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Abstract: Temozolomide (TMZ), an oral alkylating prodrug which delivers a methyl group to
purine bases of DNA (O6-guanine; N7-guanine and N3-adenine), is frequently used together with
radiotherapy as part of the first-line treatment of high-grade gliomas. The main advantages are its
high oral bioavailability (almost 100% although the concentration found in the cerebrospinal fluid
was approximately 20% of the plasma concentration of TMZ), its lipophilic properties, and small
size that confer the ability to cross the blood-brain barrier. Furthermore, this agent has demonstrated
activity not only in brain tumors but also in a variety of solid tumors. However, conventional ther-
apy using surgery, radiation, and TMZ in glioblastoma results in a median patient survival of 14.6
months. Treatment failure has been associated with tumor drug resistance. This phenomenon has
been linked to the expression of O6-methylguanine-DNA methyltransferase, but the mismatch re-
DOI- pair system and the presence of cancer stem-like cells in tumors have also been related to TMZ
10.2174/1570159X18666200626204005 resistance. The understanding of these mechanisms is essential for the development of new thera-
peutic strategies in the clinical use of TMZ, including the use of nanomaterial delivery systems and
the association with other chemotherapy agents. The aim of this review is to summarize the resis-
tance mechanisms of TMZ and the current advances to improve its clinical use.
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1. INTRODUCTION problems because cytochrome P450 enzymes and the kid-
neys are not involved in its metabolism, it has predictable
side effects, and its toxic effects are usually reversible and
only mild or moderate [2]. TMZ was first licensed in 1999,
initially as second-line therapy for glioblastoma (GBM), the
most malignant grade of glioma, because it was the first al-
kylating agent that showed a clear improvement in two-year
survival rates, from 10% to 25% in glioma patients, and
four- and five-year survival rates, ranging from insignificant
to 10%. Since then, the indications for which it is prescribed
have increased; it is currently administered with radiotherapy
as a first-line treatment for GBM and second-line treatment
for other malignant gliomas after relapse, so it is now found
in a multitude of clinical trials for use in non-nervous system
tumors.

Temozolomide (TMZ) is a small alkylating molecule that
introduces methyl groups into DNA. It is an analog of dacar-
bazine with an antineoplastic activity that was developed by
Professor Malcolm Stevens in a multidisciplinary drug dis-
covery laboratory in the pharmacy department at Aston Uni-
versity (UK) at the end of the 1980s. As a small lipophilic
molecule, TMZ can penetrate the blood—brain barrier (BBB)
and, therefore, is one of the few drugs with central nervous
system (CNS) activity. TMZ provides an advantage over
other traditional alkylating agents such as carmustine
(BCNU) and lomustine (CCNU) (alone or in combination
with procarbazine and vincristine), which have shown a very
poor survival benefit in patients [1]. In addition, these agents
have high associated toxicity (mainly causing myelosuppres-
sion and respiratory alterations) that limits their use and 1.1. Chemical Structure and Mechanism of Action
even leads to treatment discontinuation. TMZ eludes these

TMZ has a low molecular weight of 194.154 g/mol, a

lipophilic character, and acts as a potent alkylating agent.
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Currently, TMZ represents the standard adjuvant treatment
in newly diagnosed GBM patients, along with surgery and
radiation therapy [3]. TMZ, whose chemical name is 3,4-
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dihydro-3-methyl-4-oxoimidazole (Fig. 1A), undergoes
spontaneous hydrolysis to generate the active metabolite 5-
(3-methyl-1-triazen-1-yl)imidazole-4-carboxamide (MTIC).
TMZ is stable under acidic conditions, while this reaction
occurs at physiological and basic pH conditions and involves
the interaction of H,O molecule with the C4 atom of TMZ in
which the heterocyclic ring opens to generate MTIC and a
molecule of carbon dioxide [4]. The intrinsic properties of
MTIC prevent its efficient interaction with tumor cell mem-
branes, reducing its ability to penetrate target cells. This may
be one of the reasons why the effectiveness of TMZ in tu-
mors is lower than expected [5]. MTIC is unstable and con-
verts into a methyldiazonium ion, i.e. the reactive compound
that transfers the methyl group to DNA and generates the
final degradation product, 4-amino-5-imidazolecarboxamide
(AIC), which is eliminated by the organism. The effect of
TMZ is highly pH-dependent; it has been shown that slightly
more basic intracellular pH values in cancer cells (as com-
pared to normal cells) favor the damage induced by TMZ in
tumor cells [3]. In fact, to elucidate the role of pH on the
antitumor effect of TMZ, Stéphanou and Ballesta developed
a mathematical model using U-87 MG cells. In this model,
the cellular, spatial and pH heterogeneity of the tumor mi-
croenvironment were examined. The authors found that, in
all simulation scenarios, optimal TMZ efficacy was obtained
when the pH of tumor cells was close to physiological pH
values. Based on these predictions, they postulated that the
combination of TMZ with pH-regulating agents could en-
hance the therapeutic effect of TMZ [6]. The resulting reac-
tive methyldiazonium ion methylates DNA at the N7 position
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of guanine (N7-MeG; 70%), followed by methylation at the
N3 position of adenine (N3-MeA; 9%), and the O6 position
of guanine (06-MeG; 6%) (Fig. 2) [3]. This last type of
methylation in the O6 position of guanine is considered the
lethal step and mediates the cytotoxic action of TMZ. During
the DNA replication phase, thymine, rather than a cytosine,
is incorporated in the complementary strand opposite to O6-
MeG. This error is recognized by the DNA mismatch repair
(MMR) system, which corrects it by removing the thymine
from the complementary strand, although the primary error
at the guanine O6 position of the main chain remains. When
the accumulation of double-strand breaks in the DNA mole-
cule increases, the cell stops in the G1/S or G2/M phase to
have more time to proceed with the repair. If the repair ulti-
mately fails, apoptosis, senescence, or autophagy can be in-
duced in the cell [2, 7] (Fig. 1B). Tumor cells have a series of
defense mechanisms against the action of TMZ based on the
ability to eliminate these methyl groups or alter the mismatch
repair system, which makes them resistant to treatment with
TMZ. These mechanisms are discussed in detail below.

1.2. Clinical Pharmacokinetics and Dose Recommendations

TMZ has a high penetration capacity in all tissues, in-
cluding nervous tissue, and its bioavailability is practically
100%, as evidenced in 7-day fecal excretion tests after ad-
ministration with TMZ marked with '*C, where only 0.8%
extraction was detected. It presents a peak plasma concentra-
tion after 20 minutes following oral administration, indicat-
ing that it undergoes rapid intestinal absorption. The plasma
concentration is known to follow a dose-dependent pattern as
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Fig. (2). TMZ prodrug activation. Graphic representation of the specific DNA methylation site with TMZ. Only the methylation of O6
guanosine is considered the lethal step and mediates the cytotoxic action of TMZ.

the administration of a dose of between 150-200 mg/m*/day
resulted in peak concentrations of 3 to 15 pg/ml (15-77 uM)
[8]. Another characteristic of TMZ is its low protein binding
(10-20%) and a half-life in plasma of 74-110 minutes. It is
mainly eliminated through the hepatobiliary pathway and
approximately 10-15% is excreted via the urine. Regarding
its metabolism, after the first 24 hours, 5-10% remains as
unmodified TMZ and the rest is TMZ acid, AIC, or unidenti-
fied polar metabolites. TMZ biodistribution is another im-
portant aspect of its pharmacodynamics. It is found in the
cerebrospinal fluid (CSF), which is key in the treatment of
glial tumors. Analysis of plasma and CSF samples from 35
patients with newly diagnosed or recurrent malignant glio-
mas has shown that TMZ behaves as a three-compartment
model with first-order absorption and transfer rates between
plasma and CSF [9]. After an oral dose of TMZ of 150-200
mg/m°/day, upon analyzing the plasma and CSF at three dif-
ferent time points (between 0.2 and 8.4 hours), TMZ in CSF
was 20+5% of the plasma concentration, but the presence of
TMZ in CSF was more prolonged. With respect to drug in-
teractions, co-administration with other drugs related to the
treatment (like antiemetics, anticonvulsants, corticosteroids,
antacids, etc.) did not influence TMZ concentration levels in
CSF [1]. According to FDA guidelines, food reduces the rate
and degree of TMZ absorption, modifying the parameters of
the maximum plasma concentration, for example, these lev-
els decrease by 32% when administered after a modified
breakfast with high-fat content. Patients are therefore rec-
ommended to fast for one hour before and after taking the
drug. Regarding other parameters, age is observed to not
affect a range of 19-78 years old, and the pharmacokinetic
profile in children does not differ significantly from adults,
but in terms of gender, women have an approximately 5%
lower TMZ clearance than men.

The recently-developed technique of focused ultrasound
exposure with the presence of microbubbles provides a tran-
sient disruption of the BBB, thus improving the entry of
TMZ. Preclinical trials have been performed on nude mice
implanted with U-87 MG human glioma cells treated with
TMZ and this technique demonstrated that the localized
cerebral accumulation of TMZ increased from 6.98 to 19
ng/mg. The TMZ degradation time in the tumor also in-
creased from 1.02 to 1.56 hours, as did survival in 30% of
the mice. Therefore, this technique is quite attractive for its
clinical application and to increase the efficacy of TMZ
compared to its current use in brain tumor treatments [10].

