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RESUMO

O “RESUMO”, que no texto completo da tese defendida ocupa a pagina 9, foi
suprimido, uma vez que contém informagdes dos manuscritos em preparacédo para

publicagdo em periddicos cientificos.

Palavras-chave: atividade antitumoral; atividade antiviral; compostos heterociclicos;
inibidores de Akt; inibidores da MP™ de SARS-CoV-2.






Synthesis and biological evaluation of enzymatic inhibitors as drug candidates
ABSTRACT
O “ABSTRACT”, que no texto completo da tese defendida ocupa a pagina 11, foi

suprimido, uma vez que contém informagdes dos manuscritos em preparagao para

publicagao em periddicos cientificos.
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1. INTRODUGAO

A “INTRODUCAOQ’”, cujo conteudo, no texto completo da Tese, corresponde ao
intervalo de paginas 19-30, foi suprimida por conter informagdes dos manuscritos em

preparagao para publicagao em periédicos cientificos.
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2. OBJETIVOS
2.1 OBJETIVOS GERAIS

Sintese de compostos heterociclicos, avaliagdo enzimatica e celular dos compostos

sintetizados na busca por novos candidatos antitumorais e antivirais.

2.2 OBJETIVOS ESPECIFICOS

Os Objetivos Especificos, cujo conteudo, no texto completo da Tese, corresponde a
pagina 31, foram suprimidos por tratar-se dos objetivos presentes no manuscrito em
preparagao para publicagdo em periddicos cientificos. Consta da sintese de
compostos a fim de avaliar a atividade frente a enzimas e avaliar a citotoxicidade
destas substancias contra linhagens tumorais de cancer pediatrico, células né&o

tumorais e células infectadas com virus.
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3. CAPITULO I: TARGETING AKT/PKB IN PEDIATRIC TUMORS: A REVIEW FROM
PRECLINICAL TO CLINICAL TRIALS (Versdao aceita do artigo publicado
em https://doi.org/10.1016/j.phrs.2022.106403)

3.1 ABSTRACT

The serine/threonine kinase Akt is a major player in the phosphoinositide 3-kinase
(PI3K)/Akt/mammalian target of rapamycin (mTOR) signaling pathway, and its
modulation impacts multiple cellular processes such as growth, proliferation, and
survival. Several abnormalities in this pathway have been documented over the years,
and these alterations were shown to have great implications in tumorigenesis and
resistance to chemotherapy. Thus, multiple Akt inhibitors have been developed and
tested in adult tumors, and some of them are currently undergoing phase |, II, and Ill
clinical trials for distinct cancers that arise during adulthood. Despite that, the impact
of these inhibitors is still not fully understood in pediatric tumors, and Akt-specific
targeting seems to be a promising approach to treat children affected by cancers. This
review summarizes recent available evidence of Akt inhibitors in pediatric cancers,
from both preclinical and clinical studies. In short, we demonstrate the impact that Akt
inhibition provides in tumorigenesis, and we suggest targeting the PISK/Akt/mTOR
signaling pathway, alone or in combination with other inhibitors, is a feasible tool to

achieve better outcomes in pediatric tumors.

Keywords:

Pediatric cancer, PI3K/Akt/mTOR pathway, Akt inhibitor, targeted therapy

Chemical compounds studied in this article:

GSK690693 (PubChem CID 16725726); GSK2110183 (PubChem CID 92044396);

GSK2141795 (PubChem CID 51042438); CCT128930 (PubChem CID
17751819); GDC-0068 (PubChem CID 24788740); AZD5363 (PubChem CID

25227436); MK-2206 (PubChem CID 24964624); Perifosine (PubChem CID 148177);

Triciribine (PubChem CID 65399)

Abbreviations: ALL, Acute Lymphoblastic Leukemia; AML, Acute Myelogenous
Leukemia; AMPK, AMP-Activated Protein Kinase; ATP, Adenosine Triphosphate;



BDNF, Brain-Derived Neurotrophic Factor; B-pre ALL, B-precursor acute
lymphoblastic  leukemia; CDK2, Cyclin-dependent kinase 2; CLL,  Chronic
Lymphocytic Leukemia; CML, Chronic Myeloid Leukemia; CRBN, E3 ubiquitin ligase
substrate adaptor cereblon; CSC, Cancer Stem Cell; DCR, Disease Control Rate; DLT,
Dose-Limiting Toxicities; DNA-PK, DNA-Dependent Protein Kinase; EFS, Event-Free
Survival; EGFR, Epidermal Growth Factor Receptor; FDA, Food and Drug
Administration; FOXO, Family of Forkhead Box Class O; GPCR, G Protein-Coupled
Receptors; GSK3, Glycogen Synthase Kinase 3; HER2, Human Epidermal Growth
Factor Receptor 2; HM, C-terminal regulatory hydrophobic motif; HR-NB, High-Risk
Neuroblastoma; INRC, International Neuroblastoma Response Criteria; JMML,
Juvenile Myelomonocytic Leukemia; KC, Kinase Catalytic Domain; MAPKAP-K1,
Mitogen-activated protein kinase-activated protein kinase-1; MEK, Mitogen-activated
protein kinase kinase; MSK-1, Mitogen- and stress-activated kinase 1; MTD, Maximum
Tolerated Dose; mTOR, mammalian target of rapamycin; mMTORC2, mammalian target
of rapamycin complex 2; NB, Neuroblastoma; p70S6K, p70 ribosomal S6 kinase;
PDK1, 3-Phosphoinositide-Dependent Protein Kinase 1; PFS, progression-free
survival; PH, Pleckstrin Homology Domain; PI3K, Phosphoinositide 3-Kinase; PIP2,
Phosphatidylinositol 4,5-bisphosphate; PIP3, Phosphatidylinositol 3,4,5-triphosphate;
PKB, Protein Kinase B; PPTP, Pediatric Preclinical Testing Program; PTEN,
Phosphatase and Tensin Homolog; Ras-ERK Ras-Extracellular Signal-
Regulated Kinase; RECIST, Response Evaluation Criteria in Solid Tumors; ROCK,
Rho-kinase 1; RTK - Receptor Tyrosine Kinases; T-ALL, T-cell acute lymphoblastic
leukemia; TPD, targeted protein degradation; TRKB, Tropomysin-related Kinase B,;
TSC2, Tuberous Sclerosis Complex 2; VHL, von Hippel-Lindau protein.
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3.2 INTRODUCTION

Pediatric tumors are one of the leading causes of death among children from 0 to 19
years old in developed countries, and 400,000 new cases are diagnosed each year
worldwide [1,2]. Due to the recent advances in diagnosis and treatment, the mortality
rates have had a constant decline over the last years [3,4]. However, resistance to
treatment protocols is still a significant cause of death, and severe side effects of
clinical intervention can lead to decreased quality of life among survivors. In fact, long-
term effects of therapy have been observed in psychological, social, and physical
outcomes, and higher incidence of chronic health conditions is reported in childhood
cancer survivors when compared to siblings [5-7]. In the last decade, the continuous
understanding of molecular factors involved in tumorigenesis and tumor progression
shed light on several new targets for pediatric cancer treatment. Among them, the
PI3K, protein kinase B (PKB, also known as Akt), mTOR signaling pathway
(PIBK/Akt/mTOR) has been widely studied due to its major role in some of the most
important cellular functions, such as proliferation, survival, growth, and protein
synthesis [8]. Given its major impact on cellular function, deregulations in this pathway
have been associated with cancer, diabetes, neurological and cardiovascular
diseases. Thus, its modulation is a feasible way to enhance success rates of treatment

against pediatric tumors.

In this review, we gather information regarding the rationale of targeting the
PI3K/Akt/mTOR signaling pathway in pediatric tumors, as well as provide an overview
of results concerning the efficacy of Akt inhibitors in clinical and pre-clinical studies
regarding childhood malignancies, both alone and in combination with other inhibitors.
Finally, we discuss the future of Akt as a target on the treatment of pediatric tumors
and main challenges regarding its establishment in the clinic. To our knowledge, this

is the first review to focus on the potential of Akt inhibitors in childhood cancer.
3.3 THE PI3K/AKT/MTOR SIGNALING PATHWAY

Activation of PI3K/Akt/mTOR signaling pathway initiates when G protein-coupled
receptors (GPCR) or receptor tyrosine kinases (RTK) are activated via ligand binding,
leading to phosphoinositide 3-kinase (PI3K) activation (Error! Reference source not f
ound.). Activated PI3K triggers the conversion by its catalytic domain of

phosphatidylinositol 4,5-bisphosphate (PIP2) to phosphatidylinositol 3,4,5-triphosphate
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(PIPs). This reaction is regulated negatively by Phosphatase and Tensin Homolog
(PTEN), which converts PIPs back to PIP2 and works as a suppressor of
PI3K/Akt/mTOR signaling [8,9].

