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Abstract

Glioblastoma (GBM) is the most common primary brain malignancy in adults and has a poor
prognosis despite standard of care treatment. The mainstay of GBM treatment has relied on max-
imum surgical resection and chemotherapy and radiation. Cancer immunotherapy has made great
strides since the advent of anti-PD-1, anti-CTLA-4, and other immune checkpoint inhibitors. With
the advancement of novel therapeutics, more clinical trials for patients have opened as well. An
important future direction of clinical trials is the ability to identify appropriate patients to optim-
ize treatment response and minimize toxicities. This review describes considerations in designing
future GBM clinical trials in not only immunotherapy but also with other promising treatments.
We will discuss factors, such as pseudoprogression, genetic and circulating biomarkers, and the
commensal microbiome of patients in the setting of clinical trial design.
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1. Introduction

Glioblastoma (GBM) is the most common primary brain malignancy (80%) with a high mortality of 12 - 15
months median survival [1] [2]. According to the National Cancer Institute, 2 - 3 people per 100,000 are diag-
nosed each year with GBM. The majority of GBM cases arise sporadically, from a combination of a multitude
and a variety of mutations, such as in p53, vascular endothelial growth factor (VEGF), and EGFR [2]. Current
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standard of care includes surgical resection, radiation, and chemotherapy with temozolomide [3].

However, GBM is known for being recurrent and treatment-resistant, due to the infiltrative nature and hete-
rogeneity of tumor composition and numerous subpopulations of cancer stem cells (CSCs) as well as the perva-
sive state of immunosuppression and T cell exhaustion in cancers [4] [5] The pathogenesis itself of GBM criti-
cally involves the growth and proliferation of a special subset of these pluripotent CSCs, which act as tumor-
initiating cells and also promote angiogenesis for the tumor [2]. In addition, the GBM tumor microenvironment
encompasses a variety of immunosuppressive characteristics. Increased numbers of immunosuppressive cyto-
kines, such as IL-6 and 1L-10, as well as increased ratios of regulatory T cells as opposed to effector T cells are
examples of ways GBM microenvironment silences the body’s immune response [6]. In recent years, immune
checkpoint blockade as oncologic therapy has rapidly progressed in order to address this particular resistance to
standard GBM care. Examples of critical immune checkpoint inhibitor drugs include anti-Programmed Death 1
(anti-PD-1) and anti-cytotoxic T lymphocyte antigen 4 (anti-CTLA-4) with many more drugs in the pipeline [7].

As the repertoire of GBM therapeutics continues to grow, ways of monitoring prognosis and especially treat-
ment response should follow as well. Immunotherapy in particular can be modulated with a variety of circulat-
ing factors and molecules, such as a recently studied cholesterol esterification enzyme and even intestinal micro-
organisms [8] [9]. Monitoring GBM treatment response over time is still a much-needed topic of research in
GBM and cancer management in order to draw conclusions about the clinical trials” endpoint, patients’ survival
outcomes. Anti-angiogenic treatment in GBM has been followed with proteomic analysis of specific proteins
that were involved in well-known pathways of metabolism, apoptosis, and angiogenesis [10] Other monitoring
methods include utilizing magnetic resonance imaging (MRI) and fluorescence molecular imaging [11] [12].
However, describing true disease progression is sometimes uncertain with monitoring treatment response
through imaging due to phenomena such as pseudoprogression in MRI. In addition, in order to arrive at mea-
ningful endpoints, clinical trials should take into consideration methods to follow patient prognosis and treat-
ment response, such as through alterations in genetic expression or through cellular biomarkers like ctDNA. In
the context of individualized patient parameters, treatment response to cancer immunotherapy being manipu-
lated by the makeup of the intestinal microbiota is another fruitful area to be explored further. This review
therefore strives to highlight different important issues, such as radiological and biological aspects of patient se-
lection, prognosis, and treatment response efficacy, to consider in designing clinical trials for GBM immunothe-
rapy and cancer treatment.

2. Discussion
2.1. Patient Selection

According to ClinicalTrials.gov, more than 200,000 clinical trials are currently running in 193 countries, with 80%
of studies involving drug, surgical, behavioral, or instrumental intervention in a disease process [13]. A signifi-
cant aspect of designing these clinical trials is oriented on potentially prognostic subject and patient characteris-
tics on treatment response to intervention [14].