For clinical use, TMZ appears under the brand name Te-
modar® and can be administered orally in strengths of 5, 20,
100, 140, 180, and 250 mg, but recently it is also available as
a solution for intravenous administration (with a concentra-
tion of 100 mg/ml). Initial preclinical studies found that re-
peated exposure to TMZ produces greater drug activity (ap-
parently by reducing the availability of the tumor cells’ O°-
methylguanine-DNA  methyltransferase repair enzyme).
Therefore, in clinical guidelines for TMZ, chemotherapy
regimens used to treat recurrent glioblastoma are 150 mg/m’
(200 mg/m” if there is no prior thrombocytopenia) for 5 days
every 28 days. There is also an extended administration
schedule of 50 mg/m*/day continuously and, finally, it can be
administered in cycles of 75-100 mg/m” for 21 days every 28
days or 150 mg/m” for 7 days every 14 days [10]. These ad-
ministration regimens should be discontinued if patients pre-
sent hematologic alterations: absolute neutrophil count
(ANC) >500/mm? but <1,500/mm?; National Cancer Institute
Common Toxicity Criteria grading system (CTC) < Grade 1;
platelets: >10,000/mm? but <100,000/mm?; Grade 2 CTC
non-hematologic toxicity; or ceased completely if ANC
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<500/mm?, platelets <10,000/mm?3, or there is Grade 3 or 4
CTC non-hematologic toxicity. Patients are usually treated
with TMZ until tumor progresses, unacceptable toxicity ap-
pears, patients reject the therapy, or after a maximum of 1
year [11]. A phase II clinical trial including two cohorts, has
been conducted to try to reduce the side effects of TMZ. The
initial cohort comprised 10 patients who received TMZ at 40
mg/m* per day. This regimen seemed to be safe and effec-
tive, so the metronomic schedule was increased to 50 mg/m”
per day. The second cohort, comprising 28 patients, received
50 mg/m* TMZ per day. In both, treatment with TMZ was
effective for recurrent GBM that is even refractory to con-
ventional TMZ treatment and has acceptable toxicity [12].

1.3. Side Effects and Toxicity

The main side effect associated with the use of TMZ that
leads to the interruption of treatment is myelosuppression
with delayed thrombocytopenia (which is usually reversible).
This side effect usually appears 21-28 days after the start of
each treatment cycle, improving to grade 1 thrombocy-
topenia at 7-14 days after stopping treatment. In clinical tri-
als, grade 4 myelosuppression has been noted in 10% of pa-
tients following a dose accumulation of more than 1,000
mg/m” for more than 5 days [1]. A study carried out by the
European Organization for Research and Treatment of Can-
cer and the National Cancer Institute of Canada revealed that
when radiotherapy is combined with the standard dose of
TMZ (75 mg/m®), then 7% of patients had to interrupt treat-
ment due to severe hematological toxicity. This figure in-
creased to 14% when the TMZ maintenance dose (150-200
mg/m*/day) was initiated [13].

Lymphocytopenia is one of the most frequent side effects
observed with this alkylating drug [14]. Most studies find
that the main cell populations affected are CD4 T cells and
then B cells, without any immune compensation through the
increased production of cytokines involved in the prolifera-
tion of lymphocytes, such as interleukin 7 and 15 [15]. To
counteract the lymphocytopenia, one study carried out a
post-treatment adoptive transfer of lymphocytes, but the re-
sults were poor as the number of lymphocytes did not in-
crease, demonstrating TMZ’s long-term effect on the lym-
phocyte population [16]. In continuous regimens, the lym-
phocytopenia induced by TMZ is dose-dependent. An exam-
ple of this is the profound and selective CD4+ lymphocy-
topenia observed in malignant melanoma patients treated
with TMZ 75 mg/m” for 6 weeks every 8 weeks. Of the pa-
tients who developed lymphocytopenia, 61% had persis-
tently low lymphocyte counts up to 2 months after the inter-
ruption of TMZ [17]. However, other authors found that
higher doses of TMZ, such as 150 mg/m® per day for one
week during alternate weeks, did not cause an increase in
myelotoxicity or profound lymphocytopenia that are associ-
ated with other dose-dense regimens [18]. In some patients,
this decrease in the number of lymphocytes has been associ-
ated with an increased risk of opportunistic infections, such
as pneumonia caused by Prneumocystis carinii and other op-
portunistic infections, such as Aspergillus pneumonia, Her-
pes simplex, Herpes zoster, and candidiasis, as reported by
different authors [17], besides being a risk in patients with
immune diseases such as HIV. One example is the case of a
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66-year-old patient treated with TMZ [19], that led to rec-
ommendations for the initiation of a primary prophylaxis
protocol in at-risk patients if the lymphocyte count falls be-
low 500 cells/ul or the CD4+ count falls below 200 cells/pl.
Nevertheless, it seems that this lymphocytopenia provides an
advantage in combination with immunotherapies. For exam-
ple, studies in humans have shown that cellular immunother-
apy can be administered successfully together with TMZ, as
the presence of lymphocytopenia has been shown to increase
the proliferation and function of antigen-specific T cells due
to the subsequent homeostatic recovery period [15]. An ex-
ample of this was provided in a phase I/II trial, wherein TMZ
was combined with a dendritic cell vaccine fused with
glioma cells taken from surgical patients [20]. The study
revealed that surgical specimens from patients with recurrent
GBM had a higher expression of tumor-associated antigens
(Wilms’ Tumor 1 (WT-1), glycoprotein-100 (gp100), and
melanoma-associated antigen gene A3 (MAGE-A3)) and
greater amounts were located in the cytoplasm, compared
with newly diagnosed patients. This accumulation of immu-
nogenic peptides in the cytoplasm can lead to an improved
response to immunotherapy.

Non-hematologic side effects are usually mild to moder-
ate and associated with the dose and TMZ treatment regi-
men. However, these non-hematologic effects can alter pa-
tient quality of life. The main ones are short-term, low-
frequency nausea, and vomiting. They are often treated with
standard antiemetics such as metoclopramide or 5-
hydroxytryptamine. Patients normally respond well to these
prophylactic treatments, so approximately half of patients on
low and continuous dose regimens do not need any antie-
metic treatment after the initial doses of the treatment. Other
non-hematological side effects are mostly mild and include
fatigue, headache, and in rare cases, skin reactions (urticaria
and rash) [1].

2. MECHANISMS OF TEMOZOLOMIDE RESISTANCE

As an oral chemotherapy agent, TMZ has demonstrated
efficacy against several types of tumors, including glioma,
metastatic melanoma, lung, colon, and ovarian cancer [21].
Despite the treatment’s promise, the use of radiotherapy and
chemotherapy has some limitations. The first issue is the
initial size of the tumor: tumor volume can be considered by
itself a prognostic factor of patient survival, and some
authors observed significant overall survival differences in
GBM patients with tumor volume less than 15cc [22]. In
addition, some patients subsequently suffer recurrences or
their tumor continues to develop. This represents a treatment
failure that is usually associated with the phenomenon
known as drug resistance, which is a major issue with TMZ
treatment. Unregulated signaling pathways, DNA repair
pathways, persistence of cancer stem cell (CSCs) subpopula-
tions, and self-defense mechanisms are some of the causes of
resistance to TMZ [22]. Each mechanism will be explained
in more detail in the following sections (Fig. 3).

2.1. Blood-Brain Barrier

TMZ is the main chemotherapy agent used to treat CNS
tumors; therefore, the resistance that develops has been stud-
ied thoroughly in this type of tumor. In the particular case of
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copy of the article).

brain tumors, there is an important characteristic that con-
tributes to its resistance — their anatomical location. Brain
tumors are protected by the BBB which acts as an initial
filter in this resistance mechanism [23]. The BBB features
some crucial components such as the ABC transporter pro-
tein family, which exports foreign substances out of cells,
removing a variety of different substances, including drugs
such as alkylating agents [24, 25]. It is difficult to choose a
systemic antitumor drug for the treatment of GMB because
its efficacy is related to its capacity to cross the BBB. TMZ
has demonstrated widespread distribution into all tissues,
including the brain, thanks to its capacity to cross the BBB.
However, only 20% of the levels of this drug in the systemic
circulation have been detected in the brain [9]. This, added to
the short half-life of this drug, implies the need for higher
systemic doses to reach therapeutic levels. This added to a
short half-life requires high systemic doses to reach thera-
peutic levels. In brain tumors, there is an additional barrier in
terms of function and morphology, called the blood-brain
tumor barrier (BBTB). These tumors feature areas with hy-

poxia, where the expression of certain angiogenic mediators
increases, leading to abnormal neovascularization and there-
fore a new BBTB. The BBTB contains several new blood
vessels that help transfer substances and oxygen to the tu-
mor, thereby promoting its growth and expansion while hin-
dering the entry of chemotherapeutic drugs [26, 27].

2.2. MGMT Can Repair TMZ-Induced DNA Alkylation

0°-methylguanine-DNA  methyltransferase  (MGMT)
protects the cell genome as it repairs damaged DNA by
eliminating alkyl groups produced by the action of alkylating
agents such as TMZ [28]. TMZ introduces methyl groups at
the O6 position of guanine. This group is eliminated from an
internal active site represented by a cysteine residue in the
amino acid sequence of the protein, which irreversibly inac-
tivates the MGMT molecule. That is why the MGMT protein
is also known as a suicide enzyme because it cannot be re-
used and must be resynthesized de novo. Therefore, MGMT
must be continually replenished to ensure the effective repair
of 06-MeG [29-31].
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The gene that encodes for the MGMT protein is located
on chromosome 10. This gene is epigenetically regulated by
methylation of the 25 CpG islands that make up its promoter
[32]. When the CpG regions of the MGMT promoter are
unmethylated, the polymerase can bind and induce the ex-
pression of the protein. However, when the CpG regions of
the promoter are methylated, the polymerase cannot find the
binding sites, so there is no transcription or protein synthesis.
This is known as MGMT silencing [33].