Akt is a serine/threonine kinase that plays a key role on this pathway. It contains three
highly conserved homologous subtypes (Akt-1/PKBa, Akt-2/PKBB and Akt-3/PKBYy),
being the first two widely expressed, and latter limited to nervous system tissues and
testes [10]. Additionally, these isoforms have distinct biological relevance in cancer
and other contexts [10—12], and specific isoform inhibition may have different impacts
in cancer cell survival, metastasis and chemoresistance [13—15]. It has three different
domains: the pleckstrin homology domain (PH) with an N-terminal fragment, kinase
catalytic domain (KC), and C-terminal regulatory hydrophobic motif (HM). As other
kinase enzymes, Akt can adopt different conformations due to their malleability [16].
The closed conformation is the inactive form of the enzyme, also known as “PH-in".
The PIP3 acts as a docking site to Akt through the protein’s PH domain (opened
conformation, “PH-out”) on the plasma membrane (Error! Reference source not f
ound.A), and it is later activated by double phosphorylation by other kinases [17]. The
3-Phosphoinositide-Dependent Protein Kinase 1 (PDK1) phosphorylates the residue
T308/T309/T305 at the KC domain in Akt-1/Akt-2/Akt-3, respectively. Subsequently,
the mammalian target of rapamycin complex 2 (mMTORC2) phosphorylates the
S473/S474/S472 residue (Akt-1/Akt-2/Akt-3, respectively) at the HM domain for the full
activation of the enzyme [17]. It is important to mention, however, that other kinases
like DNA-Dependent Protein Kinase (DNA-PK) are also capable of phosphorylating Akt
at S473 in stress situations [18]. After these modifications, Akt becomes active and
adenosine triphosphate (ATP) molecule docks into its pocket at the KC domain (Error! R
eference source not found.A). Thus, Akt regulates several cellular processes through
transference of phosphate from ATP to its substrates, such as GSK-3, TSC2, mTOR,
and the FOXO family of transcription factors [8].
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1. Ligand-receptor binding

PTEN

5. Signaling suppression

3. Phosphorylation and activation of Akt
GSK3

4. Akt downstream targets

Fig. 1. PI3BK/Akt/mTOR signaling pathway. Schematic review showing the activation of Akt
through double phosphorylation and subsequent inhibition of proteins such as GSK3, FOXO,
and TSC2. Regulating proteins such as PTEN and mTORC2 are also represented.

The PI3K/Akt/mTOR signaling pathway is long known as one of the most frequently
altered pathways in human cancer [19,20]. This dysregulation is common in a wide
range of tumors and is primarily a consequence of mutations or gene amplifications
that affect the function of proteins related to this pathway [19-21]. Among these
alterations, most occur on phosphatidylinositol 3-kinases isoforms, especially on
PIK3CA [19]. Missense mutations on this gene, such as E542K, E545K, and H1047R,
lead to constitutive activation of the protein and have been linked to tumor initiation
and progression [21]. Mutations on Akt, on the other hand, are less frequent in tumors

and the population in general [19,22].

In fact, the most known and common Akt mutation was reported by Carpten et al., who
described a somatic E17K mutation in the PH domain of Akt-1 that leads to constitutive
Akt activation [23]. Ever since, multiple variants in different domains of all three
isoforms of Akt have been described and related not only to cancer but also to other
pathologies such as diabetes and overgrowth syndromes [22,24]. Of note, most of the
described alterations on Akt isoforms are missense or in-frame deletions/insertions,
whilst rare changes are observed in the phosphorylation sites in each protein [22,25].
Many other genetic alterations on the PI3K/Akt/mTOR pathway have been
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documented over the years, including the epidermal growth factor receptor variant Il
(EGFRUVIIIl) deletion of exons 2—7 that leads to constitutive activation of epidermal
growth factor receptors, monoallelic loss of PTEN, and other mutations on proteins
such as PDK1, HER2 and other RTKs related to pathway instability and tumor
maintenance [20]. Altogether, these alterations in the PI3K/Akt/mTOR pathway have
instigated the development of a great number of small-molecule inhibitors as a possible
new approach for cancer treatment, and multiple clinical trials are ongoing in different
childhood malignancies. Importantly, some of these modifications, such as the T790M
on EGFR, may confer resistance to developed inhibitors and should, therefore, be
carefully considered before choosing treatment protocols. Despite the recent approval
of PI3K and mTOR inhibitors to treat adult tumors [26—28], Akt inhibitors are still a little
behind when it comes to development and approval, and the assessment of these
molecules in pediatric tumors still needs further evaluation. Nonetheless, there are
promissory results regarding pre-clinical and clinical trials encouraging the

development of Akt inhibitors for cancer treatment.

Like other signaling pathways, the PI3K/Akt/mTOR is also regulated by negative and
positive feedbacks to control stimulus durability, and some of its downstream targets
are known to modulate the pathway’s activity. In fact, as a key modulator of cell
viability, the PI3K/Akt/mTOR signaling pathway also has points of cross-regulation with
other major signaling pathways, such as Ras-Extracellular Signal-Regulated Kinase
(Ras-ERK), NF-kB, Hippo/MST, and AMP-Activated Protein Kinase (AMPK) [8,29].
Additionally, these pathways seem to play compensatory roles, as suppression of one
pathway may lead to activation of another. They also have some convergent points, in
which more than one upstream effector may modulate the same downstream proteins,
and consequently the same cellular processes. These complex relations are a
challenge to overcome due to signaling redundancy and compensation, since they
could decrease inhibitor and treatment efficacy. Understanding how alternative
pathways are related to PI3K/Akt/mTOR in cancer is an important aspect to consider
when planning to use Akt inhibition as an approach to treat pediatric tumors as
combined therapies targeting multiple proteins from the same or different pathways
might represent a feasible way to mitigate treatment resistance and to increase

inhibitor effects on tumor cells [30,31].
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3.4 PIBK/AKT/MTOR PATHWAY IN HEMATO-IMMUNE PEDIATRIC MALIGNANCIES

Hematologic cancers, such as lymphomas, leukemias, and myelomas, include tumors
derived from the immune system and blood-forming tissues [32]. Noteworthy,
leukemias are the most common malignancies in individuals from 0 to 19 years
worldwide, and account for the biggest proportion of disability-adjusted life years,
which includes premature mortality and healthy life lost due to disability [1]. Among
tumorigenesis mechanisms, deregulation of the PI3K/Akt/mTOR pathway is a common
feature throughout hematologic malignancies [33-35], even though mechanisms of
upregulation may be different among specific tumor types. In acute lymphoblastic
leukemia (ALL), inactivation of PTEN and mutations in the AKT and PI3K genes are
the most common alterations that lead to pathway aberrant activation, although there
are some significant divergences between B-ALL and T-ALL [36,37]. The opposite
happens in adult multiple myeloma samples, in juvenile myelomonocytic leukemia
(JMML), and in acute myelogenous leukemia (AML), in which mutations in these genes
are not the most common causes of alteration of the pathway. For example, although,
the PI3K/Akt/mTOR pathway is still activated in multiple myeloma, and Akt
upregulation is modulated by other mechanisms such as increased secretion of growth
factors and other signaling molecules [38]. Additionally, altered RAS signaling both in
AML and JMML patients due to mutations in genes such as NRAS and KRAS may
lead to aberrant Akt activation [39,40]. Lastly, common genetic alterations in kinases
such as FLT3 are also reported to lead to increased phosphorylation in downstream
signaling pathways, including the PI3K/Akt/mTOR [40]. Thus, although molecular
mechanisms may be variable, PI3K/Akt/mTOR pathway aberrations have been spotted

in high frequencies among hemato-immune cancers.

Over the last years, PI3SK/Akt/mTOR pathway and its possible role on tumorigenesis
has been extensively assessed as a new approach to treat pediatric tumors. For
instance, in vitro studies demonstrated that induced downregulation of PISK/Akt/mTOR
pathway signaling through multiple approaches such as gene silencing, miRNA, and
exposure to natural products has a great impact on cell growth and viability in a wide
range of hematologic childhood tumors [41—46]; and the use of specific inhibitors has
also demonstrated promising results [47—49]. Accordingly, Akt signaling has also been

demonstrated to exert anti-apoptotic effects over ALL cells [50]. Furthermore, pathway

39



activation has been correlated to poor clinical outcomes in pediatric hematologic
malignancies, as mutations in the PI3K/Akt/mTOR pathway and high expression of
downstream targets such as mTOR and GSK3-B may be predictors of treatment
resistance and decreased survival rates [51-54]. In a study described by Morishita et
al., it was demonstrated p-Akt expression in B-precursor acute lymphoblastic leukemia
(B-pre ALL) patients with poor response to chemotherapy. In addition, the overall
survival and relapse-free survival decreased in patients with expression of activated
Akt [51]. Accordingly, inactivation/loss of PTEN has also been suggested to have
significant impact on prognosis of hemato-immune tumors, as it is known for inhibiting
Akt signaling [34,55]. As reviewed by Mendes et al., different groups have reported
that aberrant PTEN function is related to poorer clinical outcomes such as higher risks
of relapse, although some groups could not find clinical benefits over PTEN-genotype
assessment [55]. Furthermore, there is growing evidence that PI3K/Akt/mTOR
signaling modulation may also increase therapeutic effect of standard protocols in
hematologic tumors, and Akt inhibition could also be used to mitigate treatment failure
due to treatment-resistance mechanisms [56,57]. Thus, combined therapies with
conventional drugs and/or with other targeted inhibitors deserve further assessment.
All this knowledge has led to the inclusion of PI3K and mTOR inhibitors in clinical trials
in young patients with hematologic malignancies [58-60], and even more studies are

expected to be performed in the near future.

