al., 2015). Analysis of these 
DNA fragments can reveal multiple features of the cancer 
genome including mutations, aneuploidy, rearrangements, 
and tumor-specific epigenetic modifications (Fig. 1b). The 
primary challenge in utilizing ctDNA clinically for brain 
tumors is the very low mutant allele fraction shed in the 
circulation by these tumors (Diaz & Bardelli, 2014). Given 
these obstacles, the evolution of ctDNA for diagnostic and 
prognostic purposes has been largely a recent endeavor. In 
2014, Bettegowda et al. examined 640 patients using poly-
merase chain reaction (PCR) technology to search for the 
presence of ctDNA (Bettegowda et al., 2014). While the 
results varied widely between individual tumors, ctDNA was 
detected in less than 10% of patients with gliomas. Despite 
the seemingly limited application of ctDNA in glioblas-
toma, there were two findings of note: Firstly, there were 
many instances where ctDNA was detectable when there 
were no discernable CTCs. This suggests that CTCs and 
ctDNA exist independent from each other in the circulation 

and that ctDNA may be able to improve upon the sensitiv-
ity of CTCs. Secondly, the authors showed that there was a 
steadily decreasing rate of 2-year survival associated with an 
increased number of ctDNA mutant fragments. Thus, ctDNA 
might prove to be a stronger indicator of tumor burden than 
CTCs. In the context of pseudoprogression, having a periph-
eral noninvasive marker for tumor burden would clarify the 
difference between immune infiltration and disease progres-
sion seen on imaging.

Several groups have attempted to identify clinicopatho-
logical factors associated with low ctDNA shedding by glio-
mas in the circulation with mixed results. Nabavizadeh et al. 
assessed the histopathologic and imaging features of patients 
with gliomas and correlated these tumor features with levels 
of cell-free DNA (cfDNA) in the circulation (Nabavizadeh 
et al., 2020). The study showed that tumor size, contrast-
enhancing volume, or any other measure of tumor volume 
did not correlate with baseline cfDNA levels. In contrast, 
cfDNA concentrations were elevated in patients who had 
increased metrics corresponding to blood–brain barrier dis-
ruption. On histopathology, patients who had increased mac-
rophage staining in the tumor microenvironment also corre-
lated to exhibiting higher ctDNA concentrations. In contrast 
to perivascular macrophages which may be increasing the 
integrity of the blood–brain barrier, macrophages within the 
tumor microenvironment may be liberating DNA from apop-
totic and necrotic cells. These findings suggest that future 
developments in the field of liquid biopsy using circulat-
ing genetic material in glioblastoma may involve increasing 
blood–brain barrier permeability or activating tumor-asso-
ciated macrophages to increase the yield of detection. How-
ever, Mair et al.’s findings using patient-derived xenograft 
models suggest that blood–brain barrier dynamics do not 
play a significant role in detection of ctDNA (Mair et al., 
2019). In this study, the authors hypothesized that tumor 
mitochondrial DNA (tmtDNA) would yield greater sensi-
tivity than nuclear ctDNA given its increased abundance in 
tumor cells. Detection of plasma ctDNA had a sensitivity of 
82% in the orthotopic xenograft rat model as compared to 
nuclear ctDNA’s sensitivity of 24%. The tmtDNA was also 
found in CSF and urine samples. A principal component 
analysis revealed that the primary indicators of tmtDNA and 
ctDNA concentrations corresponded to tumor volume and 
cellular proliferation. In one of the treatment naïve groups, 
the authors saw that tmtDNA concentrations were correlated 
with tumor burden and increased with treatment response 
due to increased cell death. This suggests that tmtDNA can 
be involved in monitoring therapeutic progress or looking at 
disease progression. In contrast to Nabavizadeh et al.’s work, 
the authors argued that it was not in fact the blood–brain bar-
rier that led to low ctDNA detection in plasma, but the much 
increased background noise of nontumor cell-free DNA. 
Thus, there is still no consensus on what leads to sparse 
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ctDNA sensitivity in the plasma. However, there are new 
possible routes of discovery such as tmtDNA, blood–brain 
barrier-altering agents, and better sequencing technologies 
that can be pursued.