As the MGMT protein constitutes a repair mechanism
that counteracts TMZ-induced DNA damage, the level of
MGMT expression is directly related to TMZ resistance in
chemotherapy [34, 35]. Several in vitro studies have ob-
served a correlation between MGMT expression and the re-
sponse to chemotherapy with TMZ, noting that tumor cells
expressing higher MGMT activity are more resistant to the
cytotoxic effects of TMZ than those lacking MGMT activity
[13, 36, 37]. This suggests that the measurement of MGMT
levels could be used as a treatment response predictor and
prevent the need for systematic administration of chemother-
apy to all patients. Consequently, clinical trials such as that
of Hegi ef al. [38] have been conducted, confirming that the
methylation status of MGMT by itself can predict the pa-
tient's response to treatment with alkylating agents such as
TMZ. Depending on MGMT methylation status, we could
classify patients as candidates for standard treatment with
chemo/radiotherapy, or alternatively, for radiation or mono-
therapy with TMZ [39, 40].

The relationship between MGMT status and patient sur-
vival has also been widely studied. Patients with methylated
MGMT promoter have shown a greater overall survival
compared to those who have an unmethylated MGMT pro-
moter, with median survival of 18.2 months and 12.2
months, respectively [37]. Stupp et al. [13] found a signifi-
cant correlation between MGMT methylation and survival in
patients treated with radiotherapy or radiotherapy and adju-
vant TMZ. In this latter study, adjuvant TMZ showed a
13.8% survival after five years. Spiegl-Kreinecker et al. [41]
found an increase in survival of 20 months in patients treated
with TMZ who did not express MGMT versus those who did
express MGMT. Brandes ef al. [42] observed a negative (in-
verse) correlation between MGMT expression and survival.
They analyzed the methylation status of MGMT and the sur-
vival of 103 patients with GBM. The study revealed that
patients with methylation in the MGMT promoter had a
mean survival of 46 months compared to 17 months in pa-
tients without methylation. They also concluded that methy-
lation in patients receiving radiotherapy and TMZ followed
by adjuvant administration of TMZ was an independent
prognostic factor for overall survival and disease-free sur-
vival. Weller et al. [43], analyzed 189 patients treated with
radiotherapy and TMZ and again found that MGMT methy-
lation was a significant prognostic factor, improving patient
survival from 6.8 to 12.5 months. In 2018, Dalhrot et al. [44]
evaluated 171 samples collected from patients with GBM
and concluded that MGMT was an independent prognostic
factor of patient survival, with a 5-month increase in patient
survival when MGMT was not expressed. Radke et al. [45]
also see that the MGMT promoter is predictive for treatment
response in glioblastoma patients using samples of 111 pa-
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tients showing a correlation between MGMT promoter status
and the overall survival and the progression-free survival.
Recent studies (e.g. Schaff et al. [46]) correlated the methy-
lation of the MGMT promoter with significantly increased
patient survival. These authors analyzed 58 patients with
glioblastoma and observed a median survival of 19.2 months
in patients with methylated MGMT versus 7.6 months in
patients with unmethylated MGMT. Similarly, a larger retro-
spective study including 119 patients analyzed the state of
MGMT methylation and survival, among other factors [47].
The results obtained indicate that patients under 50 years old
with methylation of the MGMT promoter are those with the
greatest survival.

However, although these studies show a better evolution
in patients who had epigenetic silencing of MGMT, there are
other studies that sometimes contradict this correlation. For
example, Hegi ef al. [48] observed that not all patients with
GBM who presented methylation of MGMT promoter re-
sponded satisfactorily to treatment, while others did not find
any differences in the tumor recurrence pattern based on the
state of the MGMT gene promoter [49]. In addition, Dahlrot
et al. [50] showed in a study using 327 samples that MGMT
gene promoter methylation was only related to survival dur-
ing the first 9 months after treatment.

Although there are a greater number of studies that found a
relationship between MGMT promoter methylation and in-
creased patient survival, unfortunately, neither MGMT pro-
tein expression levels nor MGMT promoter methylation
status provide enough information to accurately predict an
effective response to TMZ treatment and therefore decide
whether it should be administered [31]. Nevertheless, it is
apparent that MGMT promoter methylation status remains
stable in most patients, which indicates that resistance to
TMZ is not associated with changes in the promoter methy-
lation pattern [51].

Methylation of MGMT is currently considered one of the
most important factors for predicting the sensitivity of GBM
cells to treatment with alkylating agents [52], but the con-
trasting results imply that it is not the only DNA repair
mechanism involved in the tumor patients’ response. There-
fore, we need to analyze other DNA repair mechanisms, such
as the MMR system or base excision repair (BER) that could
explain why TMZ-induced alkylation fails.

2.3. DNA Mismatch Repair (MMR) System

Several tumor-suppressor genes are involved in correct-
ing DNA replication errors that occur during cell division.
This mismatching could be due to DNA replication errors
during the S phase, including insertion or deletion loops and
point mutations, which escape correction by exonucleases or
homologous recombination [53, 54].

The MMR system is composed of several subunits that
join to form heterodimers. The MMR DNA repair mecha-
nism consists of several consecutive stages [55]. The first
stage involves recognition and binding to the mismatch. This
step is carried out by MSH2-MSH6 or MSH2-MSH3
subunits, depending on the type of mismatch that is recog-
nized. The corresponding heterodimer recruits the MLHI-
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PMS2 complex forming a tertiary complex which in turn
recruits the proteins required to produce a gap. The second
stage comprises excision by the EXO1 exonuclease and the
process is concluded with repair and ligation by ligase LIG1
in the third stage [3, 56].

We now know that the MMR system is involved in the
processing of DNA damage induced by alkylating agents
such as TMZ [47]. In the absence of MGMT, O6-MeG pairs
with thymine; the O6-MeG-T mispair is recognized by the
MMR system which initiates a futile repair process that re-
sults in DNA strand breaks. Attempted repairs and subse-
quent DNA strand breaks trigger prolonged G2 cell cycle
arrest, leading to autophagy, senescence, or apoptotic cell
death [7, 57]. Therefore, if the MMR complex is mutated or
inactivated, tolerance to TMZ increases in GBMs since the
erroneous O6-MeG/thymine pairs may not be recognized,
which leads to continuous DNA replication and resistance to
TMZ treatment [2, 57, 58].

Several in vitro studies have linked resistance to TMZ
therapy with a deficiency in the MMR system in cell lines
with MGMT promoter methylation, that is, lines without
MGMT expression [36, 59, 60]. Within the MMR system,
the MSH6 gene is known to be highly prone to inactivating
somatic mutations and even complete suppression of its ex-
pression after chemotherapy with TMZ [61]. In about 25%
of cases of GBM, the MSH6 gene is altered after treatment
with alkylating agents such as TMZ, but not in GBMs with-
out prior treatment or in recurrent tumors after radiotherapy
[62]. Therefore, in vitro experiences showed that a defi-
ciency of the MSH6 protein causes resistance to TMZ treat-
ment and that restoration of the expression of this protein
leads to a more chemosensitive phenotype. However, Stark
et al. [63] demonstrated that MSH6 positivity is a poor prog-
nostic indicator in GBM patients as they observed a decrease
in MLH! immunoexpression in 42 paired GBM samples
from patients with recurrence. Furthermore, studies have
shown that the loss/reduction of MLH1 expression is related
to tumor recurrence and increased resistance to TMZ in dif-
ferent GBM lines [64]. A recent study proposed the use of
treatment with a PLK1 inhibitor (Volasertib) since in vitro
studies show that it inhibits glioblastoma tumor cell prolif-
eration with MMR deficiency [65]. On the other hand, stud-
ies such as that of Maxwell et al. [66] did not find a relation-
ship between an absence of MMR and resistance to TMZ at
a clinical level, which suggests that more mechanisms must
be involved in TMZ resistance.

2.4. Base Excision Repair (BER) Pathway

The DNA base excision repair (BER) pathway involves
the cooperation of several DNA repair proteins and functions
by replacing a single nucleotide containing a damaged base
in a multistep process [67]. It is the main means of elimina-
tion and repair of damaged nucleotides generated by reactive
oxygen species, ionizing radiation, and alkylating agents [28,
68], repairing not only base modifications but also single-
strand DNA breaks [54]. The BER pathway plays a crucial
role in both dividing and non-dividing cells since different
types of DNA damage can occur during the cell cycle, such
as oxidation, deamination, and spontaneous hydrolysis [69].
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More than 90% of the methylations caused by TMZ are N3-
MeA and N7-MeG methylations, which are both repaired
quickly and efficiently by the BER pathway, thus BER is
involved in TMZ resistance mechanisms. Although N3 le-
sions are fatal if they are not repaired, N7 lesions do not ap-
pear to be markedly cytotoxic. N3-MeA and N7-MeG meth-
ylations are much more common than O6-meG methylation;
however, MGMT and MMR appear to be more important
pathways in TMZ resistance than BER [22, 58].

Within the BER pathway, poly(ADP-ribose) polymerase-
1 (PARP-1) is a key protein in terms of successful signaling
of DNA damage. Although this protein is expressed constitu-
tively, it is activated in response to DNA damage [70]. By
binding to DNA, this enzyme synthesizes poly(ADP-ribose)
(PAR) from NAD+, which is essential for the recruitment of
BER pathway proteins and consequent DNA repair. PARP
inhibition increases the frequency of DNA strand breaks, so
PARP deficient cells are hypersensitive to carcinogenic
agents [71].

PARP inhibition increases the cytotoxicity of the lesions
normally repaired by the BER system, thus improving
TMZ’s in vitro and in vivo cytotoxicity [54]. Therefore, in-
terrupting the BER pathway by inhibiting PARP is a means
of overcoming resistance to TMZ [72, 73]. Many PARP in-
hibitors have been developed and tested in several tumor
types [74], wherein the cytotoxic effect of TMZ was en-
hanced against colon and glioma tumor cells.