Evidence briefly reviewed here supports that PI3K/Akt/mTOR signaling pathway is a
feasible target to improve treatment success in childhood hematological cancers, as it
plays major roles in cell proliferation, survival and drug resistance. However, taking
into consideration heterogeneity of metabolism mechanisms between tumors, it is
possible that single-target agents may not have the same efficacy in distinct diseases.
Thus, combining the use of PI3K/Akt/mTOR pathway inhibitors either with targeted
agents or with chemotherapy seems an appealing protocol to enhance treatment
success. Furthermore, considering PI3K inhibitors have already been approved by the
Food and Drug Administration (FDA) to treat adult hematological malignancies [61],
targeting PI3K/Akt/mTOR pathway on pediatric hemato-immune tumors may render

encouraging results.
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3.5 PIBK/AKT/MTOR PATHWAY IN PEDIATRIC SOLID TUMORS

Pediatric solid tumors, altogether, account for approximately 60% of malignancies in
children and adolescents aged 0 to 19 years old [62,63]. Although the distribution of
these tumors may vary in different ages, most of them share many cellular and
molecular features, such as the status of the PI3K/Akt/mTOR signaling pathway.
Disruptions in the pathway, mainly caused by genetic alterations in key genes such as
PIK3CA and PTEN, have also been spotted in a wide range of solid tumors [19],
including the ones affecting children. Regarding osteosarcoma tumor, for example, a
screening of 59 patients revealed genetic alterations of PISK/Akt/mTOR pathway in
24% of patients, and it was observed almost 12% and 1.7% of patients with PTEN and
PIK3CA alteration, respectively, contributing to the pathogenesis of this disease [64].
Low levels of PTEN, mutations in genes such as PIK3CA and AKT3, and mTOR
activation were also observed in several central nervous system tumors like
medulloblastoma, ependymoma, and glioma [65,66]. Still, these mutations do not
seem to be as recurrent as in adult tumors [19]. All these alterations have been
consistently suggested as one of the many molecular mechanisms related to tumor
maintenance and progression, as abnormal activity of this pathway is also correlated
to poor prognosis features such as metastasis and chemotherapy resistance [67,68].
Just like hematologic tumors, abnormalities in the PISK/Akt/mTOR pathway are not
uniformly distributed among pediatric solid tumors [19]. The presence of disruptive
signaling of this pathway, however, has led to a deep evaluation of the PI3K/Akt/mTOR
pathway’s role in tumorigenesis. The increasing understanding about how this pathway
supports malignancy has led to the development of several protein inhibitors over the
last years and targeting Akt signaling has proven to be a feasible way to increase

treatment efficacy.

For instance, multiple in vitro studies demonstrated the great impact of PI3K/Akt/mTOR
signaling downregulation on pediatric tumor’s progression, leading to cell cycle arrest,
decreased cell viability, and increased apoptosis. Exposure of different malignant cells
to PI3K, Akt, and mTOR inhibitors rendered significant results [69,70], which
demonstrates the appealing efficacy of PISK/Akt/mTOR inhibitors in cancer treatment.
Promising results were also obtained in vivo, in which models demonstrated the effects

of these pathway inhibitors in tumorigenesis inhibition, decreased tumor growth and
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enhancement of event-free survival [71-74]. Further promising results should also be
obtained in clinical trials, in which different inhibitors of the pathway are currently being
evaluated in distinct tumors [60,75,76]. Interestingly, tumor cells have demonstrated
increased susceptibility to chemotherapy agents after exposure to PISK/Akt/mTOR
inhibitors, and pathway targeting also seems able to sensitize resistant cells to golden
standard protocols [67,77,78]. In accordance to these findings, Wei et al. demonstrated
that PI3K/AktmTOR pathway activation was the main responsible for resistance
against cisplatin in osteosarcoma cells, suggesting signaling disruption of this pathway
could be an effective therapy against refractory tumors [79]. Furthermore, evaluation
of co-targeting and different combinations of cytotoxic drugs have been performed by
multiple groups [80—84], who have consistently suggested that patients may benefit
the most from PI3K/Akt/mTOR inhibition if compounds are combined with different
drugs. According to these studies, PISBK/Akt/mTOR inhibitors alone do not seem to play
a great impact on tumor viability, whereas adjuvant therapies may increase the
cytotoxic effect of this approach. These results corroborate the importance of
assessing the impact of the PISK/Akt/mTOR pathway in the biology of pediatric solid

tumors.

Taking into consideration the results discussed above, there is a clear rationale for the
investigation of PI3SK/Akt/mTOR pathway inhibitors as an approach to treat pediatric
tumors. Preclinical and clinical trials ongoing in a wide variety of childhood
malignancies are currently assessing the efficacy of multiple small inhibitors and have
been gathering promising results over the last decade. Here, we review data regarding

the use of Akt enzyme inhibitors collected over the last decade.

3.6 AKT INHIBITORS

Three main classes of Akt inhibitors are investigated and entered into preclinical and
clinical trials: ATP-competitive inhibitors (Fig. 2B), allosteric inhibitors (Fig. 2C), and
inhibitors of PIP3 binding (Fig. 2D). Table 1 summarizes the inhibitors that were tested

in pediatric tumors as well as the phase of the study.
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Fig. 2. Binding mode of ATP and Akt inhibitors in Akt crystal structure. A) When inactive
Akt (closed conformation; PDB ID: 3096) is recruited to membrane, its PH domain (PDB ID:
1UNQ) binds to PIPs (ellipse) at inner membrane, then Akt exposes its KC domain and is
phosphorylated at T308 and S473 (this residue does not appear in this picture due to the side
of the enzyme represented here) in the opened conformation. Then, ATP docks into active
site. This structure was crystallized with AMP into KC domain of Akt-1 (KC domain PDB ID:
4EKK); B) ATP-competitive inhibitor into kinase domain of Akt-1 (KC domain PDB ID: 4GV1);
C) Allosteric inhibitor binding into KC and PH domains of Akt-1 (PDB ID: 3096); D) Inhibitor of
PIPs binding in PH domain of Akt-1 (KC domain PDB ID: 4GV1). 3D surface structure model

was generated using Open-Source Pymol 1.8.x.

3.6.1 ATP-COMPETITIVE INHIBITORS

The ATP-competitive inhibitors belong to the largest group of Akt inhibitors. These
molecules occupy the same site of adenosine triphosphate (ATP) on opened PH-out
conformation of Akt [85,86], preventing the enzyme to transfer the y-phosphate of ATP
to its substrates. It is important to mention, however, that Akt enzyme still can be
phosphorylated at residues T308 and S473 in the presence of such inhibitors (Fig.
2B). Since the ATP binding pocket is highly conserved among the three isoforms of

the enzyme [87], specific targeting of isoforms is still a challenge to overcome.
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3.6.1.1 GSK690693

In 2005, Bamford and collaborators performed a high-throughput screening aiming to
identify MSK-1 inhibitors. They found a novel inhibitor (compound 1) bearing an amino-
oxadiazole scaffold (Fig. 3) with ICs0 140 nm against MSK-1. Then, the optimization of
this compound provided the azaderivative 2 (Fig. 3) being about 50-fold more potent
than compound 1 and exhibiting activity against other kinases such as GSK3,
ROCK1, CDK2, MAPKAP-K1qa, and p70S6K [88,89]. Taking into consideration the
kinase inhibitory activities of these compounds, GlaxoSmithKline moved forward with
the optimization of imidazopyridine substituents in order to obtain an inhibitor of Akt.
During the structure-activity relationship studies, it was observed a mild effect in Akt
activity and higher selectivity over other kinases like MSK-1 and ROCK1 when the
amine side chain at C-7 position was modified. In addition, the activity against Akt-1
was improved with modifications at C-4 of the imidazopyridine with the presence of an
alcohol and a dimethyl group at the terminus of alkyne. The resulting compound was
3 (Fig. 3), which showed an ICso value of 6 nM against Akt-1 and of 1 uM regarding
the inhibition of phosphorylation of GSK3B in BT474 cells. The final round of
modifications at C-7 position resulted in a series of derivative which inhibited Akt-
mediated phosphorylation of GSK3f in BT474 cells with 1Cs0 values in submicromolar
range. The compound GSK690693 was the best derivative of the imidazopyridine
series since it demonstrated a higher selectivity against the Akt isoforms and great
antitumoral effect [90]. Therefore, GSK690693 is a pan-Akt inhibitor with low
nanomolar values of ICso for Akt-1, Akt-2, Akt-3 (see Table 1), being at least 4-fold
more selective for Akt-1 isoform than to the other two [91]. GSK690693 is an
intravenous drug candidate and it was evaluated in two adult phase | clinical trials for
the treatment of solid tumors and hematologic malignancies, which were later
discontinued [92,93]. The sensitivity of hematologic tumors to treatment with Akt
inhibitor GSK690693 was evaluated in vitro by Levy and colleagues, who reported a
higher growth inhibition in ALL. Among the pediatric ALL lineages, J.GAMMA-1
showed the lowest value of ECso0 (65 nM). Other hematologic tumors as non-Hodgkin
lymphoma, Burkitt ymphoma, and chronic lymphocytic leukemia (CLL) cell lines were
more sensitive to the treatment than chronic myeloid leukemia (CML), AML, and
Hodgkin lymphoma. Of note, results regarding proliferation assay in non-tumoral CD4*
peripheral T cells and mouse thymocytes treated with GSK690693 showed growth
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inhibition only with ECso values greater than 10 and 30 uM, respectively, suggesting a
higher antiproliferative activity in tumor cells. Reduction of phosphorylation in
downstream targets of Akt, such as GSK3- and PRAS40, was also detected in a dose-