In addition to traditional factors such as age, performance status, and amount of tumor resected, aspects such
as MGMT status, IDH status, and lymphopenia may play important roles in future clinical trials.

In GBM management, it is well known that methylation of O6-methylguanine-DNA methyltransferase
(MGMT) promoter predicts better response to temozolomide chemotherapy as well as reflects fairer prognosis
[15]-[18]. Specific tumor makeup can also inform the types of medication administered during a clinical trial. In
a group of 10 patients who had already undergone surgery and chemoradiation, the decision to add the immuno-
therapeutics, bevacizumab and erlotinib, was based on the expression of epidermal growth-factor (EGFRvIII)
and methylated MGMT promoter in GBM tumor samples [19]. Since these studies involving methylated MGMT
promoter and GBM management demonstrated survival ranging up to 18 - 21 months, necessitating clinical tri-
als that will incorporate sufficiently long periods of patient follow-up [20] [21].

However, not all GBM tumors contain methylated MGMT promoters, ranging from 28.7% to 50.6% of tu-
mors, so basing clinical trials solely on this one marker would be shortsighted [22] [23]. Some investigators even
urge practitioners to rethink the standard of ubiquitously prescribing temozolomide to all GBM patients in light
of studies that demonstrate no added benefit for certain patient populations, such as the elderly with unmethylated
MGMT promoters [24].

It would also be fruitful to examine patient selection based on somatic mutations of isocitrate dehydrogenase
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(IDH), which are commonly seen in glial tumors. According to a clinical trial that compared chemoradiotherapy
and radiation in 291 patients, 74% of the patients had a positive IDH-mutation status, which correlated to a longer
overall survival. Median survival was not affected by chemoradiotherapy in those without the IDH mutation [98].

Another interesting parameter that arises in oncological clinical trials is treatment-related lymphopenia (TRL),
reflected by lymphocyte counts in patients undergoing chemotherapy and/or radiation. For example, in a study
on patients with pancreatic adenocarcinoma, a lower total lymphocyte count after adjuvant chemo-radiation was
associated with a lower median survival (14 vs 20 months, p = 0.48) [99]. Likewise, for malignant glioma,
non-small cell lung cancer, as well as unresectable pancreatic cancers, patients with low TRL demonstrated
shorter periods of survival from their diseases [100]. Specifically, the number of CD4+ T cells decreased while
the pool of CD8+ T cells stayed stable when TRL was examined in glioma clinical trials [101]. Especially in fu-
ture clinical trials that could involve immunotherapy, incorporating lymphopenia as a marker of immunologic
change resulting from effective treatment would be an important factor to consider.

2.2. Monitoring Disease Progression during Clinical Trials

It is paramount to monitor disease progression throughout a trial before considering the overall impact of a par-
ticular therapy on patient survival outcomes. However, GBM clinical studies, especially those that include im-
munotherapeutics as intervention, lack reliable methods of immunologic assessment [25] Therefore, the long-
term follow-up protocol for these GBM clinical trials commonly involve magnetic resonance imaging (MRI) to
monitor disease status in addition to clinical and functional assessment [26] [27].

2.3. Pseudoprogression

Pseudoprogression (PsP) is a radiological phenomenon of the apparent increase in size of contrast-enhancing
tumor on imaging due to treatment and not tumor growth, reported for the first time in 1979 [28] [29]. There are
no accompanying and associated neurological symptoms in cases of pseudoprogression. VVasogenic edema in the
glioma tumor bed and abnormal permeability of surrounding vasculature contributes to the appearance of pseu-
doprogression [28]. Radiation therapy causes endothelial injury in vessels as well as vasodilation and inflam-
matory disruption of the blood-brain barrier [30]. Some traditionally-used brain soft tissue imaging could mud-
dle the true underlying mechanism of contrast enhancement that appears radiologically. Pseudoprogression is
associated with higher rates of survival in glioma patients and could actually reflect radiochemotherapy treat-
ment efficacy [31] [32]. Therefore, examining the mechanism and the usefulness of different imaging modalities
in future clinical trials for GBM and immunotherapy is critical.