Piccioni et al. revisited the problem of utilizing ctDNA 
in glioblastoma in 2019 (Piccioni et al., 2019). In the age 
of personalized medicine, therapies such as tumor vaccines 
and CAR-T cells require knowledge of individual patient-
specific tumoral genetic aberrations. The authors proposed 
that ctDNA could provide a noninvasive means of achiev-
ing this purpose. Utilizing a standard laboratory genetics 
assay devised for detecting genetic mutations in any solid 
tumor, Piccioni et al. detected mutations in ctDNA in 50% 
of the 419 patients tested, a much improved result over prior 
attempts at discovery of ctDNA in primary brain tumors. 
This study and all other mutation-based studies that have 
been performed so far in gliomas have not taken into account 
the phenomenon called clonal hematopoiesis of indetermi-
nate potential (CHIP) (Chan et al., 2020). CHIP is a result 
of passenger mutations in the white blood cells (WBCs) that 
are released in the plasma and can mimic tumor-derived 
mutations, even ones that occur in hotspot cancer mutations. 
Therefore, any study that has not accounted for this phenom-
enon by sequencing at the same sequencing depth in WBCs 
can overinflate the percent detection of true cancer-derived 
mutations.

To circumvent the above major confounder in ctDNA 
analysis and to harness more recent discoveries in genome 
organization in the blood, a few groups have analyzed the 
size fragment distribution of cfDNA in the circulation and 
have found that while circulating DNA in healthy individu-
als resemble DNA patterns from WBCs, ctDNA has a more 
variable size distribution and tends to be shorter (Cris-
tiano et al., 2019; Mouliere, Chandrananda, et al. 2018a). 
By incorporating fragmentation patterns into the analysis, 
the sensitivity of detecting genomic alterations is increased 
beyond simply looking at genetic mutations which, at best, 
occur at a rate of one in a few thousand fragments. Circulat-
ing DNA fragments are mapped to the genome and the size 
and location of the fragments in the genome are taken into 
account. Differences in circulating DNA between healthy 
controls and tumor patients have been postulated to arise 
from differences in organization of genomes regarding open 
or closed chromatin. Healthy individuals have chromatin 
and nucleosomal fragmentation patterns that reflected that 
of healthy WBCs, suggesting that is where the majority of 
their circulating DNA arises from. Prior work has also sug-
gested a difference between the fragment sizes and posi-
tions taken from tumor patients versus healthy controls 
but has notably disagreed on whether these fragments are 
larger or smaller (Jiang et al., 2015; Umetani et al., 2006). 
Mouliere et al. approached the problem by implementing 
a whole-genome approach rather than relying on specific 