dependent manner [94].

This inhibitor was also evaluated in a wide panel of pediatric tumor cell lines by the
Pediatric Preclinical Testing Program (PPTP) and obtained a broad spectrum of
activity. In line with results gathered by Levy and colleagues, ALL cell lines were the
most sensitive to treatment, showing the lowest ICso value of 6.5 nM for COG-LL-317.
Regarding in vivo assays, however, no objective responses (tumor regression) were
observed in solid nor in ALL xenografts. Interestingly, osteosarcoma xenografts
showed significant stability of disease, since GSK690693 increased event-free survival
(EFS) distribution in all subjects bearing this specific tumor [95]. Up to this moment, no
clinical phases regarding the treatment of childhood cancers with this compound were

ever developed.
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3. Schematic representation of the discovery and optimization of the GSK690693.
6.6.1.2 GSK2110183 (Afuresertib) and GSK2141795 (Uprosertib)

In 2009, GlaxoSmithKline identified a pyrrolopyridinyl thiophene carboxamide series
as Akt inhibitor through a screening method [96]. The structure-activity relationship
studies with this series led to optimization of pyrrolopyridinyl to pyrazole group,
developing the oral GSK2110183 (Afuresertib) and GSK2141795 (Uprosertib) Akt
inhibitors. Due to the similar structures of these compounds, they can be discussed in
the same section. The kinase selectivity profile of these inhibitors is narrower than
GSK690693 [97] and the Ki values are in nanomolar range for all Akt isoforms (see
Table 1) [98].

Afuresertib can inhibit AKT1 E17K mutant as well as Uprosertib with ECs0 0.2 nM,

probably due to their similar binding manner into the ATP site of the enzyme [98].
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Bradgen et al 2019 reported promising results after association of Afuresertib with
paclitaxel and carboplatin to treat recurrent platinum-resistant ovarian cancer [99].
Afuresertib has been included in different studies as monotherapy or in combination
with chemotherapy drugs in adult patients, and a single phase Il study regarding
Langerhans Cell Histiocytosis included a single 16-year old patient with refractory
disease [100,101]. The trial demonstrated acceptable tolerability, and gastrointestinal
disorders were the most common adverse effects reported by the recruited patients,
along with fatigue and upper respiratory infections. Interestingly, the adolescent had
similar plasma concentrations if compared to adult patients. Although it is still debated
whether Langerhans Cell Histiocytosis can be considered a cancer [102], and a single
adolescent was enrolled in this study, it is noteworthy that Akt inhibitors are being
considered for treatment of children, and new trials on pediatric tumors with greater

numbers of subjects are likely to take place in the near future.

Dumble et al 2014 tested this compound in a series of hematologic and solid pediatric
tumors and demonstrated results similar to GSK2141795. Regarding hematologic
cells, MOLT-4 (ALL) showed the lowest ICso0 value (14 nM). Among solid tumors, the
HEP3B cell line (hepatocellular carcinoma) was the most sensitive lineage, exhibiting
an 1Cso of 399 nM. Like GSK2141795, the effects of GSK2110183 on Akt signaling
were observed by the inhibition of phosphorylation in GSK3-3, PRAS40, FOXO and
Caspase 9 [98]. To our knowledge, no clinical phase studies were ever addressed

regarding the use of GSK2141795 in pediatric tumors.

GSK2141795 has been included in several adult clinical trials associated with
Trametinib (GSK1120212), an allosteric inhibitor of MEK1/2. Although there are
preclinical studies supporting the use of PI3K/AKT and MEK inhibitors in adult cancer
[98,103], subjects enrolled in clinical studies developed serious side effects and
displayed limited benefits [104—-107]. Therefore, further studies are important to
determine whether targeting both pathways is a feasible and efficient solution in tumor
treatment. To our knowledge, a single preclinical phase was performed by Dumble and
collaborators 2014 evaluating the activity of GSK2141795 in a broad panel of
hematologic and solid pediatric tumors. Regarding cell viability, the treatment
demonstrated higher cytotoxic effects in ALL (MOLT-4 cell line) with ICs0 10 nM and
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hepatocellular carcinoma (HEP3B cell line) with ICs0 154 nM among hematologic and

solid tumors, respectively [98].

6.6.1.3 CCT128930

CCT128930 was developed by a partnership between the Cancer Research UK Centre
for Cancer Therapeutics and Astex Therapeutics and is 30-fold more selective for Akt-
2 (ICs0 = 6 nM) than PKA (ICs0 = 168 nM) [108]. To our knowledge, no data regarding

ICso0 values on other Akt isoforms were ever determined.

The cytotoxic effect of CCT128930 in pediatric hepatoma cell line HEP-G2 was
evaluated by Wang and collaborators, who identified an ICso value of 30 uM. The
CCT128930 treatment in hepatoma cells also led to decreased cell size, DNA damage,

impaired cell cycle progression, and induction of both apoptosis and autophagy [109].

Regarding osteosarcoma, Sun et al 2020 measured the activity of CCT128930 in
U20S and MG-63 cells, which had cell growth inhibition in a dose-dependent manner
(average inhibition of 60% at 40 uM). Further investigation about the mechanism of
action demonstrated that CCT128930 induced G1-phase arrest and apoptosis in both
cell lines. An analysis regarding the synergic effect between CCT128930 and VS5584
(PI3K inhibitor) also reported an enhancement in cell apoptosis and growth inhibition

in these cells [110].

Combination of CCT128930 with other drugs have also been evaluated in
neuroblastoma (NB) cells. Higher proliferation inhibition, as well as decreased sphere
formation were obtained after association of CCT128930 (10 uM) with PD98059
(MAPK inhibitor, 100 uM) in BE(2)-C and SK-N-AS cells. It is important to mention that
these results were observed in cisplatin and radiation-resistant cells (CDDP-R and
Rad-R), implying this combination of drugs could be a feasible solution to treat tumors
that are resistant to clinical protocols [80]. Based on clinicaltrials.gov, we did not

identify clinical studies involving this compound.

3.6.1.4 GDC-0068 (Ipatasertib)

GDC-0068 (also known as Ipatasertib) was developed by Array BioPharma/Genentech
Inc and demonstrated a significant inhibition of all Akt isoforms, having a similar activity

against Akt-1 and Akt-3 (see Table 1) [111]. Previously, aiming to optimize a series of
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Akt inhibitors, Bencsik and collaborators demonstrated the synthesis of compound 4
and 5 (34 and 41 in the original publication, respectively) (Fig. 4), and their activity
against Akt enzyme. Both of them showed similar results against Akt-1 (ICso 1 nM vs
3 nm, respectively) and modest selectivity over PKA (ICso 35 nM vs 52 nM,
respectively) [112]. Subsequently, Blake and collaborators utilized the dihydrothieno-
and dihydrofuro-pyrimidine cores of 4 and 5, respectively, to further investigate the
selective inhibiton of Akt. The substitution of dihydrocyclopentapyrimidine core with
C7-(R)-hydroxyl combined and C5-(R)-methyl in saturated ring and the piperazine
amide portion with isopropylamine and 4-chlorophenyl afforded GDC-0068. This
compound showed 620-fold more potent to Akt-1 than PKA, and a good selectivity
profile over a broad panel of 230 kinases. Since the preclinical studies demonstrated
a good pharmacology profile, several clinical trials have tested Ipatasertib as targeted
therapy for cancer in adults [111,113]. Currently, a single phase Il clinical trial recruiting
both children and adults is assessing the use of Ipatasertib on metastatic or advanced
solid tumors [114]. There are other numerous clinical trials in phase lll including
patients with metastatic castrate-resistant prostate cancer or breast cancer, all of them

using Ipatasertib with other drugs [115-119].
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Fig. 4. Chemical structures of dihydrothieno- and dihydrofuropyrimidines as potent Akt

inhibitors.