There are guidelines to describe response criteria of gliomas to treatment. These response criteria have been
frequently referred to in landmark clinical trials for glioma management. The Macdonald criteria, published in
1990, used the enhancing tumor area, radiologically determined through enhanced CT or MRI scan, as the pri-
mary basis of tumor treatment response [33]. A significant increase of at least 25% in the contrast-enhancing le-
sion area was proposed as a marker of tumor progression. The major drawback of relying solely on Macdonald
criteria and its most significant factor of contrast-enhancing tumor area in determining disease progression and
subsequent management is the nonspecificity of the radiological contrast enhancement. Contrast enhancement
on imaging could also be seen whenever contrast permeates a disrupted blood-brain barrier, which commonly
occurs after the radiation, chemotherapy and immunotherapy utilized in GBM management. More limitations of
the Macdonald criteria have also arisen concerning inter-observer variability and no assessment guidelines for
multifocal tumors, non-enhancing portions of tumor, or tumors with irregular borders [34]. The Response As-
sessment in Neuro-oncology (RANO) Working Group proposed updated standardized response criteria for brain
tumor clinical trials in 2012 [34]. The RANO recommendations include imaging after surgery within 72 hours to
determine the extent of resection for contrast-enhancing tumors, diffusion weighted imaging to characterize
non-enhancing tumor components and areas of ischemia, and evaluations of disease progression and volume-
tric-based assessments of residual tumor burden.

Following standard therapy of radiochemotherapy for GBM management, 20-40% of those patients had in-
creased enhancement on the first post-treatment follow-up MRI scans, of which half were due to the phenome-
non of pseudoprogression [102]. Immunotherapy used to treat GBM, such as the administration of genetically-
engineered T cells in mice, resulted in T1 gadolinium enhancement and T2 hyperintensity 24 hours following
treatment, which resolved 2 - 3 days afterward [35]. In fact, Administration of proinflammatory cytokines
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increased contrast enhancement that lasted up to 3 months post-treatment [34]. Two patients underwent surgery,
radiation, chemotherapy as well as IL-4 toxin immunotherapy within the tumor bed, and their follow-up MRI
scans also showed increased enhancement. However, to determine whether the enhancement was due to true
tumor progression or pseudoprogression, the investigators used magnetic resonance spectroscopic imaging
(MRSI) to test the metabolic activity of the delineated tissue, concluding that MRSI could be a useful tool in
differentiating pseudoprogression following intralesional immunotherapy [103]. Certainly as new immunothe-
rapeutics are being tested in clinical trials, it would be paramount to anticipate and closely assess pseudopro-
gression. It may be even more likely for pseudoprogression, which is mediated by inflammatory processes, to
appear more often post-immunotherapy, necessitating thoughtful choices for follow-up imaging modalities [104].

Post-gadolinium MRI cannot effectively differentiate between treatment-associated pseudoprogression or
early tumor and disease progression following radiation, chemotherapy or immunotherapy [36] [37]. Several
new and alternative imaging methods to determine the incidence of true PsP have been proposed and include
dynamic MRI as well as modified PET imaging with attention paid to how best to characterize the vascular
changes occurring in the brain and tumor tissue due to chemotherapy and radiation that could result in PsP
(Table 1). Dynamic contrast-enhanced T1 MRI resulted in lower volumetric plasma volume (Vp) perfusion
values as well as lower plasma volume and time-dependent leakage constant values (Ktrans) associated with PsP
[30]. Dynamic susceptibility-weighted contrast-enhanced MRI with ferumoxytol molecules was used in a study
of 56 GBM patients who had received chemotherapy and radiation. Relative cerebral blood volume (rCBV)
values were collected, with 1.75 rCBV assigned as the cutoff value for determining PsP [32].