loci. The authors characterized ctDNA from patients with 
various tumors as compared to healthy controls and found 
that ctDNA fragment size shifts to a smaller count of 167 bp 
in many cancers (Mouliere, Chandrananda, et al. 2018a). 
Mouliere et al. did also, however, discover that fragments 
in the 250 to 320 bp range also were enriched for mutated 
fragments and stated that the origin of these fragments is 
still unknown. Cristiano et al. built on this work by a shal-
low sequencing whole-genomic approach combined with 
machine learning algorithms to account for size differences 
and coverage in various loci over the genome discovered 
(Cristiano et al., 2019). The size of the fragments in addition 
to their mapped location served to create a fragmentation 
signature that was unique to tumor patients. Interestingly, 
the fragmentation profiles matched tumor-specific mutant 
alterations throughout the course of treatment suggesting 
that fragmentation analysis can be used to monitor thera-
peutic response. Using the analysis as a prediction tool, 
the authors found that the ROC curve exhibited an AUC 
value of 0.94. Subsequently, Zviran et al. have proposed 
conducting genome-wide sequencing on cfDNA to increase 
sensitivity of ctDNA detection and monitoring cancer pro-
gression, especially in cases of minimal residual disease for 
non-central nervous system tumors (Zviran et al., 2020). 
By incorporating aneuploidy detection and algorithmically 
accounting for sequencing errors, the authors were able to 
increase detection sensitivity by 2 orders of magnitude, from 
detection at a concentration of 10–3 to 10–5, at a specific-
ity level of 99.85%. One of the most notable findings was 
that the whole-genome sequencing was able to track tumor 
response throughout patient treatment, detect changes in 
tumor burden earlier than imaging, and was able to detect 
residual disease after completion of therapy in cases where 
prior methods of ctDNA detection were unable to do so. 
This was demonstrated in the ability to detect ctDNA in 
patients’ status post-resection of tumor. Patients in whom 
ctDNA was undetectable with the whole-genome sequenc-
ing did not exhibit any signs of recurrence in the median 
15-month follow-up period. Of note, in a patient who had 
melanoma and was undergoing checkpoint immunotherapy 
treatment, ctDNA tracked tumor responses with a greater 
temporal resolution than CT imaging. The ability to detect 
low-burden disease and track progress with this method of 
ctDNA identification could lay the groundwork for the future 
of discerning progression and pseudoprogression in patients 
with brain tumors.

DNA Methylation of cfDNA

More recently, Nassiri et al. have utilized cfDNA methyla-
tion features in plasma of patients with gliomas and extra-
axial CNS tumors and were able to show that gliomas have 
a distinct methylation signature in the plasma compared to 
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other extra-axial CNS tumors and cancer-free individuals 
(Nassiri et al., 2020). The performance of their technology 
in discriminating the presence of a glioma in the plasma of 
an individual was strikingly higher compared to any other 
study so far, indicating that cfDNA methylation can be a 
sensitive marker of the tissue of origin in the blood. The 
retrospective collection of samples and other confounding 
factors that could affect cfDNA methylation (age, sex, use 
of different sequencing platforms, different source of blood 
samples, timing of collection) necessitates further validation 
to establish the importance of cfDNA methylation in glioma 
detection. No study has thus far been performed in the set-
ting of disease monitoring to assess the ability of cfDNA 
methylation in tracking the tumor dynamics and response 
to treatment in gliomas.

Circulating Tumor DNA in CSF

While all the aforementioned studies looked primarily at 
peripheral blood for isolation of genetic material, the cer-
ebrospinal fluid (CSF) is another compartment that shows 
promise. The CNS is bathed by CSF and has been shown 
to be a reservoir for brain or spinal cord tumors, espe-
cially those of which lie adjacent to a CSF cavity (Wang 
et al., 2015). Mouliere et al. used a shallow whole-genome 
sequencing approach to detect and characterize ctDNA 
present in the CSF (Mouliere, Mair, et al. 2018b). Their 
method was able to detect ctDNA without the prior need 
of an intracranial biopsy to search for exact somatic muta-
tions. As such, the detection rate for ctDNA in the CSF was 
similar to prior studies that used expensive whole-exome 
sequencing. One interesting finding was that ctDNA in 
CSF had a different fragmentation pattern than ctDNA in 
the plasma. Such a fragmentation signature could be used 
to further identify circulating tumor genetic material in the 
CSF in the future without any prior mutational or genetic 
knowledge. Miller et al. furthered the work by showing that 
the ctDNA detected in patient CSF had the same somatic 
mutations as those found in the original tumor (Miller et al., 
2019). Analysis of longitudinal CSF samples highlighted 
the gradual evolution of the genetic landscape over the time 
course of a tumor. Thus, CSF ctDNA highlights the advan-
tages of a liquid biopsy; in that, a peripheral, noninvasive 
method is able to monitor genetic changes in the primary 
tumor over sequential timepoints. In a similar vein, other 
forms of genetic material besides DNA have proven to 
be attractive candidates for isolation. The release of RNA 
through biological activity of tumor cells into the extracel-
lular milieu suggests its utility as a clinical biomarker (Ever-
aert et al., 2019). Akers et al. examined miRNA in the CSF 
to evaluate its role as a biomarker for glioblastoma (Akers 
et al., 2017). The authors found that 30–50% of miRNAs 
detected in patient glioblastoma samples were seen in CSF 