An in vitro assay was performed using an allosteric Akt inhibitor (MK-2206) or
Ipatasertib to check the activity of these compounds in the absence of the Akt-1's PH
domain, due to a genetic mutation first identified by Slotkin et al. People bearing this

mutation display a loss of 96% of the PH domain from Akt-1, but the kinase domain
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and phosphorylation sites (S473 and T308) are still present. Therefore, the treatment
with allosteric Akt inhibitor (MK-2206) was not efficient at any concentration tested, in
contrast to the use of Ipatasertib, which efficiently decreased cell growth. In this study,
a 12-years-old female was identified with a neoplasm bearing this specific mutation
and she was the first child patient to be treated with GDC-0068. This treatment led to
a decrease in CA-125 levels, a tumor marker for ovarian cancer, although results
bounced back to usual levels four months later. The patient had few adverse effects

as grade 1 of diarrhea and leukopenia [120].

3.6.1.5 AZD5363 (Capivasertib)

AstraZeneca developed AZD5363 (also known as Capivasertib) compound, a potent
oral Akt inhibitor with low ICso values (see Table 1). This compound was developed
based on the structure of CCT128930 and optimized analogues. Capivasertib has a
pyrrolopyrimidine moiety, aiming to bind through polar interactions with residues at
Akt’'s active site. The piperidinyl spacer, primary amine and the chlorobenzyl groups
were retained to perform the same pattern of interactions as well as CCT128930
series. Capivasertib increased potency against Akt, improved selectivity against
ROCK2 enzyme, and reduced hERG ion channel affinity by adding an a-substituted
amide group bearing a primary alcohol [121]. Currently, Capivasertib is enrolled in
multiple clinical trials. Since it showed promising results in phase Il trials involving
adults [122,123], new phase lll studies are recruiting patients [124-127]. To our
knowledge, no pediatric clinical trials involving Capivasertib were ever conducted.

Then, we highlight below a preclinical phase in leukemic and medulloblastoma cells.

Lynch and collaborators investigated the sensitivity of a broad panel of cancer lineages
(including pediatric lineages), to PI3SK/Akt/mTOR pathway inhibitors. Among all 971
cell lines included, hematological malignancies displayed remarkable sensitivity to Akt
inhibitors, as 49% of the hematological tumor cell lines evaluated were sensitive to
AZD5363 exposure (sensitivity cut-off of 9 uM) [128].

Tumor cells also seem to become more sensitive to other drugs after Akt inhibition by
AZD5363. Khoshamooz et al. demonstrated a synergic effect inhibiting both PI3K/Akt
and Notch1 pathways, another signaling mechanism usually studied in leukemia. Co-
targeting rendered a significant decrease in cell viability in all three cell lines evaluated

(Jurkat, MOLT-4, and HPB-ALL) when compared to each of the inhibitors alone, even
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though Jurkat and HPB-ALL cells exhibited resistance to one of the employed
inhibitors. In addition, the synergic effect between inhibitors also increased the number
of apoptotic cells - 90% when associated inhibitors were used, in contrast to < 80 %
apoptotic cells induced by monotherapy [30]. In 2020, Patra and colleagues described
similar results, as they demonstrated that dual inhibition of Akt and B-catenin had a
greater impact on viability of hepatocellular carcinoma cells. Exposure to both
AZD5363 and FH5363 led to cell cycle arrest and increased cell death via autophagy
if compared to Akt or B-catenin inhibition alone [129]. Thus, Akt targeting through

AZD5363 could be used to improve therapy effects in childhood cancer.

Interestingly, Rahmanto and colleagues demonstrated that Akt inhibition could be used
to reestablish sensitivity of cisplatin-resistant medulloblastoma cells. AZD5363
exposure led to a decrease in SOX9 levels, which is a transcript factor involved in cell
migration, metastasis and drug resistance. Furthermore, SOX9 levels modulation
through PI3K/Akt/mTOR pathway inhibition could be suggested as a feasible tool to

improve clinical outcomes in therapy-resistant patients [67].

To date, ATP-competitive Akt inhibitors have demonstrated in vitro cytotoxic activity in
a wide range of pediatric tumors, especially in ALL cell lines. The divergence among
studies, however, suggests that the efficacy of PI3K/Akt pathway inhibition is not
thoroughly assessed by in vitro studies. Thus, the effect of these small inhibitors should
be deeply characterized in xenografts and clinical trials. Of note, studies regarding the
combination of ATP-competitive Akt inhibitors with other therapeutic approaches have
provided promising results and suggest co-targeting may be a feasible way to
overcome drug resistance and to potentiate chemotherapy efficacy. Rather than
monotherapy, Akt inhibitors might as well be considered as an adjunct therapy and

combination studies should also be further evaluated.

3.6.2 ALLOSTERIC INHIBITORS

Allosteric inhibitors bind between PH and KC domains, stabilizing the enzyme in the
closed conformation. Therefore, the protein is not able to be recruited to the cell
membrane and consequently does not proceed the signaling pathway. Thus, differently
than ATP-competitive inhibitors, allosteric inhibitors impair the phosphorylation at T308
and S473 residues of the enzyme (Fig. 2C) [85,86].
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6.6.2.1 MK-2206

Merck developed MK-2206, an oral allosteric Akt inhibitor with low values of ICso (see
Table 1), and 5-8-fold more potent to Akt-1/2 than Akt-3. It also demonstrates a high
selectivity profile against the Akt enzyme compared to other protein kinases. Similar to
ATP-competitive inhibitors, it has been demonstrated that MK-2206 can also inhibit the
phosphorylation of downstream enzyme substrates, such as TSC2, PRAS40, and
ribosomal S6 proteins [130]. Clinical trials regarding the use of MK-2206 in adult
patients are still under phase | and Il. To our knowledge, there is only one clinical study
regarding pediatric patients treated with MK-2206 [131]. Nevertheless, we found
several preclinical studies using this drug as monotherapy or in combination with other

agents.

Targeting Akt with MK-2206 treatment has been demonstrated as a feasible way to
decrease tumor viability in a dose-dependent manner in multiple cell lines of rhabdoid
tumors, neuroblastoma, and osteosarcoma with 1Cso lower than 20 uM [132-134]. In
the PPTP, a panel of solid and hematologic pediatric tumor cell lines was exposed to
MK-2206 in doses ranging from 1.0 nM to 10 uM. The lowest value of ICs0 was 0.05
MM for the COG-LL-317 cell line and the highest value was >10 uM for SJ-GBM2
lineage. In relation to in vivo assays, no objective responses (tumor regression) were
detected either in ALL nor in solid tumor xenografts. However, the best results were
obtained in the osteosarcoma xenograft panel, since all six osteosarcoma xenografts
treated by MK-2206 showed a significant increase in EFS distribution compared to the
control group and three xenografts of this model had PD2 response (progressive
disease with growth delay). Interestingly, the pre-clinical assays with MK-2206 showed
similar behavior to GSK690693 inhibitor, since both drugs showed a prominent relative
sensitivity in ALL cells and specificity for osteosarcoma xenografts with a modest

antitumor activity [71].

Akutagawa and colleagues also demonstrated the effect of this inhibitor in mouse
models of myeloproliferative neoplasms, as treatment was able to increase overall
survival in vivo. Combined therapy with MAPK inhibitors suggests co-targeting of these
pathways may provide improved results in animal models [73]. In fact, combined
therapy with MK-2206 and other inhibitors has been assessed in multiple studies.

Canté-Barrett et al. 2016 observed synergic cytotoxic effect of MEK inhibitor
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(AZD6244) plus PI3K inhibitor (GDC-0941) or AZD6244 plus AKT inhibitor (MK-2206)
in nearly all Ba/F3 pediatric T-cell acute lymphoblastic leukemia (T-ALL) mutant lines
used, except for AKTE'7K and JAK1T901G [83]. Similar results were gathered by Neri et
al., who reported a synergic cytotoxic effect in B-pre ALL cells after dual targeting of
mTOR and Akt using RADO001 (Everolimus) and MK-2206, respectively. Further
investigation of downstream proteins, such as 4EBP1 and GSK3-a/B, demonstrated
decreased phosphorylation levels using drug association (RAD0O0O1 0.34 pM and MK-
2206 1 pM) in comparison to single-agent treatment. Besides, the combinatory
treatment also increased extrinsic and intrinsic apoptotic pathways, potentially induced
autophagy and cell cycle arrest in GO/G1 [82]. Further investigation about the
mechanism of cell death caused by MK-2206 plus rapamycin treatment was performed
through MYCN-amplified NB cell lines such as NGP and SK-N-BE2. Dong et al. 2020
evaluated the changes of cells treated with this combined chemotherapy and observed
the formation of autophagic vacuoles and increased levels of autophagy and
necroptosis-involved proteins, both in vitro and in vivo. Assays using the NGP
xenograft tumor tissues had results in agreement with in vitro assays. Gathered data
demonstrated that the mechanism of cell death induced by this combination was
MY CN-dependent [135]. Santo and co-workers 2013, reported another mechanism of
cell death in a panel of NB cells, in which MK-2206 triggered apoptosis by Akt inhibition
and upregulation of FOXO3a [136].