In the case of colon cancer, studies by Calabrese et al.
[75] investigated the inhibitor AG14361 in human colon
cancer cell lines A549, LoVo, and SW620 using prolifera-
tion and survival assays and in xenografts in mice through
tumor volume determination. They reported an in vitro in-
crease of TMZ’s antiproliferative activity when combined
with the PARP inhibitor and complete regression of SW620
xenograft tumors in in vivo studies. Curtin et al. [72] also
studied the inhibitor AG14361 in colon cancer cell lines with
and without expression of the genes from the MMR system,
resulting in suppression of TMZ resistance. AG14361 can
enhance TMZ activity in all cell lines although it is more
effective in MMR-deficient cells. In the case of glioma,
Miknyoczki et al. [76] studied a different inhibitor, CEP-
6800, in U251MG. They carried out in vivo studies with the
co-administration of CEP-6800 and TMZ, observing 100%
regression of tumors when both drugs were used versus a
60% regression when TMZ was administered alone. Two
years later Cheng et al. [77] used INO-1001 as an in vivo
PARP inhibitor in malignant glioma xenograft D-245 MG
and showed that PARP inhibition may increase the efficacy
of TMZ in the treatment of malignant gliomas, particularly
in MMR-deficient tumors where the combination of TMZ
and INO-1001 extended tumor growth delay by 21.6 days.

2.5. Cancer Stem Cells

Cancer is a heterogeneous disease with most tumors con-
taining phenotypically and functionally distinct subsets of
cells [78]. These tumors are known to contain a relatively
small population of cancer cells with stem-like properties, or
CSCs. The main characteristics of these cells are they can be
found in the same tissue, biologically they resemble normal
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stem cells, and they have the capacity for self-renewal and
differentiation [79]. In addition, the CSC model suggests that
the growth and progression of many tumors are driven by
small subpopulations of CSCs [80]. CSCs have been isolated
from many different malignancies, including breast, prostate,
colon, brain, pancreas, lung, liver, bladder, ovarian, and oth-
ers [81, 82].

Glioma was one of the first solid tumors in which CSCs
were identified thanks to the expression of the antigen
CDI133 on their surface and nestin expression, although
CD133 is currently being questioned as a CSC marker [83-
85]. What seems clear is that GBM treatment resistance can
also be explained by the presence of glioma stem cells
(GSCs) found among the tumor cell population. GSCs are
tumor cells with a higher level of proliferation among all the
cells in GBM [86] and which reside in a special microenvi-
ronment called the stem cell niche. This niche provides fa-
vorable conditions for GSC maintenance and survival and
allows them to interact with non-tumor cells and the ex-
tracellular matrix without being recognized by the patient’s
immune system [87]. What distinguishes these cells from
normal stem cells is their high protein content which is asso-
ciated with proliferation, migration, DNA repair, resistance
to radiation and chemotherapy, survival, and invasion [88].
Therefore, their key characteristics include resistance to re-
dox stress, active DNA repair capacity, and the expression of
several ABC transporters that can expel antitumor drugs out
of the cell. Several in vitro studies have suggested that cells
containing GSC markers are better able to withstand TMZ
exposure [89, 90].

GSCs are known to express a higher number of ABC
transporters than differentiated tumor cells. One of the pri-
mary overexpressed transporters is ABCG2, which seems to
interact with matrix metalloproteinases and consequently
triggers an increase in cell migration and invasion [91, 92].
Different authors have also demonstrated that GSCs present
self-renewal in neurosphere assays, have a greater tumori-
genic potential in vivo compared to tumor cells, and can be
differentiated into cells that express astrocyte, oligodendro-
cyte, and neuronal markers. They are also reported to play a
role in resistance to both chemotherapy and radiotherapy [83,
93, 94].

All these characteristics help GSCs survive chemoradio-
therapy in patients with GBM, which means the tumor can
continue to proliferate [95] and they may contribute to recur-
rence, which is a potential target for improving therapeutic
efficacy and the prognosis for this tumor [96]. Again, there
are also contrasting studies. Beier ef al. [85] demonstrated
that CD133+ and CD133- GSCs lose proliferative and tu-
morigenic potential after TMZ treatment, while most of the
tumor population seemed to be resistant in comparison with
GSCs. These authors noted this effect was independent of
MGMT so further studies are needed to fully understand the
effects of TMZ and other therapies on different tumor cell
populations in this heterogeneous disease.

2.6. Acquired Resistance

Acquired drug resistance develops as a consequence of
selective pressure in the presence of a chemotherapeutic
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agent. Acquired chemoresistance may be a consequence of
genetic and epigenetic changes induced by drugs in neoplas-
tic cells. These changes include the induction and selection
of genes that confer a survival advantage, or the selection of
pre-existing resistant cell clones [97]. Included among the
possible alterations are an increase of drug efflux through
membrane pumps that actively expel chemotherapeutic
agents, inactivation of the intracellular drug, tolerance to
DNA lesions, and alteration of apoptosis-related genes [98].
These modulations are important in highly heterogeneous
tumors like GBM because treatment may select resistant
cells that will later give rise to tumor recurrence [85, 99].

One of the pathways involved in the acquired resistance
in GBM is the Src tyrosine kinase pathway, which regulates
actin dynamics and the invasion of malignant glial cells
[100]. Src mediates signals from the extracellular matrix and
interacts with several intracellular proteins, including in-
tegrins, Eph kinase, and growth factor receptors. Src tyrosine
kinase activity is higher in GBM cells compared to normal
brain cells [101]. Eom ef al. [102] investigated an Src tyro-
sine kinase inhibitor (PP2) and its coadministration with
TMZ, observing that PP2 enhanced in vitro radiosensitivity
of malignant glioma cells and suppressed invasion and mi-
gration, while in the in vivo trials the combination resulted in
a statistically non-significant tumor volume decrease. How-
ever, other authors [103] found that suppressing Src family
kinase signaling can inhibit bevacizumab-induced GBM cell
invasion, suggesting a possible strategy for overcoming
GBM treatment resistance.

Some studies have shown that certain miRNAs are impli-
cated in acquired TMZ resistance. Ujifuku et al. [104] re-
ported that miR-195, miR-455-3p, and miR-10a* were
upregulated in a panel of laboratory-generated TMZ resistant
human glioma cell lines. Li et al. [105] evidenced that miR-
1268a was markedly downregulated in U-87 MGand LN229
cells following TMZ treatment, resulting in the upregulation
of ABCCI, thus contributing to acquired TMZ resistance.
Another example is the work by Xu ef al. [106] who found
that TMZ treatment-induced autophagy activation as well as
miR-30a downregulation. A study by Slaby et al. [107]
showed that GBM patients who responded to concomitant
radiotherapy with TMZ presented miR-181b and miR-181c
downregulation. All of these studies concluded that miRNA
could serve as a predictive marker of TMZ treatment re-
sponse in glioblastoma patients.

3. TEMOZOLOMIDE: CLINICAL USE

After successful results obtained in phase II clinical tri-
als, TMZ received accelerated approval from the Food and
Drug Administration (FDA) and the European Medicines
Agency (EMA) for recurrent GBM and anaplastic astrocy-
toma in 1999 [108, 109]. The National Institute for Health
and Care Excellence (NICE) then recommended it as a sec-
ond-line drug for patients with brain tumors who had suf-
fered a recurrence. The positive data obtained in a large
phase III clinical trial [110] prompted the FDA to recom-
mend TMZ as a first-line drug for the treatment of newly
diagnosed brain tumors in 2005. More recently, the use of
TMZ for the treatment of a variety of solid tumors -in addition
to nervous system tumors- is under investigation in a number
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Table 1. Trials employing TMZ for the treatment of GBM and other tumors.
Number oS PFS
Phase Tumor Type Patients Treatment Including TMZ Response n (%) Refs. (NCT)
Enrolled (Months) | (Months)
I-11 GBM 59 RT+TMZ+TSC NR 33 NR [115]
: (NCTO01465347)
TMZ+TTFields 20.5 7.1 NR [116]
1II GBM 695
T™Z 15.6 4 NR (NCT00916409)
RT+TMZ+BEV 15.7 10.7 NR
1II GBM 637 [117]
RT+TMZ+Placebo 16.1 7.3 NR
TMZ+RT+BEV 16.8 10.6 NR
1II GBM 921 [118]
TMZ+RT+Placebo 16.7 6.2 NR
TMZ+Sativex 18.3 NR NR [122]
/1L GBM 21
TMZ-+Placebo 12.3 NR NR (NCT01812603)
Lutetium-177 ORR: 56%; CR: 5
I-11 NET: 35 NR 31 %); : %); 123
s octreotate+Capecitabine+TMZ (15%); PR: 13 (38%); [123]
SD: 13 (38%)
1II NSCLC 126 WBRT+SRS+TMZ 6.3 4.6 NR [128]
I NSCLC 45 ™Z 27.1 11.7 NR [129]
ORR: 12 (75%); CR: 6 [130)
I NSCL 60 WBRT+TMZ+P t d 16.9 19.3 4%); :
SCLC emetrexe (21.4%); PR: 15 (NCT02284490)
(53.6%); SD: 4 (14.3%)
L ORR: 28.6%; CR: 1.4%); [135]
1I B t 284 Vel b+TMZ 19.1 4
reast cancet cipatt 7 PR: 27.1% (NCT01506609)
1 mCRPC 26 Veliparib+TMZ 396 ’ NR [136]
(weeks) (weeks) (NCT01085422)
Aerodigestive
ORR: 5.8%; PR: 5 (6%); [139]
I 86 ™Z 6. 2.8
tract cancer and 7 SD: 39 (45%) (NCT00423150)
CRC
ORR: 20%; CR: 1; PR:
1I L 64 ™Z 5.8 1.6 ? 0 138
SCLC 12; SD: 6 (9%) [138]
I Rectal cancer 22 RT+Capecitabine+TMZ NR NR CR:7 (31.8%) [143]
P PP (NCT01781403)
ORR: 4 (10%); CR: 0;
1I CRC 41 ™Z 5.1 1.9 PR: 4 (10%); SD: 9 [144]
(22%)
ORR: 3.4%; PR: 1
1I CRC 29 ™Z 6.2 2.6 i 145
(3.4%); SD: 13 [143]
ORR: 4 (12%); CR: 0;
1I CRC 32 ™Z 8.4 1.8 PR: 4 (12%); SD: 6 [146]
(19%)
NR (in
1I AML and MDS 45 ™Z 6.7 . ORR: 53%; CR: 36% [151]
entire group)
L NR (in [152]
1 AML 48 Vel b+TMZ 53 R: 8 (16.6%
cpart entire group) CR: 8 (16.6%) (NCTO01139970)