samples but at a decreased abundance. Using cutoff criteria 
for expression fold changes, 29 miRNAs were identified of 
which 9 were chosen to create a glioblastoma signature for 
diagnosis through CSF analysis. The signature resulted in 
a sensitivity of 80%, identifying 8 out of 10 glioblastoma 
patients, and a specificity of 67%, distinguishing 8 out of 
12 healthy patients when profiling cisternal CSF. The study 
was thus able to establish that CSF could be used to diag-
nose patients with glioblastoma. Further work needs to be 
done to elucidate whether tumor burden affects the level of 
miRNA secretion and if it can be used to track progression 
and pseudoprogression in patients.

While these techniques continue to be developed in the 
context of glioblastoma, circulating genetic material has 
been trialed in the context of discerning pseudoprogression 
when treated with immunotherapy in other tumors. Lee 
et al. in 2018 explored the efficacy of determining pseudo-
progression with ctDNA in patients with metastatic mela-
noma when given anti-PD-1 treatment (Lee et al., 2018). 29 
of 125 patients were determined to have “disease progres-
sion” as denoted by RECIST criteria. Of the 29 patients, 
9 experienced pseudoprogression according to immune-
related response criteria (iiRC) guidelines. All 9 patients 
were classified as having a “favorable” ctDNA assessment 
involving parameters that indicated minimal to no detec-
tion of ctDNA. Overall, the ctDNA’s rate of pseudoprogres-
sion prediction was at a sensitivity of 90% and a specificity 
of 100%. Anagnostou et al. analyzed longitudinal plasma 
samples of patients with non-small cell lung cancer treated 
with immune checkpoint inhibitors (Anagnostou et  al., 
2019). 9 patients exhibited a molecular response in which 
ctDNA dropped to completely undetectable levels on aver-
age 9 weeks after therapy. The second category was patients 
who had molecular resistance in which ctDNA levels did 
not decrease or rose after beginning therapy. The third pat-
tern was in a subset of the molecular responder category in 
which ctDNA response displayed clonal selection indicative 
of immune escape mechanisms in response to PD-1 block-
ade. The authors report that early drops in ctDNA levels 
were stronger predictors for progression-free survival (PFS) 
and overall survival (OS) as compared to radiographic imag-
ing and tumor burden. Bratman et al. confirmed these find-
ings in an expanded cohort in patients with solid tumors 
treated with anti-PD-1 therapy (Bratman et al., 2020). In 
their sample of 94 patients, the authors found that baseline 
ctDNA levels correlated with overall survival and progres-
sion-free survival. Similar to Anagnostou et al., the authors 
found that the change in ctDNA levels following treatment 
allowed patients to be grouped into response categories that 
correlated well with survival. Thus, ctDNA analysis can help 
quickly identify whether a patient is responding to immu-
notherapy and whether they should be advanced to other 
therapies that may be more effective. Moding et al. explored 
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this idea of whether all patients should be treated similarly 
based on their ctDNA profile after chemoradiation treatment 
(Moding et al., 2020). Patients with non-small cell lung can-
cer who had undetectable ctDNA following chemoradiation 
treatment did not show significant benefit when receiving 
additional immune checkpoint inhibition therapy, while 
patients who continued to have detectable levels of ctDNA 
following chemoradiation exhibited increased survival ben-
efit with follow-up immune checkpoint inhibition therapy. 
Therefore, ctDNA has shown the ability to act as a potential 
biomarker not only for tumor burden but also as a predictor 
of treatment response.