A common observation across groups revolves the higher incidence of pseudoprogression noted in patients
with methylation of MGMT-promoter within glioma [37]. One group found that 31% of patients with methy-
lated GBM demonstrated pseudoprogression in contrast to just 5% incidence in patients with non-methylated
tumors [29]. In fact, there is as high as a 91.3% probability of pseudoprogression in tumors with methylated-
MGMT glioma expression compared to a 59% probability of early tumor progression in those with unmethy-
lated MGMT promoter [38]. Pseudoprogression itself appeared to be correlated and more common amongst pa-
tients who had methylated MGMT promoter (91% vs. 41% unmethylated), possibly indicating the efficacy of
the chemoradiotherapy on decreasing glioma tumor burden [39]. This difference in pseudoprogression rates
based on methylation of the MGMT promoter could be correlated to treatment efficacy on diminishing tumor
burden, thereby establishing MGMT-promoter methylation as a key factor in designing directed clinical trials
based on tumor composition and also other biomarkers.

2.4. Predicting Treatment Response and Clinical Trial Endpoints of Survival

The gold standard of measuring treatment efficacy in clinical trials is overall survival (OS). OS as a data point is
objective, but obstacles to utilizing OS as a measure include its need for large randomized trials with long fol-
low-up periods [102].

In cancer trials, OS and PFS may necessitate follow-up periods that are too prolonged to be clinically feasible.
Alternatives could be examining survival data at a predetermined time point, such as six months following

Table 1. Shows cited references for each category of alternative methods of imaging and delineating disease progression and
pseudoprogression.

Alternatives to post-gadolinium MRI to differentiate true progression from PsP

Methods Numbered References (refer to bibliography)

Dynamic O-(2-[18F]fluoroethyl)-L-Tyrosine PET [29] [90] [97]

Dynamic contrast enhanced T1 magnetic resonance imaging (DCE MRI)

(enhanced with i.e. ferumoxytol) [30] [32] [89] [93] [95]

[88] (ADC mean value < 1300 x 10°° mm?/s)
[96] (ADCiqg0 < 929 x 10°° mm?/sec,
Cut-off values of apparent diffusion coefficients (ADCs) ADCsp0 < 645 x 107° mm?/sec)
[94] (ADC 5th percentile value 892 x10~® mm?/sec,
907 x10°° mm?/sec)

Multi-parameter aggregation and analysis [91]-[93]
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intervention. The primary endpoint of Phase Il clinical trials in GBM management is statistically significant
progression-free survival at 6 months (PFS-6) [40]-[42]. Secondary endpoints could include pharmacokinetics,
quantifications of tumor response to therapeutics [40] [41]. PFS, necessarily based on imaging or practitioners’
clinical assessment, such as by MRI, leads to earlier, truncated results than OS used as primary endpoints, arguably
becoming a less clinically useful endpoint. One group has proposed an alternative to PFS and OS by combining
the two parameters into a separate clinical endpoint that will retain the quick data turn-around and ease of moni-
toring disease progression that PFS offers with the clinical significance of OS [43]. Particularly with clinical tri-
als that involve immunotherapy, there are a number of long-term survivors with survival trends that exceed his-
torical data from trials involving radiochemotherapy [105]. Hence, in evaluating clinical data about survivorship,
it would be more useful to use the area-under-curve as the parameter.

This review then elaborates on several biological and genetic markers that could be harnessed in order to de-
rive meaningful data on various endpoints and patient outcomes from clinical trials in GBM and cancer man-
agement with immunotherapy and other regimens.

2.5. Alterations in Genetic Expression as Markers of GBM Prognosis

Well-studied markers of cancer prognosis include various alterations in genetic expression, such as the methy-
lated MGMT promoter sequence, which is predictive of better patient outcome in therapy. Mutations of isoci-
trate dehydrogenase (IDH1 and IDH2), which can be seen in over 90% of GBM tumor samples, predicted better
overall survival as well as progression-free survival for GBM patients according to a recent meta-analysis
[44]-[46]. However, the association between IDH mutations and long-term survival is not for certain and statis-
tically insignificant for some patients; 5.9% of long-term survivors (>3 years survival) had IDH mutations whe-
reas 1.16% of the non-long-term survivors had the mutations (p = 0.144) [47]. Mutations in the TERT promoter,
which is the most common GBM mutation, in conjunction with IDH mutation and EGFR amplification, corre-
lated with worse prognosis and shorter survival times [48]. However, another study shows the opposite, in which
TERT promoter mutation and EGFR amplification indicated better outcome [49]