AML: acute myeloid leukemia; BEV: bevacizumab; CR: complete response; CRC: metastatic colorectal; GBM: glioblastoma; mCRPC: metastatic castration-resistant prostate
cancer; MDS: myelodysplastic syndrome; NETSs: neuroendocrine tumors; NR: no reported; NSCLC: non-small cell lung cancer; ORR: overall response rate; OS: overall survival;
PFS: progression-free survival; PR: partial response; RT: radiotherapy; SCLC: small cell lung cancer; SD: stable disease; SRS: stereotactic radiosurgery; TMZ: temozolomide;
TSC: trans sodium crocetinate; TTFields: tumor-treating fields; WBRT: brain radiation therapy.
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of clinical trials. In this review, we searched the ClinicalTri-
als.gov database for eligible studies since January 2012. Our
search strategy included the key terms “Temozolomide”,
“TMZ” and “Cancer”. From the clinical trials retrieved, we
reviewed the most relevant studies in which TMZ, either in
monotherapy or in combined therapy, was employed for
cancer treatment regardless of tumor type. Finally, we se-
lected those with results published in the PubMed electronic
database (Table 1).

3.1. Temozolomide in Glioblastoma

Gliomas constitute a broad tumor group that develops in
glial cells and which affects the brain and spinal cord. Tradi-
tionally, the World Health Organization has categorized
gliomas according to their histological appearance but a re-
cent update to the classification also incorporated molecular
parameters [111]. Gliomas are based on grades that represent
their potential for malignant transformation, although low-
grade gliomas can develop into high-grade tumors. Grades I
and II are considered low-grade gliomas and thus correspond
to a better prognosis, while grades III and IV are high-grade
gliomas which show a more aggressive behavior [112].
GBM, a grade IV glioma, is the most common and most ma-
lignant primary brain tumor [113] and leads to extremely
low median survival rates (14.5-16.6 months) with the stan-
dard of care treatment (surgery, radiotherapy, and TMZ
chemotherapy) [114].

Numerous clinical trials have presented results regarding
TMZ activity when administered as a monotherapy or in
combination therapy. Recently, trans sodium crocetinate
(TSC), a drug that enhances oxygen delivery, was adminis-
tered in combination with the standard dose TMZ and radio-
therapy in a phase I/II trial, including 59 patients with GBM.
The results showed that 36% of patients receiving TSC were
alive after 2 years compared with 27-30% of those given the
standard treatment. The authors suggested that coadministra-
tion of TSC with the standard treatment was advantageous in
GBM therapy [115]. A large phase III trial with 695 GBM
patients and 83 participating centers examined the efficacy
of standard TMZ maintenance therapy combined with tu-
mor-treating fields (TTFields) in patients previously treated
with TMZ and radiotherapy. They established two treatment
groups, patients receiving TMZ plus TTFieds (n = 210) and
those given TMZ alone (n = 105). The primary endpoint was
progression-free survival (PFS), which increased by 3.1
months in the group treated with TMZ plus TTFieds com-
pared to TMZ alone (PFS of 7.1 months and 4 months, re-
spectively). Similarly, an increase in overall survival was
also noted in the TMZ plus TTFieds group (20.5 months)
compared with those who received TMZ alone (15.6
months), suggesting the benefits of using TTFields in con-
junction with standard therapy [116].

Two landmark trials examined the possible benefit of
bevacizumab in the clinical outcomes of GBM patients. In a
phase III study, Gilbert et al. [117] assessed 637 patients
with newly diagnosed GBM who were administered bevaci-
zumab in combination with the standard chemoradiotherapy
and TMZ, observing a longer PFS in the patients receiving
bevacizumab than in the placebo group (10.7 months vs. 7.3
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months). Unfortunately, no significant difference was ob-
served between the two groups with respect to OS (15.7 and
16.1 months, respectively). Similar results were obtained by
Chinot ef al. [118] in a trial evaluating the benefits of adding
bevacizumab to the TMZ plus radiation-based therapy for
GBM.

PARP inhibitors have proven to strongly increase the
antitumor activity of TMZ in preclinical tumor models [119].
However, this combination has failed to demonstrate signifi-
cant efficacy in several clinical trials, e.g. involving pediatric
high-grade gliomas (phase I/II), where the addition of
veliparib to the TMZ-based treatment did not provide sur-
vival benefits [120]. Patient-derived xenograft models have
shown that MGMT hypermethylation could be key to in-
crease the efficacy of TMZ plus veliparib [121], suggesting
that the lack of stratification of patients according to hyper-
methylated tumors could explain the disappointing results
observed in clinical studies. In this sense, the role of hyper-
methylated MGMT promoter as a predictive biomarker is
currently being investigated in a phase II/III trial involving
the combination of TMZ and veliparib (NCT02152982).

Several clinical studies were designed but never under-
taken due to a lack of suitable patients. For example, the
phase II trial NCT02394665 aimed to evaluate treatment
efficacy and toxicity in patients with GBM receiving radio-
therapy and TMZ using 3D magnetic resonance spectros-
copy imaging (MRSI) and conventional magnetic resonance
imaging (MRI). However, the study could not be completed
due to an insufficient number of participants. Another pro-
jected study intended to explore whether the standard TMZ
treatment administered along with stem cell radiation ther-
apy improved survival in GBM patients, but it was not final-
ized because none of the subjects completed the study
(NCT02039778). Treatment with PSMA-ADC, a prostate
specific membrane antigen (PSMA) monoclonal antibody
targeted tumor angiogenesis, was proposed in the BrUOG
263 study (NCT01856933) to evaluate whether it provided
an improved clinical outcome in terms of response rate in
GBM patients who progressed after standard therapy with
TMZ, radiotherapy, and bevacizumab. Although the study
was concluded, it only included a limited number of partici-
pants (n = 6) and the statistical analysis has not been re-
ported yet.

Although several programmed studies were eventually
discontinued due to a lack of data, there are numerous clini-
cal trials designed to evaluate the clinical impact of TMZ in
combination with other agents. One study registered in July
2019 aims to evaluate the efficacy and safety of A9-
tetrahydrocannabinol (THC) and cannabidiol (CBD) on
standard therapy with TMZ and radiotherapy in newly diag-
nosed GBM patients (NCT03529448). This THC/CBD-
based therapy was previously suggested to improve the stan-
dard treatment in recurrent GBM patients [122]. Authors
showed that the 1-year survival was 83% and 56% in the
experimental and placebo groups, respectively; in addition,
6-month PFS and median survival were also higher in the
THC/CBD-receiving patients, although these differences
were not significant. Another two studies initiated recently
are currently recruiting participants to test the monoclonal
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antibody bavituximab (NCT03139916) and glasdegib
(NCT03466450), an inhibitor of the Sonic hedgehog path-
way, coadministered with TMZ and radiotherapy. Research
into effective therapies for GBM has been limited by the
difficulty of treatment considering both the tumor location
and aggressiveness, while the results of the numerous clini-
cal trials in progress are not expected for several years.

3.2. Temozolomide in Other Tumors

The use of alkylating agent-based therapies, and espe-
cially those incorporating TMZ, is widely documented in
patients with gliomas; however, given its broad-spectrum
antitumor activity, the efficacy of TMZ, both in monother-
apy and combined with other agents, has been tested in nu-
merous trials for other types of cancer, although most of
them failed to reveal encouraging anticancer efficacy.

A phase I/Il study with 35 patients with neuroendocrine
tumors (NETs) analyzed TMZ combined with capecitabine
and the targeted radiopeptide '""Lu-octreotate. The authors
observed that 15% (5/34) of the patients experienced a com-
plete response (CR), while 38% (13/34) showed a partial
response (PR), 38% stable disease (SD), and 9% (3/34) dis-
ease progression (DP). Depending on the type of NET,
higher response rates were observed in patients with gastro-
pancreatic NETs than those with bowel primary NETs, sug-
gesting TMZ had a synergistic effect in the treatment of
these tumors, probably by depleting MGMT levels as a result
of prior treatment with capecitabine [123]. More recently,
the same authors published results from a phase II study in-
volving 30 patients with advanced NETs after 4 years of
follow-up receiving the same therapy. Results showed a CR
in 13% of patients, a PR in 70%, and no patients experi-
mented DP [124].

In Ewing’s sarcoma, one of the most common cancers in
children and young adults, a phase II study with 24 partici-
pants reported that in a group of 12 patients receiving a
treatment regimen including TMZ and several other drugs,
25% exhibited PR, 66.7% SD, and 8.3% DP. It should be
noted that these data are preliminary results because the study
has not finished and most of the outcome measures and the
statistical analysis are yet to be reported (NCT01946529).