As the technology for next-generation sequencing 
improves for analysis of ctDNA, similar methods can be 
applied to RNA, potentially providing another avenue of 
exploration. Given that tumor cells are constantly undergo-
ing necrosis and apoptosis, particularly so in response to 
chemotherapy and radiation treatment, analysis of circulat-
ing genetic material released from tumors shows promise. As 
discoveries into depth of sequencing to increase fidelity and 
breadth of sequencing to increase sensitivity are explored, 
isolation of ctDNA and RNA may be able to provide accu-
rate monitoring of tumor burden relative to the patient’s 
baseline with high temporal resolution. Such methods would 
be valuable in distinguishing between disease progression 
vs pseudoprogression on imaging without having to wait 
for set periods of time to wait for clinical improvement or 
deterioration.

Extracellular Vesicles

One aspect of the study conducted on miRNA by Akers 
et al. that ultimately was not pursued by the authors was the 
incorporation of extracellular vesicles. Extracellular vesi-
cles (EVs) broadly are membrane-bound vesicles secreted 
by cells from endosomal compartments or the plasma mem-
brane that have been found to be involved in intercellular 
communication, tumor angiogenesis and growth, and tumor 
immune response (Raposo & Stoorvogel, 2013) (Fig. 1c). 
EVs carry many different biological molecules including 
proteins, genetic material, lipids, and signaling molecules 
(Han et al., 2019; Raposo & Stoorvogel, 2013). Some advan-
tages that EVs provide over CTCs and ctDNA are their 
robustness in the periphery and their specific function as 
signaling molecules. While DNA and RNA degradation are 
significant concerns during detection and isolation, the fact 
that genetic material in EVs are bound in a membrane makes 
them much more resistant to degradation by proteases and 
DNases. Furthermore, due to their role in intercellular com-
munication, genetic material and proteins involved in cross-
talk can be found in greater abundance within these vesicles 
than unbound in peripheral blood. In the Akers et al. study, 
the authors examined whether the miRNA glioblastoma 

signature they were developing would be more enriched in 
EVs (Akers et al., 2017). However, they found that almost all 
the miRNAs they identified within EVs were isolated free-
floating in CSF. Therefore, with this particular biomarker, 
the authors felt there was no need to take the extra step of 
isolating EVs. However, this is not always the case as certain 
molecules are significantly more upregulated in EVs and 
biomarkers present within the membranes themselves can 
be crucial for evaluating tumor presence (Han et al., 2019).