Mutations in the APOBEC family of antiviral DNA cytosine deaminases have become a popularly researched
biomarker of tumor burden and prognosis of late as well. APOBEC3G specifically has been found to be greatly
elevated in T-cells within high-grade serous ovarian neoplasms and also were associated with better patient out-
comes [50]. The underlying hypothesis to the correlation was that T-cell infiltration is favorable for diminishing
tumor burden. However, elevated levels of APOBEC3B are present and indicative of poor prognosis in many
cancers, such as breast or ovarian cancers [51]. Interestingly, those who carry deletions of APOBEC3B had
hypermutation of tumors and could have better response to immunotherapies due to immune system activation
[51]. Unfortunately, there are no studies of APOBEC’s role as biomarkers in GBM to date yet. Different types
of mutations could also affect immune response and GBM treatment efficacy. In a group of patients with metas-
tatic gastrointestinal cancers, it was found that 9 out of 10 patients had immunogenic epitopes that were com-
pletely unique to each patient and to which the patient’s CD4+ and CD8+ T cells could specifically target, po-
tentially paving the way for personalized therapeutics in the future [106]. A separate study examined the somatic
mutational load, which was determined following whole-exome sequencing, in tumors from patients who had
long-term clinical benefit as well as patients who had lesser clinical benefit from immunotherapy [107]. The
somatic mutations give rise to neoantigens, of which a specific set conferred greater efficacy of CTLA-4 block-
ade. Thus, utilizing sequencing tools and genetic analysis of tumor samples to determine the specific types of
mutations could translate to differing treatment efficacy in GBM management. Furthermore, understanding the
types of mutations is an aspect to be considered for GBM clinical trials.

2.6. Role of Circulating Markers

As the field of serum proteomics advances, other strong emerging candidates for biomarkers of malignancy in-
clude circulating tumor cells (CTCs) and cell-free circulating tumor DNA (ctDNA). ctDNA is released into the
bloodstream after primary and metastatic tumors undergo apoptosis or necrosis, and CTCs become part of the
circulation following the growth and movement of potential metastatic cancer cells. Numerous cancers, includ-
ing gastric cancer, prostate cancer, breast cancer, and esophageal cancer, demonstrate elevated ctDNA in patients’
serum [52]-[55]. It is possible to also use ctDNA as a method to follow the progression over time of some ma-
lignancies, such as non-small cell lung cancer (NSLC), for the composition of ctDNA isolated from patients’

&)



A. Wy, M. Lim

Table 2. Cited references for separate roles circulating tumor DNA (ctDNA) can play in monitoring different types of
non-GBM cancers.

Role of ctDNA Examples of cancer types (reference number)

Non-small-cell lung cancer [56]
Monitor disease progression Melanoma [58]
Metastatic colorectal cancer [59]

Correlate with tumor burden Metastatic breast cancer [57]

Metastatic melanoma [61]

Reflect prognosis and survival outcome .
prog Metastatic breast cancer [62]

serum contained mutations in EGFR, KRAS, PIK3CA, and TP53, which are also found in the DNA of primary
tumor tissue, with 76% concordance [56] (Table 2). Dawson et al. also showed that ctDNA has enormous
promise as a biomarker to monitor metastatic breast cancer. Not only did 97% of patients with somatic genetic
mutations in their neoplasms also have detectable ctDNA, the ctDNA correlated more closely to actual tumor
burden than even older, well-studied cancer markers, such as CA 15-3 [57]. Some groups have then shown that
the levels of ctDNA correspond to disease progression, measured by clinical symptoms as well as radiographic
evidence. The correlation between the serum biomarker ctDNA and progression is present in cancer patients
who have undergone chemotherapy or immune checkpoint blockade therapy [58] [59]. For some patients, an in-
crease in ctDNA can demonstrate disease progression up to 2-9 months earlier than the first evidence by imag-
ing [57] ctDNA and CTCs can both also be associated with prognosis and likelihood of worse outcomes [60]
[61]. In some cancers, namely metastatic uveal melanoma, ctDNA appears to be a better prognostic marker than
levels of CTCs for quantifying prognosis [61]. However, the positive association between level of ctDNA and
poor prognosis is not completely certain. A study in breast cancer patients with TP53 mutations in their tumors
did not demonstrate a clear correlation between ctDNA and outcome [62].