In 2012, Li and collaborators performed in vitro and in vivo studies using MK-2206 as
a single agent or in combination with etoposide (DNA topoisomerase |l inhibitor) or
rapamycin in neuroblastoma cells. The authors observed depletion of 60% in
phosphorylated Akt fraction at 0.01 uM in SK-N-AS cells and a range of 40% to 70%
was detected in SY5Y, SK-N-BE2, and NGP cells at 0.1 uM when theses cells were
treated by MK-2206. They also observed that the monotherapy with MK-2206 led to
ICs0 values of all eight NB cells ranging from 0.6 uyM to 16.5 puM. However, the
monotherapy led to the caspase-3 and 7 activation only in higher concentrations (15
MM or 20 uM), and increased ROS (reactive oxygen species) levels were observed in
some lineages. Significant inhibition of tumor growth (up to 48%) was observed in
different NB xenografts after treatment with MK-2206 at 200mg/kg dose; besides, there
was a statistically significant increase in mice survival animals. The association of MK-

2206 and etoposide led to apoptotic signaling, in contrast to etoposide alone, showing
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the best result in SY5Y cells (5-fold more active for the association vs 2.2-fold for
etoposide). This combination showed significant inhibition of tumor growth in all 3
xenografts tested (up to 66%) and significant increase in mice survival compared to

both inhibitors used alone [81].

Other combination therapies were evaluated using MK-2206 and mTOR inhibitors. In
neuroblastoma cell lines, associated treatment of MK-2206 with rapamycin significantly
enhanced inhibition of cell proliferation compared to either alone in two of the evaluated
cell lines. Also, treatment of mice harboring NGP tumor with MK-2206 at 200 mg/kg
dose and rapamycin at 5 mg/kg, showed 76% inhibition of tumor growth and a
statistically significant increase in the survival of mice compared to either compounds
administered alone. Caspase-3 and 7 activities were not detected in MK-2206 plus
rapamycin treatment [81]. Furthermore, the use of MK-2206 in treatment of
Neurofibromatosis Type 1-related tumors has demonstrated that Akt inhibition reduces
cell viability in vitro, but co-targeting with mTOR inhibitor, AZD8055, rendered
synergistic effects in vitro if compared to either treatments alone. When tested in
animal models, however, this same combination did not lead to any decrease in tumor
growth. Further investigation suggested these results might be due to PI3K/Akt/mTOR
pathway restoration after treatment-induced disruption, which has been a widely

discussed point regarding Akt inhibition resistance [137].

Piovan and collaborators demonstrated that the inhibition of Akt could reverse
glucocorticoid resistance in ALL. Firstly, they demonstrated that Akt-1 affects the
nuclear translocation of the glucocorticoid receptor NR3C1 and impairs glucocorticoid
action. The inhibition of the Akt enzyme after exposure to MK-2206 could reverse the
nuclear translocation of the NR3C1 protein, thus restoring the sensitivity to
glucocorticoid treatment in vitro and in vivo [56]. These findings were later corroborated
by Li et al., who demonstrated that MK-2206 could reestablish or enhance
prednisolone sensitivity in steroid-resistant T-ALL cells by inhibiting Akt [57]. Later,
Granados and collaborators reported downregulation of Akt signaling in EGFR
inhibitor-sensitive rhabdomyosarcoma (RMS) cell lines after EGFR inhibition, while the
Akt activation levels continued unaltered in EGFR inhibitor-resistant cells. Treatment
with MK-2206 was able to reduce cell proliferation in all sensitive and resistant cells in

vitro, and in vivo assays showed tumorigenesis inhibition, enhancement of EFS, and
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decreased proliferation [74]. Considering the strong impact treatment resistance has
in prognosis and risk of relapse, understanding the molecular features behind this

phenomenon and how to manage them is crucial to improve clinical outcomes.

Lastly, a phase | trial study enrolled 50 pediatric patients with recurrent or refractory
tumors such as ependymoma, hepatocellular carcinoma, malignant glioma, and
others. The study determined the maximum tolerated dose (MTD), dose-limiting
toxicities (DLT), and the pharmacokinetic profile of MK-2206 administered once every
other day (Schedule 1) or once weekly (Schedule 2) in 28-day cycles. It was then
concluded that the recommended phase Il dose is 45 mg/m? for the Schedule 1,
different for adults which is 60 mg daily. For the second schedule, the MTD is 120
mg/m?. In both protocols, p-Akt levels were decreased by about 6 to 8 hours after
treatment. However, no objective responses were detected, having only seven patients
with prolonged stabilization of disease for = 3 cycles. In the first regimen, 1 of 6 patients
developed grade 4 hyperglycemia and neutropenia and in the second regimen, 1 of 6
patients showed grade 3 maculopapular rash. Because of these results, the associated
chemotherapy may provide an improvement of MK-2206 therapy [131].This evidence
demonstrates the promising effect of MK-2206 in solid and hematological tumor cells,
often presenting low values of ICs0. Of note, T-ALL cells showed the highest sensitivity
when exposed to this compound. Also, although not consistent among different
malignancies, delayed tumor growth was detected in animal models following
exposure to MK-2206, as well as significant increase in EFS and survival rates in
xenografts models of solid or hematological tumors. Furthermore, MK-2206 results
suggested that the administration of this compound associated with other drugs have
a synergistic effect, as well as it could restore the sensitivity to glucocorticoid treatment
in vitro and in vivo. In conclusion, MK-2206 may be a promising therapy to overcome

tumor resistance and improve clinical prognosis.

3.6.2.2 TAS-117

In 2012, TAS-117 was discovered by Taiho Pharmaceutical Co. as a highly potent and
selective allosteric Akt inhibitor, with low nanomolar ICso values for all Akt isoforms
(see Table 1). In 2014, Mimura et al. demonstrated a relevant cytotoxic activity of this
drug against multiple myeloma cells. In addition, TAS-117 decreased tumor growth in
vivo in different xenograft models and showed a favorable pharmacokinetic profile

[138,139].
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Recently, a phase |l study in adults with advanced solid tumors harboring PI3K/Akt
mutations was completed. One patient with ovarian cancer (with PIK3CA E545K
mutation) and two patients with breast cancer (with PIK3CA H1047R or Akt-1 E17K
mutation) demonstrated partial and stable responses, respectively. In addition, there
was not an important PFS, and it was then concluded that a combination therapy
should be considered to increase antitumor activity of TAS-117 [140].

Another phase Il clinical trial targeting advanced solid tumors with Akt inhibitor TAS-
117 is now recruiting patients who are 12 years and older, and results are yet to be
published [141].

3.6.3 INHIBITORS OF PIP3 BINDING

This class of Akt inhibitors can interact with the phosphoinositide binding pocket of the
Akt PH domain, blocking the interaction with PIP3 at the inner membrane (Fig. 2D
illustrates the binding of perifosine as an example). Consequently, the Akt enzyme is
no longer able to be activated by PDK1, leading to signaling pathway disruption
[142,143]. Although this approach may overcome the low selectivity associated with
some ATP-competitive Akt inhibitors, it is important to mention that several enzymes
contain a PH domain; thus, extensive assessment of selectivity should be performed

to assess whether they may be susceptible to the same PIP3 binding inhibitors [144].

3.6.3.1 PERIFOSINE (KRX-0401)

Perifosine is an oral drug that belongs to the second generation of alkylphospholipid
family compounds that resulted from the substitution of the choline group of miltefosine
to a piperidyl residue [145]. Its primary mechanism of action prevents Akt from binding
to the cell membrane, but it is also linked to de novo synthesis of phospholipids for cell
membrane, lipid metabolism and transport, induction of autophagy, shortening of
telomeres in cancer cells, enhanced of ROS production, and triggering of apoptosis by
the activation of cellular stress pathways [146,147]. Previous results revealed the
inhibition of Akt phosphorylation in multiple myeloma cells [148], prostate carcinoma
cells (PC-3), lung epithelial adenocarcinoma cells (A549) [149], and leukemia cells
(U937, Jurkat and HL60) [150] after perifosine treatment.