The role of miRNAs in serum exosomes as a potential 
biomarker was re-evaluated by Santangelo et al. in 2017 
(Santangelo et al., 2018). Exosomes are a class of EVs spe-
cifically in the size range of 40–150 nm that originate from 
cellular endosomes. The authors settled on examining the 
clinical utility of 3 pre-selected miRNAs (miR-21, miR-222, 
and miR-124-3p) found in exosomes to act as a diagnostic 
biomarker of glioma. Results showed that expression lev-
els according to real-time qPCR of all 3 of the miRNAs 
individually and cumulatively were significantly higher in 
glioblastoma patients than control populations. The AUC 
value for cumulative miRNA was 0.87, showing potential for 
diagnostic accuracy. Interestingly, this genetic signature was 
specific for high-grade gliomas seeing as miRNA expression 
was significantly higher in high-grade gliomas as compared 
to both low-grade gliomas and healthy controls. The authors 
concluded that based on their findings, certain individual 
miRNAs or their cumulative expression values in combina-
tion with pre-operative MRIs could help determine tumor 
presence vs brain metastases and possibly predict glioma 
grading without the need of pathological analysis. They next 
showed that the expression levels were dramatically reduced 
in high-grade gliomas after surgical resection, indicating 
that the miRNAs may be able to ascertain tumor presence 
post-resection when imaging is unclear. The authors then 
examined whether the miRNA levels could be used to dis-
cern pseudoprogression vs progression. Of the 2 patients 
that were examined, clinical progress correlated well with 
miRNA expression levels after resection. When the miRNA 
levels decreased, the patient showed clinical improvement. 
In the other patient, pseudoprogression was considered but 
ultimately the patient had an increase in miRNA expres-
sion levels after resection and later had clinical progres-
sion. Thus, the study proved that exosomes were a reliable 
source of genetic information that could potentially be used 
to predict a patient’s disease course after surgical resection. 
Lan et al. followed a similar route by examining the clinical 
utility of miR-301a in exosomes as a peripheral biomarker. 
The authors first provided evidence that the exosomes were 
not simply static entities but themselves acted on low-grade 
glioma cells and increased their tumorigenicity. They then 
found that miR-301a expression had significantly increased 
expression in patients with gliomas versus healthy con-
trols. Similar to Santangelo et al.’s findings, the miR-301a 
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expression levels corresponded to the grade of the tumor as 
well and were specific for gliomas when compared to other 
cancers. Thus, in both studies examining exosomal miRNAs, 
there was a difference in expression level between tumor 
grades, showing an increased pathological resolution when 
comparing exosomal biomarkers to CTCs and ctDNA. Simi-
larly, miR-301a levels decreased after surgery and rebounded 
after recurrence. The AUC for miR-301a expression was 
0.937 conferring a more accurate diagnostic biomarker accu-
racy when compared to Santangelo et al.’s study. mIR-301a 
was not examined in a patient to determine whether progres-
sion vs pseudoprogression could be discerned but given its 
similarity to Santangelo et al.’s results, further work should 
be done in following patient levels, particularly through an 
immunotherapy course. Lan et al. revisited their miRNA 
exosomal approach to diagnose and predict patient glioblas-
toma course more recently in 2020 (Lan et al., 2020). They 
were able to show similar findings to novel miRNA bio-
markers exhibited in previous papers such as significantly 
higher miR-210 levels in patients with glioma, a correla-
tion with tumor grade, abrogation of expression levels with 
resection and an increase with recurrence, and evidence that 
expression levels of miR-210 were independently associated 
with patient prognosis. As the field continues to expand and 
sequencing technologies become cheaper and more accu-
rate, genetic biomarkers within exosomes will continue to 
develop as potential diagnostic and prognostic biomarkers.

Another avenue of approach in identifying exosomal 
biomarkers relevant to glioblastoma is determining glio-
blastoma signatures within the tumor and then assessing 
whether they are present within exosomes. Furthermore, 
exosomes exhibit multiple facets of tumor pathology. They 
can simultaneously act as a messenger by being a periph-
erally accessible source of information about the tumor 
microenvironment, while actively participating in increased 
tumorigenesis, as shown by Huang et al.’s study (Huang 
et al., 2018). While the authors did not examine specifically 
whether tumor burden could be examined using exosome-
derived nucleic acids, and thus be applied to discernment 
of pseudoprogression, the study showed that exosomal bio-
markers can be a valuable source of information about the 
tumor microenvironment and have the potential to track 
patient course.

Future Directions

More research needs to be conducted in the study of utiliz-
ing multiple methods and techniques to determine treatment 
response in GBM patients receiving immunotherapy. Basler 
et al. created a model that incorporated both blood biomark-
ers (S100, LDH) and radiomics analyses (PET/CT) to help 
differentiate pseudoprogression from disease progression 

in patients with metastatic melanoma (Basler et al., 2020). 
They assessed a cohort of 112 patients undergoing immune 
checkpoint inhibitor therapy. A combined blood biomarkers 
and radiomics model was developed with an AUC = 0.82, 
which supports the notion that a multi-modality approach 
will be most efficacious in identifying treatment response 
in cancer patients receiving immunotherapy.
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