Incidence rates are remarkably high for brain metastases,
representing more than 50% of intracranial tumors in adults
[125]. One of the primary tumors that most commonly pro-
duces brain metastasis is non-small cell lung cancer
(NSCLC) [126, 127]. A phase III study involving 126 pa-
tients with NSCLC and brain metastases demonstrated that
the combination of TMZ or erlotinib with whole-brain radia-
tion therapy (WBRT) and stereotactic radiosurgery (SRS)
did not lead to improved survival rates; on the contrary,
the drugs had a negative effect on median survival (13.6
months, 6.3 months, and 6.1 months for WBRT+SRS,
WBRT+SRS+TMZ, and WBRT+SRS+erlotinib, respec-
tively) [128]. Similarly, other authors have also published
similar survival results in this type of patients receiving
TMZ [129, 130]. Taken together, these data suggest that
TMZ can provide a minor improvement on current treat-
ments in NSCLC with brain metastases, but further investi-
gations would help clarify its usefulness.
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Another type of tumor in which TMZ has been used is
malignant melanoma, which is the main cause of death due
to cutaneous neoplasms. The combination of the alkylating
agent fotemustine and TMZ acting as chemo-modulator, has
been proposed as an alternative treatment for melanoma pa-
tients who had scarce therapeutic options because previous
therapies failed or through non-eligibility for immunother-
apy. This phase II clinical trial enrolled 69 patients with
melanoma, most of them presenting very poor prognoses
(74% of the patients at M1c stage and 15% with brain metas-
tases). The results obtained showed an overall response rate
of 30.3%, including three CR, and a disease control rate of
50.5%. PFS and OS data were of 6 and 10 months, respec-
tively [131].

PARP inhibitors have been tested in order to increase
TMZ sensitivity in other cancer types such as melanoma
[132], liver [133], and colorectal [134] cancers, among oth-
ers. A phase II study recently published by Han et al. [135],
featuring 290 patients with metastatic breast cancer and
BRCA1/2 mutations, analyzed the efficacy of a TMZ and
veliparib combination compared to carboplatin/paclitaxel
administered with veliparib or placebo. The authors found
that PFS and OS were inferior in the arm treated with TMZ
and veliparib (7.4 months and 19.1 months, respectively)
than in the other treatment groups (PFS = 14.1 months and
12.3 months, OS = 28.3 and 25.9 months for carboplatin/
paclitaxel plus veliparib or placebo, respectively). Equally,
another study conducted in prostate cancer patients evaluat-
ing veliparib in combination with TMZ also reported modest
antitumor action [136]. This TMZ/veliparib combination was
also used in a clinical trial (NCT01638546) with 104 patients
with small-cell lung cancer (SCLC) [137, 138]. Interestingly,
these authors observed improved PFS and OS results in pa-
tients with SLFN11 positive tumors treated with this combi-
nation, suggesting its potential use as a predictive biomarker
in SCLC. Further studies are needed to identify predictive
biomarkers in potentially responding patients to this com-
bined therapy

While MGMT methylation status has long been consid-
ered as a biomarker to help predict the response to TMZ in
gliomas, and a number of new biomarkers have been pro-
posed for this purpose as epidermal growth factor receptor
(EGFR) variant IIT (C11), MSH2 and MSH6 [37, 48, 139-
142], the reality is that their transfer as predictive biomarkers
in other types of cancer has been disappointing. A phase 1
study evaluated the efficacy of radiotherapy and TMZ plus
capecitabine-based chemotherapy in patients with locally
advanced rectal cancer. Of the 22 patients included in the
study, a CR was observed in seven patients (31.8%), of
which 6 presented MGMT promoter methylation, suggesting
a possible predictive role of MGMT promoter methylation
status for TMZ response [143]. The same researchers are
currently recruiting participants for a new phase II study
(NCT03156036) designed to assess the potential benefit
achieved by adding TMZ to this treatment regimen and to
validate the predictive value of MGMT status. In contrast, a
phase II study recently performed by Calegary et al. [144]
evaluated TMZ-based treatment in patients with metastatic
colorectal cancer (CRC) and methylated MGMT promoter,
but the drug showed limited antitumor activity. Similarly,
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Amatu et al. [145] also indicated the modest activity of TMZ
in metastatic 24 CRC patients previously selected by MGMT
promoter methylation

To validate MGMT and mismatch repair (MMR) status
as predictive biomarkers for TMZ therapy, Hochhauser et al.
[139] analyzed samples from 740 patients with advanced
aerodigestive tract cancers and CRCs, of whom 86 had a
methylated MGMT promoter. They showed that all cases
with a PR to TMZ and most cases with SD (82%) were
MMR proficient. Although the observed tendency revealed
that MMR-proficient tumors were associated with therapeu-
tic response to TMZ, a correlation could not be assumed due
to the low number of patients (only 5 patients with a PR and
the absence of MMR-deficient tumors). On the other hand,
Pietrantonio ef al. [146] proposed RAS or BRAF mutations
as potential predictive biomarkers for a response to TMZ
treatment, since they only observed an objective response in
patients with some of these wild-type genes. In contrast, in
their recent study administering a dose-dense TMZ schedule,
the same authors reported an increased sensitivity to TMZ in
CRC patients with RAS or BRAF mutations [147], while
other authors did not observe any significant differences re-
garding TMZ activity between patients with or without RAS
mutations [144].

The antitumor action of TMZ has been evidenced in leu-
kemia cell lines and in vivo models [148]. Unfortunately, as
in the case of solid tumors, MGMT expression has a nega-
tive effect on TMZ activity in leukemia patients [149] and
most cases of acute myeloid leukemia (AML) present un-
methylated MGMT promoter, leading to treatment resistance
[150]. Several clinical trials involving AML patients have
evaluated the effectiveness of TMZ (alone or combined) by
analyzing the relevance of MGMT methylation on this ther-
apy [151, 152]. A phase II study tested the clinical response
to TMZ in 36 AML patients stratified according to MGMT
methylation status. Patients with a methylated promoter
(14%, 5/36) received the standard dose of TMZ (200 mg/m’
for 7 days), while patients with unmethylated MGMT (86%,
31/36) were treated with protracted TMZ administration
consisting of low-dose TMZ (100 mg/m*® for 14 days) fol-
lowed by the standard dose (200 mg/m” for 7 days) in order
to inactivate MGMT. The authors observed similar response
rates in both patient groups (40% and 29% in the methylated
and unmethylated groups). Although overall follow-up was
longer in patients with methylated MGMT (32 weeks vs.
6.23 weeks), the authors did not observe significant differ-
ences in the OS between both groups (20 weeks in methy-
lated and 10 weeks in unmethylated MGMT) [153].

However, the utility of TMZ in other tumors besides
gliomas cannot be definitely ruled out due to serious limita-
tions in the studies, including low numbers of patients. In
addition, some studies have demonstrated low MGMT ex-
pression regardless of promoter methylation status, both in
melanoma [154] and gliomas [155], in which no benefit with
TMZ was obtained [156]. Thus, other mechanisms besides
promoter methylation could also regulate MGMT expres-
sion. In fact, certain microRNAs [157] correlated with
MGMT expression, such as an enhancer gene located be-
tween a marker of proliferation Ki-67 (MKI67) and MGMT
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promoters [158]. Besides, other DNA repair systems, such as
MMR, BRCA2, and XRCC2 could play a relevant role in
repairing alkylation-induced damage [159]. In addition,
apoptosis resistance may decrease TMZ efficacy since apop-
tosis inducers associated with TMZ show a synergistic effect
in melanoma [160]. These data suggest the existence of nu-
merous mechanisms involved in the failure of TMZ treat-
ment in melanoma but the ability of TMZ to cross the blood-
brain barrier may be useful to reduce brain metastases in
high-risk melanoma [161]. In summary, the role of TMZ in
tumors other than gliomas is still controversial, yet, further
research is needed to clarify the usefulness of this drug.

4. ADVANCES IN THE USE OF TMZ

There are some new advances related to the use of TMZ
in GBM therapy. One of these new approaches is included in
the nanotechnology field. Nanomedicine is based on the use
of nanosized materials for the treatment, monitoring, or di-
agnosis of certain diseases, such as cancer [162]. These
nanoformulations can be used to transport different types of
a molecule: drugs, proteins, nucleic acids, and fluorophores.
Nanoformulations or nanoparticles (NPs) increase the anti-
tumor drug efficacy and reduce their systemic toxicity, en-
hancing the pharmacokinetic properties of drugs [163].
Nanomedicine could solve the problems associated with
TMZ treatment of GBM, such as its rapid degradation, lack
of specificity, and the difficulty to obtain an effective dose of
TMZ within the tumor tissue (only 20% of the systemic ex-
posure to TMZ penetrates the brain tissue, thus the amount
of drug that can reach the tumor is much lower) (Fig. 4) [9,
164]. New nanoformulations are focused on overcoming
MDR mechanisms, although most of the studies are preclini-
cal. In addition, the development of TMZ analogs with the
same mechanism of action than TMZ but different structure
aims to improve its pharmacokinetic profile.

4.1. Nanomedicine and TMZ in Glioblastoma Treatment

New therapeutic strategies based on nanomedicine that
increase GBM patient survival have been developed [165].
One strategy is to improve the therapeutic effect of the drugs
currently used in chemotherapy, in this case, TMZ in an at-
tempt to erase its limitations. Some examples of TMZ-
loaded nanoformulations are summarized in Table 2. In
some cases, apolipoprotein E is used to functionalize NPs
and facilitate their passage through the BBB [166]. This
functionalization can even be carried out indirectly. When
NPs are introduced into the bloodstream they can interact
with blood proteins absorbing them onto their surface to
form what is called the protein corona [167, 168]. Cationic
liposomes can form this protein corona when they are ex-
posed to blood, showing improved binding to receptors
highly expressed in the BBB. These TMZ-loaded liposomes
demonstrated higher cytotoxicity in U-87 MG glioblastoma
cells in comparison with liposomes without protein corona
[169]. Other targets have been used to promote the passage
through the BBB, such as BBB glucose transporters, which
promote NP transcytosis, and the transferrin receptor that is
overexpressed in brain tumors due to the high metabolic re-
quirements of cancer cells, in this case for iron [170-173].
Anti-transferrin receptor antibody was used to functionalize
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TMZ-loaded cationic liposomes, resulting in improved sur-
vival of mice bearing intracranial GBM tumors compared to
non-functionalized liposomes and free TMZ (2.4 and 1.4
times higher, respectively) [174]. Transferrin (Tf)-conjugated
solid lipid nanoparticles carrying TMZ showed a better
hemocompatibility profile compared to free TMZ (3.5-fold
in % of hemolytic toxicity) and a greater accumulation next
to the brain blood vessels in comparison with the non-
functionalized nanoformulation [175].