Regarding hematologic malignancies, in 2012, Tong et al. compared the sensibility of

CML and AML cells exposed to perifosine. They obtained an ICso value of 4.24 uyM at
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48 h for pediatric lineage Kasumi-1 (AML), whereas CML cells were less sensitive to
treatment even at higher doses [151]. In accordance with Levy et al. 2009, CML cells
also showed decreased susceptibility to Akt inhibitor GSK690693, but the mechanism
related to this phenomenon remains unclear [94,151]. The effect of perifosine in
neuroblastoma cell lines and xenograft models was evaluated by Li and co-workers,
who demonstrated a decrease in cell viability in increased concentrations of perifosine,
reaching nearly 70% of cell death at 30 uM. Caspase-activity assays also suggested
perifosine induces caspase-driven apoptosis in all analyzed cell lineages. Decreased
levels of expression and p-Akt at S473 were also confirmed after treatment with
perifosine. Regarding in vivo studies, all of the perifosine-treated mice showed: 1) a
significant improvement in survival; 2) tumors either grew slowly or regressed; 3)
decreased levels of p-Akt (no difference was observed in total Akt); 4) increased levels
of cleaved caspase-3 in most of the tumors [72]. In 2009, Kumar et al. reported the
antitumor activity of perifosine in medulloblastoma cell lines. Western blot analysis
revealed inhibition of p-Akt fraction in a concentration-dependent manner and the cell
viability assay demonstrated an ICso value of 25 uM for both cells tested. The Akt
inhibition led to increased levels of cleaved caspases-3/7/9 and cleaved PARP, and a
decrease in cell cycle progression [77]. Later, Yao and collaborators studied the
application of perifosine in osteosarcoma lineages. Exposure to perifosine reduced cell
survival in all lines tested, especially in U20S cells, which showed a reduction in cell
viability of 25% at 1 yM and 43% at 5 uM. In accordance to Li et al 2010, they reported

apoptosis activation and decreased levels of p-Akt after treatment with perifosine [78].

Regarding combined therapies, Kumar et al. demonstrated that the association of
perifosine and etoposide or radiation enhanced cell death when compared to Akt
inhibitor alone [77]. Similar results were published by Yao et al., who detected chemo-
sensibilization to etoposide or doxorubicin when perifosine was associated with the
treatment [78]. Interestingly, Li and collaborators conducted a study about the relation
between Brain-Derived Neurotrophic Factor (BDNF)/TrkB signaling pathway and the
development of chemo-resistance associated with the activation of the PI3K/Akt
pathway in neuroblastoma. In vitro and in vivo assays showed that tumors with
elevated expression of activated TrkB and Akt led to development of etoposide chemo-
resistance; and previous treatment with perifosine could also restore cell sensibility to
etoposide [152]. In contrast, Becher et al. 2010 did not show any significant increase
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in survival when perifosine was used in combination with radiotherapy or as a single
agent to treat brainstem gliomas model. One possible explanation may be due to the

poor penetration of this drug through the blood brain barrier [84].

In 2016, Hua et al. demonstrated that the role of BDNF/TrkB in neuroblastoma
metastasis is mediated by PI3K/Akt and MAPK pathways, as in vitro inhibition of PI3K
(LY294002), MAPK (PD98059), Akt (perifosine), or mTOR (rapamycin) led to
impairment of BDNF/TrkB-induced migration or invasion in TB3 cells. Therefore, these
results suggest that the inhibition of BDNF/TrkB downstream targets may be a feasible

manner to mitigate NB metastasis [68].

Papa et al. 2008, reported the highest sensibility in AMoL cells treated with perifosine,
and improved antitumor effect after perifosine and etoposide cotreatment [153].
Chiarini and collaborators 2008 detected cytotoxic effect in CEM-Sensitive (ICso 6.8
MM) and CEM-Resistant (characterized by overexpression of P-glycoprotein and
absence of PTEN expression) (ICso 19.3 uM) T-ALL cells when treated with perifosine
at 24 h. P-glycoprotein carries out the efflux of several drugs to treat cancer,
contributing to the development of chemoresistance. Moreover, the treatment resulted
in caspase pathway activation and downregulated the expression of P-glycoprotein
MRNA and protein in CEM-R cells [154].

The first phase | study ling recurrent or refractory pediatric (< 21 years) CNS and solid
tumors treated with perifosine was concluded in 2017 (NCT00776867). The protocol
treatment was performed in 5 dose levels, ranging from 25 to 125 mg/m?/day, aiming
to access safety and tolerability parameters. Almost all patients tolerated the
appropriate doses and MTD could not be determined due to the saturable dose
exposure at doses higher than 50 mg/m?/day. Then, the recommended phase Il dose
was 50 mg/m?/day. The majority of side effects reported was < grade 2, including the
reduction of leukocytes, fatigue, nausea, and hyperglycemia. Among the 23 patients
treated, no objective response was observed. However, five patients showed
stabilization of disease per Response Evaluation Criteria in Solid Tumors (RECIST),
five had no response per International Neuroblastoma Response Criteria (INRC), and
thirteen experienced disease progression per RECIST or INRC. These findings
suggest that studies employing a combinatory treatment may enhance the therapeutic

effects [155].
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A subsequent phase | study (NCT00776867) was performed to proceed with the
research of primary refractory or resistance high-risk neuroblastoma (HR-NB) patients
(22 patients were < 21 years; 5 patients were > 21 years). Nine of twenty-seven HR-
NB patients showed progression-free survival (PFS) with an average of 54+ months
from the beginning of the perifosine monotherapy. Once more, the treatment was well
tolerated by all participants and no subjects had to leave the trial. These outcomes
suggest that perifosine may improve the prognosis of these NB patients with a safety
profile in children [156].

Matsumoto and collaborators followed the same regimen as Kushner et al. 2017 to test
perifosine in nineteen Japanese patients (from 2 to 22 years) with recurrent or
refractory NB in a phase | study. The most common side effects were vomiting, nausea,
and diarrhea. Grade 3 or higher side effects were observed in two patients. Accordingly
with modified INRC, the response rate in 18 patients was 0% and PFS was 122 days.
Evaluating using RECIST, the response rate was 9% and PFS was not achieved. In
both analyses, the disease control rate (DCR) was higher than 50%. The DCR
contributes to a feasible introduction of perifosine monotherapy in HR-NB treatment for
stabilizing disease, although combinatory therapy with perifosine may enhance the

potency of the treatment [157].

Becher and collaborators 2016 described the association of perifosine with mTOR
inhibitor, temsirolimus, in recurrent pediatric solid tumors in a phase | study
(NCT01049841). They proposed this approach to target more than one protein from
the same pathway as a tool to avoid possible compensatory mechanisms. Twenty-two
patients with DIPG, high-grade glioma, medulloblastoma, ependymoma,
neuroblastoma, or rhabdomyosarcoma were enrolled. Hyperglycemia, fatigue,
increased AST, decreased hemoglobin, and decreased platelets were the most
common side effects reported, all of them were < grade 2. Grade 3 and 4 of some
hematologic toxicities were observed. Twelve patients had stable disease or no
response per INRC, however, there were no objective responses in this trial,
suggesting that combinations with other drugs might be necessary to improve

treatment success [146].
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3.6.3.2 TRICIRIBINE (NSC 154020, VD-0002, VQD-002, API-2)

Triciribine is a tricyclic nucleoside, being an adenosine analog, whose synthesis was
first described by Schram & Townsen in 1971 [158]. Subsequent studies investigated
the effects of triciribine in the inhibition of DNA synthesis, but its exact mechanism
remains unclear [159]. A screening performed by the National Cancer Institute
Diversity Set detected the activity of triciribine against the Akt enzyme, and also
reported a higher selectivity for Akt in contrast to other kinases, such as PI3K, PDK1,
PKC, SGK1, PKA, STAT3, ERK1/2, and JNK [160]. Triciribine has been included in

multiple clinical studies, but none of them involves childhood tumors.

Evangelisti at al. reported that treatment of T-ALL cells with triciribine led to inhibition
of cell growth, cell cycle arrest, and triggering apoptosis by the blockage of Akt
phosphorylation, leading to dephosphorylation of downstream targets of the Akt
enzyme. Jurkat lineage was not sensitive to triciribine, in contrast to MOLT-4, CEM-S,
and CEM-R, which ICso values at 24 h were 3.5 uyM, 53 uM and 18.8 uM, respectively
[161]. In 2012, Huang and co-workers studied the inhibition of triciribine in Ewing
sarcoma family tumors, where they established the tumorigenesis role of Akt
downstream target, PRAS40 in this type of tumor. The most sensitive cell was MHH-
ES-1 with an ICs0 of 0.78 uM and the less sensitive was SK-N-MC with 1Cso of 42.3 uM
[162]. Similar results were gathered in osteosarcoma cell lines HOS and SJSA-1, when
Smeester et al. observed triciribine treatment induced apoptosis and impaired cell
viability and migration in both cell lines. Further assessment also demonstrated that
exposure to triciribine led to decreased p-Akt and total Akt levels. Accordingly, in vivo
studies demonstrated triciribine treatment significantly decreased tumor growth and

weight in a mouse model [163].