2.7. Measuring Prognosis of GBM with Cellular Biomarkers

Glioblastoma (GBM) in particular has also received a great degree of investigation in terms of associating bio-
markers with different measures of disease burden and prognosis. ctDNA appears to be useful in following the
mutational patterns of glioblastoma and gliomas as well [63]. In another study, further study of GBM patients’
plasma yield microRNAs that were significant in prognosis and quantifying tumor burden. 24 microRNAs were
significantly linked to survival, while 11 microRNAs were diagnostic and expressed in GBM patients’ serum
[64]. In addition, high levels of FGL2 mRNA led to evidence of lower overall survival, presumably through
promoting immunosuppression in the GBM tumor microenvironment [65]. Elevation of circulating endothelial
cells (CECs), which are markers of endothelial damage, has been associated with poor prognosis in NSCLC,
while in other cancers, the correlation was converse [66]. In GBM, apparently CEC levels elevated when there
was poor response to treatment by a pan-VEGF receptor tyrosine kinase inhibitor [67]. Overexpression of ribo-
somal proteins, RPS11 and RPS20, also correlates with poor prognosis of GBM patients [68]. The number and
ratio of T cells have also been another area of interest. While the ratio of CD4+ T cells to regulatory T cells was
low in recurrent GBM, when the same ratio—as well as CD8+/regulatory T cell ratio—was elevated, it corre-
lated directly to improved survival measures [69]. However, apparently, the number of regulatory T cells on
their own did not show an association with survival in primary GBM [70].

2.8. Biomarkers of Treatment Response in GBM and Other Cancers

Even so, another area that benefits from identification and investigation of suitable and reliable biomarkers
would be correlation with treatment response and efficacy. Dawson et al. demonstrated a remarkable quality of
ctDNA in metastatic breast cancer; the level of ctDNA was the first marker to show treatment response in 53%
of study participants [57]. A group following patients with metastatic melanoma found that lower ctDNA levels
indicated better response to treatment and progression-free survival (PFS) [71]. Of note, in the aforementioned
study, patients who received MAPK inhibitors demonstrated decreased ctDNA levels, whereas immunotherapy
did not elicit the same treatment response [71]. Muddling the link between ctDNA and treatment response is the



A. Wy, M. Lim

effect of chemotherapy on cancer cells. It is theorized that the amount of methylated ctDNA first increases in
patients responding well to chemotherapy and then falls once the tumor burden shrinks in the chemosensitive
patients [72].

There are a variety of other biomarkers potentially reflecting treatment response in a variety of cancers
[73]-[76]. In GBM specifically, a group found that phosphorylation of two transcription factors, STAT-1 and
STAT-5, can delineate response to immunotherapy and dendritic cell vaccines [77]. Survival past two years was
seen in patients who demonstrated a greater pSTAT-5 ratio but a lower pSTAT-1 ratio. Plasma exosomal levels
and mRNA expression are other biomarkers to measure GBM treatment response to a dendritic cell-based vac-
cine. Exosomal protein and mRNA component fractions, such as those of IL-8 and TGF-beta, positively re-
flected immunologic response to the vaccine [78]. miRNA can also predict response to temozolomide in treating
GBM [79] Returning to the discussion on alterations in genetic expression, it appears that EGFR amplification
and overexpression led to better response to temozolomide [80]. Finding biomarkers to monitor the effectiveness
of immunotherapy on GBM disease progression would be very useful, but, thus, far, it appears that only follow-
ing antibody titers, where the titers increased with greater and longer duration of treatment, is fruitful. Studies
examining whether cytokine levels rose in conjunction with administration of dendritic cell vaccines or persona-
lized peptides did not yield statistically significant results [81].

Overall, as research techniques continue to advance, there is a multitude of well-established as well as more
recently-studied circulating biomarkers and genetic alterations that could delineate trends in different cancer
types. For GBM specifically, much attention has been given to MGMT promoter methylation as well as muta-
tions, such as IDH1 and IDH2, in predicting prognosis as well as monitoring disease progression. Given the va-
riety of different molecules and patient plasma components, including miRNA, ribosomal proteins, and circu-
lating tumor DNA, there is still much more room for investigation with the hope of incorporating some of the
more consistently reliable biomarkers in critical GBM clinical trials.