Besides, these nanocarriers can be functionalized with
certain molecules so they can cross the BBB and specifically
target tumor cells such as chlorotoxin peptide [176] and the
tripeptide RGD [177]. Lipid carriers functionalized with
RGD tripeptide and loaded with TMZ were used to treat
BALB/c nude mice with GBM subcutaneous tumors. After
the treatment (once every 3 days for 21 days), tumor growth
was significantly inhibited with functionalized nanoformula-
tions (83.3%) compared to non-functionalized nanocarriers
(66.3%) and free TMZ (20.8%) [178].

Other ligands used to functionalize TMZ-loaded NPs are
folic acid. An example of this is magnetite NPs that combine
hyperthermia and chemotherapy with TMZ, stimulating the
temperature rise the release of the TMZ. Greater cell death
rates have been demonstrated in tumor cells that overexpress
the folate receptor even greater with the combined treatment

of TMZ-loaded magnetic NPs with hyperthermia (23.66% of
cell death) compared to treatment with chemotherapy plus
hyperthermia (14.32%) or with hyperthermia (12.5%) [179].
Another study used folic acid to functionalize TMZ-loaded
poly(ethylene glycol)-poly(butylene-adipate)-poly(ethylene
glycol)-coated magnetite NPs. This nanoformulation was
tested in cancer C6 cell line showing higher cytotoxic effects
compared to free TMZ and non-functionalized NPs, due to
the addition of folic acid which increases the drug concentra-
tion inside cells [180].

TMZ treatment is sometimes difficult to implement, even
in the case of nanomedicine. This is particularly true for
poly(lactic-co-glycolic acid) (PLGA) NPs, which is suitable
for TMZ vehiculation because GBM tumor cells require high
levels of this drug for an adequate cytotoxic effect, while
PLGA NPs cannot transport large amounts of a drug (and
therefore they might not achieve the desired therapeutic ef-
fect) [181]. However, the use of therapies in which TMZ is
co-administered with other NP-encapsulated molecules
could enhance its antitumor effect. Such is the case of PLGA
NPs that transport the antisense microRNA-21 (microRNA-
21 is overexpressed in GBM cells) [182]. Functionalized and
PEGylated-PLGA NPs were loaded with both antimi-
croRNA-21 and antimicroRNA-10b and administered before
TMZ treatment. The results revealed that TMZ had an in-
creased cytotoxic effect as U-87 MG and Ln229 GBM cell
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Table2. Summary of TMZ-loaded transporting nanoformulations.
Nanomaterial Functionalization Agents in In Vitro Assay In Vivo Assay Refs.
to BBB Combined
or Tumor Cells Therapy
Poly (butyl cyanoacrylate) Indirectly by protein - - Wistar rats [168]
(PBCA) NPs corona
Cationic liposomes Indirectly by protein - Human umbilical vein endothelial cells (HUVECs) - [169]
corona and U-87 MG GBM cell line
Coumarin-6 Glycosylderivative of - Brain capillary endothelial cells (BCECs) and astro- Kunming mice and [170]
labeled liposomes cholesterol to target cytes (ACs) of rat, (BBB in vitro) Sprague-
glucose receptors Dawley rats
Chitosan-TMZ conjugates Chlorotoxin peptide - U118 MG, SF767 and GBM6 GBM cell lines C56BL/6 mice [164]
plus NA-AF647-CTX
conjugates
Pegylated poly Transferrin receptor - U-87 MG and T98G primary glioma cell lines and - [171]
(B-L-malic acid) monoclonal antibody MDA-MB-231 and MDA-MB-468 invasive breast
nanoplatforms carcinoma cell lines
Pegylated NPs Transferrin Bromodoain U-87 MG and GL261 glioma cell lines NCR nude mice and | [173]
(lipidic) inhibitor JQ1 C57/BL6 mice
Cationic liposomes Anti-transferrin receptor - U-87 MG-luc? luciferase expressing GBM cell line, BALB/c mice and [174]
antibody T98F and U251 GBM cell lines and U-87 MG-R athymic mice
TMZ-resistant cell
Solid lipid nanoparticles Transferrin - IMR-32 neuroblastoma cell line and U373 MG CNS Rats [175]
Nanostructured Lactoferrin and Vincristine U-87 MG and T98G glioma cell lines and A549 lung BALB/c nude mice | [172]
lipid carriers the tripeptide arginine- cancer cell line
glycine-aspartic acid
(RGD)
Mesoporous silica NPs RGD tripeptide - C6 rat glioma cell line - [177]
coated with polydopamine
Nanostructured RGD tripeptide - U-87 MG glioma cell line BALB/c nude mice | [178]
lipid carriers
Magnetite triblock Folic acid Hyperthermia C6 rat glioma cell line and OLN-93 rat normal glial - [179]
copolymers cells
PEG-poly (butylene Folic acid - C6 rat glioma cell line and OLN-93 rat normal glial - [180]
adipate)-PEG-coated cells
magnetite NPs
Pegylated PLGA NPs Transferrin receptor - U251 and U-87 MG GBM cell lines, an immortalized - [184]
monoclonal antibody human astrocyte cell line (NHA) and human brain-like
endothelial cells (HBLECs)
Pegylated PLGA NPs Transferrin - Tumor cell lines IMR-32 neuroblastoma cell cline, Albino rats [185]
SK-NS-H CNS cell line, DU145, PC3 prostate, COLO
205, HCT15 colon, MCF7 breast and A549 lung
PAMAM-PEG NPs Transferrin - Primary cell culture of human brain tumors and SU2 BALB/c nude mice [203]
stem cell line of glioma origin and 51A glioma stem
cell line
PLGA NPs Ephrin type-A receptor - 16HBE and C6 cell lines Sprague- [186]
3 (EPHA3) tyrosine Dawley rats
kinase antibody
Nano lipid chitosan - - C6 rat glioma cell line Wistar rats [188]
hydrogel
Porous silicon NPs - Hyperbaric C6 rat glioma cell line Nude mice [199]
HBO therapy
NPs with a hydrophobic Angiopep-2 Radiotherapy C6 rat glioma cell line ICR mice [201]
P-(MIs)25
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lines were more sensitive and a potent antitumor effect was
observed in tumor-bearing mice 4 days after administering
the treatments [183]. Nevertheless, other authors have re-
ported good results with PLGA NPs in terms of TMZ trans-
port, perhaps due to the addition of a functionalizing ele-
ment. For example, Ramalho ef al. [184] encapsulated TMZ
in PLGA NPs functionalized with transferrin receptor mono-
clonal antibody and even though drug encapsulation rates
were low (9-10%), they were able to obtain 4.1- and 9.9-fold
reductions in TMZ 1Csy in U251 and U-87 MG tumor cell
lines, respectively. The use of transferrin to functionalize
pegylated PLGA NPs has been also studied by Jain et al.
[185], who reported higher cytotoxicity in the IMR-32 tumor
cell line (neuroblastoma) compared to free TMZ (1.2-fold at
10 pg/ml TMZ); unlike the SK-NS-H (CNS) cell line, in
which TMZ was more cytotoxic. Conversely, higher survival
rates were observed in glioma-bearing rats treated with
PLGA NPs functionalized with ephrin type-A receptor 3
(EPHA3) tyrosine kinase antibody, which increased survival
1.37 times compared to other PLGA formulations [186].

Finally, administration routes other than intravenous have
been investigated for the treatment of GBM. One possibility
is nasal administration, wherein the drug crosses the mucosa
and follows the olfactory pathway to the CSF and is finally
transported to the brain [187]. The study used TMZ-loaded
nano lipid chitosan hydrogel formulations. They observed
that the NPs could cross the nasal mucosa and there was a
greater accumulation (2.6 fold) of TMZ in the brain com-
pared with TMZ administered uniquely with chitosan. Fur-
thermore, enhanced cytotoxicity was observed in rat C6
glioma cell line with a reduction of TMZ ICs, from 160
pg/ml for free TMZ to 3.34 ng/ml for TMZ-loaded NPs
[188].

4.2. Using Nanomedicine and TMZ to Overcome the
MDR Mechanism

NPs can also provide solutions to the numerous TMZ
chemoresistance mechanisms of GBMs discussed in previ-
ous sections. O6-Benzylguanine (BG) is a potent MGMT
inhibitor, so it could improve the efficacy of TMZ treatment
in GBM patients with overexpressed MGMT [189]. Never-
theless, the pharmacokinetic properties of BG, such as its
short half-life in the bloodstream, and its side effects (e.g. it
enhances TMZ-induced myelosuppression), added to its poor
BBB permeability limit its use [190, 191]. To solve these
problems, BG-loaded iron oxide NPs functionalized with
chlorotoxin peptide revealed a potentiation of TMZ antitu-
mor effect and improvement in the survival of mice bearing
glioma (3-fold), and a longer half-life in blood (5 hours
compared to 1.2 hours for free BG) [191].

However, MGMT expression levels usually recover after
combined treatment with TMZ and BG, so other strategies
have been required to alter MGMT expression [192]. To this
end, iron oxide NPs functionalized with chlorotoxin peptide
were loaded with a siRNA to silence MGMT expression.
The coadministration of these NPs with TMZ in mice with
orthotopic brain tumors produced a significant reduction in
tumor volume, up to 15-fold compared to mice treated with
TMZ alone [193]. Another potential target for improving
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treatment with TMZ through the regulation of MGMT is the
p53 protein, which is normally down-regulated in most
GBM. Some studies showed that the restitution of wild-type
p53 activity in tumor cells can increase their sensitivity to
alkylating agents through a significant reduction in the tran-
scription rate of the MGMT gene via mechanisms that are
not yet clear [194, 195]. In another study, cationic liposomes
functionalized with a single-chain antibody fragment (scFv)
loaded with a wt-p53 plasmid DNA to increase p53 expres-
sion showed inhibition of tumor growth and a reduction of
tumor volume that persisted until 3 weeks from the end of
the treatment [196, 197].

Due to the nature of GBM, it has numerous zones with
hypoxia which is believed to contribute to GBM's resistance
to TMZ treatment and its aggressiveness [198]. Therefore,
increasing tumor oxygen levels could increase TMZ’s anti-
tumor effect, as in the case of hyperbaric oxygen (HBO)
therapy. Xie et al. [199] studied the effect of TMZ loaded in
porous silicon NPs combined with hyperbaric HBO therapy
in C6 subcutaneous tumor-bearing mice. They observed an
enhanced antitumor effect with the combination of HBO and
TMZ, but the greatest antitumor effect was detected with the
use of TMZ-loaded NPs combined with HBO which pro-
duced a decrease in tumor volume of 82% compared to 70%
with free TMZ and HBO, and approximately 40% with TMZ
alone.

Furthermore, hypoxic tumors are resistant to radiotherapy
because the main cause of death produced by this treatment
is the generation of reactive oxygen species [200]. Recently,
Zong et al., have developed angiopep-2 decorated NPs
loaded with TMZ, with a hydrophobic P-(MIs)25 core that
can increase cell sensitization to radiotherapy in low oxygen
conditions, transforming these hydropic groups into hydro-
philic amino groups. The results obtained in glioma-bearing
mice showed a strong sensitizing effect against radiotherapy
treatment of nanoformulation loaded with TMZ as well as a
strong synergistic effect compared to the treatments sepa-
rately. These mice showed a greater survival (67 days) com-
pared with free TMZ + radiotherapy (43 days) and unloaded
NPs with radiotherapy (44 days) [201].

Besides being expressed in the BBB and tumor cells, the
transferrin receptor is also overexpressed in glioma CSCs
[90, 202]. To act specifically on these cells and prevent
treatment resistance, NPs were synthesized to target the
transferrin receptor and loaded with TMZ. They were tested
in intracranial tumor-bearing mice, revealing colocalization
of the NPs and SOX2-labeled CSCs that showed apoptosis
and greater antitumor effect with TMZ treatment, thus de-
creasing the likelihood that this population of cells would
redevelop the tumor [203].

4.3. TMZ Analogs

The structure of the TMZ molecule does not offer many
possibilities for the generation of analogs without altering its
mechanism of action. Rai et al. generated the 8-position N,
N-dimethyl carboxamide analogs of TMZ synthetizing y-
carboline, and B-carbolines series. These analogs showed a
better DNA-alkylating activity and brain/plasma ratio im-
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provement (up to 30-fold) compared to TMZ. However, this
antitumor activity was not observed in the in vivo studies
[204]. Some TMZ analogs maintain their mechanism of ac-
tion but are not affected by the TMZ-resistance mechanisms.
TMZ analogs generated by the substitution of N3-methyl
with propargyl or sulfoxide showed great antitumor activity
in MGMT-positive GBM cells [205, 206] and the TMZ ana-
logs C8-imidazolyl and C8-methylimidazole tetrazines also
showed an improved antitumor effect in MGMT-positive
GBM cells and MMR-deficient colorectal cancer cells [207].
Finally, nanoformulations including these analogs have also
been studied. An N3-propargyl imidazotetrazine analog as-
sociated to a targeted-liposomal nanocarrier overcame TMZ
resistance in GBM cells [208] and the TMZ analog NEO212,
covalent conjugation of TMZ and perillyl alcohol (POH),
increased the antitumor activity in nasopharyngeal carci-
noma (NPC) cells compared to TMZ. Moreover, this analog
made cells more sensitive to the second cycle of drug treat-
ment by MGMT inactivation [209].

4.4. Future Perspectives

Despite a large number of preclinical studies (in vitro and
in vivo), TMZ-loaded nanoformulations have not yet entered
clinical trials. Consequently, there is still a lot to explore in
this field and the evaluation of these nanocarriers in patients
will take a long time. There are ongoing clinical trials in
which TMZ is administered together with other nanoformu-
lations, usually in combination with other drugs. For in-
stance, a phase II clinical trial (NCT03463265) is exploring
the treatment of patients with newly diagnosed or post-
treatment (bevacizumab-naive) GBM using albumin-bound
rapamycin or nab-rapamycin (ABI-009), either in monother-
apy or in combination with TMZ. In another phase II clinical
trial (NCT02340156), patients with recurrent GBM are being
treated with combined therapy of oral TMZ and SGT-53, a
cationic liposome carrying a plasmid with the DNA se-
quence of p53 that can induce apoptosis in the tumor cell. In
addition, a phase I/II clinical trial is assessing the treatment
of patients with recurrent GBM with a prolonged administra-
tion of TMZ in combination with doxorubicin-loaded in pe-
gylated liposomes -that enhance its passage across the BBB-,
associated with radiotherapy (NCT00944801). In this case,
30.2% of the patients survived more than 12 months, with a
median survival of 17.6 months. However, these results are
seemingly not superior to the administration of TMZ plus
radiotherapy [210]. Moreover, an ongoing phase I-II clinical
trial (NCT01044966) aims to evaluate the treatment of pa-
tients with GBM and astrocytoma using TMZ combined with
cytarabine (Ara-C) loaded in liposomes (DepoCyt). It has
been demonstrated that cytarabine can inhibit the prolifera-
tion and migration of the subventricular zone progenitor cells
(located in the ventricular system of the CNS), which are
thought to play a crucial role in GBM recurrence. Finally, a
phase I clinical trial is exploring the treatment of pediatric
patients with recurrent and refractory solid tumors using
nanoparticle albumin-bound rapamycin combined with TMZ
and irinotecan hydrochloride (NCT02975882). In summary,
despite the increasing number of in vitro and animal studies,
the use of TMZ-transporting nanomaterials for the treatment
of GBM represents a relatively recent field worthy of explo-
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ration. In the same way, TMZ analogs are not being investi-
gated in clinical trials yet. Thus, it will take a long time to
use these drugs in patients.

CONCLUSION

Since its approval by the FDA in 2005, TMZ has become
the leading first-line chemotherapeutic agent for the treat-
ment of GBM patients. In the clinical context, its use has
improved two-year survival rates, PFS, and quality of life
compared to radiotherapy alone. However, a large number of
patients do not respond satisfactorily to treatment. The
analysis of these cases has revealed numerous resistance
mechanisms involved in the failure of therapy. One of the
most relevant mechanisms involved in TMZ-resistance is the
blood-brain barrier, which acts as an initial filter due to the
presence of membrane transporters that protect the brain
from different substances, such as alkylating agents used in
the treatment of brain tumors. Also, different studies re-
ported that the expression of some cellular mechanisms such
as MGMT repair protein is related to worse prognosis and
lower patient survival. In addition, the MMR system can be
altered in GBM and, together with the expression of MGMT,
can lead to tumor recurrence. Another mechanism of resis-
tance discussed in this review is the DNA BER pathway.
BER eliminates and repairs damaged nucleotides generated
by alkylating agents such as TMZ, thus it is highly involved
in this drug resistance. In all tumors, a small population of
cancer cells with stem-like properties (CSC), i.e. with the
capacity for self-renewal and differentiation, can be found.
In gliomas, GSCs can form niches for the growth of tumor
cells that cannot be detected by the immune system, in addi-
tion to presenting a high number of ABC transporters that
may be responsible for drug extrusion from the cells. Last
but not least, acquired resistance results from the pressure
were exerted by the chemotherapeutic agent and can lead to
genetic or epigenetic changes which, in turn, can lead to in-
creased cell resistance to treatment. Understanding these
resistance mechanisms will be essential to design therapeutic
interventions to overcome them. In this context, new tools
currently available, such as nanotechnology, could thwart
resistance phenomena mediated by the MDR mechanism
present in CSCs.

Currently, TMZ is the standard therapy for GBM. How-
ever, there are serious drawbacks, mainly related to the inva-
sive nature of this tumor, and to inherent and acquired resis-
tance, that may ultimately lead to treatment failure. There-
fore, there is an urgent need for new therapeutic strategies
that enhance the benefits of TMZ. In the last decade, the use
of TMZ combined with other agents has been increasing in
clinical trials, and although most of them have shown sur-
vival benefits of only a few months, encouraging results
have been reported. Particularly, bortezomib provided a re-
markable improvement in OS, revealing the potential thera-
peutic advantages of combining TMZ with proteasome in-
hibitors. TMZ is a highly potent drug with a good toxicity
profile, thus it has been extensively studied in other tumors,
but results are controversial. The combination of TMZ and
veliparib showed little or no benefit in different tumor types
such as prostate and breast cancer, while certain advantages
were observed in small-cell lung cancer. In addition, TMZ
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provided positive effects on capecitabine treatment in rectal
cancer. This scenario reveals the importance of understand-
ing how TMZ interacts with other agents and their impact on
the microenvironment of different tumor types, in order to
design therapeutic combinations with synergistic effects that
minimize treatment resistance.

Thus, despite the fact that TMZ was discovered more
than three decades ago, it is a drug that will be present not
only for the treatment of GBM but also for the treatment of a
large number of tumor pathologies. Further investigations
focused on the understanding of mechanisms of action and
resistance of TMZ are required to improve its clinical use
today and in the future.
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