2.9. Gut Microbiota and Cancer Therapy

Another potential component to consider for future clinical trials involving GBM immune checkpoint therapy in
particular would be the role and influence of gut microbiota, a truly individualized aspect in patient-centered
onco-therapeutics. Colonization by specific intestinal microorganisms, such as Bacteroides fragilis, and their
components, bacterial polysaccharide (PSA) leads to a guided development and maturation of the immune sys-
tem, including the establishment of the host’s Th1/Th2 cell balance [82]. On a more specific level, commensal
bacteria, including Bacteroides thetaiotaomicron, can also direct targeted immune response to certain Gram-
positive bacteria by inducing intestinal endothelial cells (IECs) to release antimicrobial proteins [83].

Given the nature of the cancer tumor microenvironment and its suppression of the immune system, harnessing
the immunomodulatory aspects of commensal gut microbiota appears to be the next big step in immuno-oncology
investigation. First off, the administration of immune checkpoint therapeutics changes the composition of gut
microbiota. When patients with advanced melanoma were given doses of ipilimumab, the CTLA-4 checkpoint
inhibitor caused fluctuations in antibody levels to their enteric flora [84], resulting in adverse side effects, such
as diarrhea and colitis that were different in process than inflammatory bowel disease. Vetizou et al then dem-
onstrated that the gut microbiome was critical for the anti-carcinogenic effects of ipilimumab in murine models
of sarcoma, melanoma as well as colon cancer [85]. In particular, the presence of B. fragilis, B. thetaiotaomicron,
and Burkholderiales induced TH1 immune response in lymph nodes, enhanced maturation of antigen-presenting
dendritic cells within tumors, and overall stimulated the immune response against tumor cells. Another specific
organism, Bifidobacterium, was found to be associated with antitumor immunity in a murine melanoma model
established in genetically similar animals from two different facilities (JAX and TAC). In fact, the oral adminis-
tration of Bifidobacterium on its own had comparable antitumor effects as administration of anti-PD-L1 antibo-
dy immune checkpoint blockade [86]. Fecal transplants between the TAC and JAX mice, the guts of which con-
tained the commensal bacteria participating in antitumor immunity, resulted in not only slower tumor growth but
also increased degree of tumor-specific T cell infiltration and response as anti-PD-L1 blockade on its own.

With landmark studies and other investigations still ongoing, cancer immunotherapy can be enhanced greatly
with attention paid to particular intestinal commensal microorganisms that can contribute to anti-tumor effects.
Future clinical trials may become more patient-centric with more time and understanding of how the gut micro-
biome plays a critical role in the immune response of therapy.
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3. Conclusion

The research in and development of new and more effective GBM therapeutics is ever-evolving. GBM clinical
trials should follow this advancement as well and incorporate different aspects from the patient selection to the
derivation of primary endpoints in order to address the individualization of GBM patients and the unique nature
of GBM neoplasms. In a variety of cancers, it has been shown that pseudoprogression on imaging and numerous
biomarkers have the potential to allow clinicians and scientists to monitor oncology patients’ prognosis and re-
sponse to different types of therapy. Additionally, the intestinal microbiome appears to have exciting promise to
modify and enhance the very efficacy of cancer therapeutics, including most notably immunotherapeutics,
themselves. Consideration of all parameters together is a potent way to develop effective GBM and cancer
treatments further. For example, Linhares et al. found that updated RANO criteria described pseudoprogression
in more predictable terms in their study group and suggested that radiological, not only biological, biomarkers
could be identified in the future to follow disease progression and treatment efficacy [87]. Many nuances are left
to be examined in these prognostic and treatment-response aspects as applicable to different cancers, previously
studied already or not. GBM management, in particular, has been under intense interest due to the disease’s re-
lentless and devastating nature, and future clinical trials could certainly benefit from studying these markers—
MGMT methylation, PsP on imaging, circulating and genetic mutation biomarkers, and species of micro-
organisms—of patient selection, clinical outcome, and treatment response.
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