The in vitro antitumor effect of triciribine was also evaluated in neuroblastoma cells and
its cancer stem cell (CSC) population, which contributes to a poor prognosis of the
disease. The cell viability did not decrease to less than 60% in this lineage, showing a
plateau state-like at different concentrations and time periods. However, the 3D culture
model showed a different profile, with decreased size and number of formed spheres
in a dose-dependent manner. The cell’s metastatic ability was measured by the wound
healing assay, which revealed that triciribine suppressed 87% of the wound closure at

48 h in contrast to untreated cells which reached about 50%. This result suggests a
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delay in disease progression and dissemination by the usage of triciribine as an adjunct
therapy [164]. In line with other Akt inhibitors, a synergic effect was observed when

triciribine was associated with vincristine, a standard anti-T-ALL drug [161].

Both discussed inhibitors demonstrated promising results against a wide range of
tumors, triggering apoptosis and decreasing cell growth, as well as were able to induce
cell cycle arrest and decrease metastasis and migration ability. As previously
discussed Akt inhibitors, Perifosine and Triciribine demonstrate synergistic effect in
preclinical studies if used in combination with standard protocols such as vincristine,
etoposide and radiation. Furthermore, Perifosine also showed capability of
reestablishing cell sensitivity to cells that had previously acquired resistance to
chemotherapy. Thus, they are also suggested as a feasible way to enhance treatment
efficacy. It is interesting to mention that CSC cells demonstrated higher susceptibility
to Triciribine in a neuroblastoma model, which indicates encouraging results regarding
tumor resistance and recurrency. Pediatric clinical trials using perifosine as
monotherapy suggested a safety profile of this drug, but it is important to mention that

an associated therapy is warranted to enhance the potency of treatment.

3.6.4 DUAL INHIBITORS

Another trend in cancer therapy is the design and development of dual inhibitors, which
aims to inhibit two targets with a single compound. Additive and synergistic effects can
be observed depending on the targets inhibited and the signaling pathways involved,
consequently, enhancing efficacy and decreasing drug resistance [165]. One type of
classes of compounds targeting the PIBK/AKT/mTOR pathway is the dual PI3K/mTOR
inhibitors. Many of these drugs have been discovered and some of them are currently

in clinical phases such as dactolisib, voxtalisib, and apitolisib.

Dactolisib (also known as BEZ235 or NVP-BEZ235, Fig. 5), developed by Novatrtis, is
the first dual PISBK/mTOR inhibitor in clinical trials for the treatment of cancer in adult
patients [166]. On the other hand, there are only preclinical studies concerning the use
of dactolisib against pediatric tumors. In 2016, Hall et al. showed that dactolisib may
be used as adjunct therapy with glucocorticoid treatment in T-ALL, since this dual
inhibitor potentiates the cytotoxic activity of dexamethasone in in vitro and in vivo
models of T-ALL was observed [167]. In 2017, Xie and collaborators demonstrated that

the co-administration of dactolisib with topotecan and carboplatin in mouse model of
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retinoblastoma significantly induce cell apoptosis when compared to topotecan plus

carboplatin or BEZ235 treatment alone [168].

Sanofi developed the PI3K/mTOR inhibitor voxtalisib (also known as SAR245409 or
XL765, Fig. 5), which demonstrated a safety profile and efficacy in patients with
lymphoma and CLL/small lymphocytic leukemia [169]. To the best of our knowledge,
no preclinical and clinical studies were carried out regarding the use of this drug in

pediatric tumors.

Genentech, Inc. discovered apitolisib (GDC-0980, Fig. 5), another dual PI3K/mTOR
inhibitor. In 2019, Al-Ghabkari et al. reported the activity of apitolisib against different
pediatric leukemia cells, including KOPN8, SEM, MOLM-13, MV4;11, and TIB-202.
The ICs0 values obtained in these cell lineages ranged from 199 nM to 848 nM, and it
was observed decreased levels of p-mTOR, p-Akt and p-S6. Furthermore, this study
demonstrated that the cytotoxic activity of this drug is correlated with the activation of
the apoptotic signaling cascade [170]. Some clinical studies with only adults are
available, but the candidate showed narrow therapeutic index and the efficacy was

limited by poor tolerance of patients [171,172].

Dactolisib Voxtalisib Apitolisib

Fig. 5. Chemical structures of dual PI3K/mTOR inhibitors.

From the point of view of inhibiting Akt and other target of interest with a single
compound, some drugs are in clinical trials. ONC201 (Fig. 6), also known as TIC10, is
a potent oral drug candidate acting as an inductor of antitumoral protein named tumor
necrosis factor—related apoptosis-inducing ligand (TRAIL). This drug inactivates both
Akt and ERK indirectly, promoting the FOX3a translocation to the nucleus and,
consequently, promoting TRAIL gene upregulation and triggering apoptosis [173,174].
Prabhu et al. demonstrated the efficacy of this drug against several cancer cell lines,
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including pediatric lineages, with low micromolar range (Glso of 1 to 8 yM). Further
experiments with this drug proved its extended antitumoral efficacy, oral bioavailability,
and safety profile [175,176]. Then, ONC201 is currently being used in several clinical
trials in adults and child tumors such as glioma (NCT03416530, NCT05009992,
NCT04617002, NCT02525692), and neuroendocrine tumors (NCT03034200) [177—
181].

Another dual drug candidate targeting Akt are AT13148 and M2698. In recent years,
AT13148 (Fig. 6), a potent dual Akt/ROCK inhibitor, was enrolled in a first phase in
adult with solid tumors. However, no clinical response was observed, and further
clinical trials are discouraged [182]. M2698 (Fig. 6), a dual p70S6K/Akt inhibitor was
tested only in adult patients with advanced cancer. A phase | study demonstrated a
well tolerability and promising results when the patients were treated with M2698 as
monotherapy or combined with trastuzumab or tamoxifen [183]. It is worth mentioning
that it was not found preclinical and clinical studies with AT13148 and M2698 in

pediatric tumors.
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Fig. 6. Chemical structures of Akt/ERK inhibitor (ONC201), Akt/ROCK inhibitor (AT13148),
and Akt/p70S6K (M2698).

The discovery of dual inhibitors in the last years was an important milestone in
pharmacology. In addition, an analysis performed by Ramsay and collaborators
showed that there was an increase multi-target drugs approved by FDA [165].
Observing the studies presented here, dual inhibitors have demonstrated a promising
activity in most cases. A thorough investigation on simultaneous targeting should be

carried out to reach maximum therapeutic effect.
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3.7 FUTURE PERSPECTIVES AND CHALLENGES

Growing understanding about tumor biology allowed great improvement in cancer
management, as well as the development of new chemotherapy drugs over the last
decades. However, malignancies still account for almost ten million deaths annually
[1], and clinical research for pediatric tumors are still scarce when compared to adult
cancers. Regarding the development of new drugs and clinical protocols, multiple new
PI3K/Akt/mTOR signaling pathway inhibitors have been designed to improve
outcomes in oncology, since this pathway is strongly suggested as a key factor in
multiple processes such as tumor progression and metastasis. A significant amount of
data about PI3K/Akt/mTOR inhibitors in pediatric tumors is currently available, but still,
no bibliography review was ever performed on this topic. Here, we assessed ten years
of bibliography and discussed the use of Akt inhibitors in cancer patients from 0 to 19
years old, who may benefit from individualized clinical protocols using this targeted

therapy.

Although they target the same kinase, distinct classes of Akt inhibitors may have
different uses in the clinic, as they disrupt the PI3K/Akt/mTOR pathway in different
steps of the signaling. Thus, availability of different Akt inhibitors in clinical protocols
might be useful to individualized cancer therapy based on molecular and metabolic
features of tumors. For instance, mutations in residues of Akt may lead to a decreasing
inhibitor selectivity and/or affinity. As reported by Lazaro et al., the stability of PH-in
conformation is supported by E17 interacting, through the salt bridge, with R273. In the
presence of the E17K mutation, the enzyme adopts PH-out conformation and the
active site is exposed, promoting the binding of ATP-competitive inhibitor preferentially.
Since allosteric inhibitors require Akt closed conformation to bind, these conformational
changes led by mutations may impair the docking of specific inhibitors, and
consequently loss of their activity [17]. We previously mentioned a patient case
comparing the activity of ATP-competitive inhibitor and allosteric inhibitor through the
absence of Akt-1's PH domain, in which only the first class had therapeutic effect and
could decrease tumor burden [120]. Of note, exposure to Akt ATP-competitive
inhibitors has already been correlated to increased levels of phosphorylated Akt. This
phenomenon of hyperphosphorylation apparently happens due to compensation

mechanisms on the pathway, possibly to maintain cell homeostasis [91,94,98,184], in
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which the S473 and T308 residues (as well as S474/T309 and S472/T305 in Akt-2 and
Akt-3, respectively) may keep phosphorylated after binding of inhibitors into the PH-
out conformation, in a time- and concentration-dependent manner. However, some
studies suggested that such hyperphosphorylation occurs via Akt conformational
change induced by ATP-competitive inhibitors. Then, the phosphorylated sites become
unavailable to be dephosphorylated by phosphatases [86,185]. Up to this moment, no
studies demonstrated allosteric inhibitors and inhibitors of PIP3 binding could promote
increased levels of p-Akt, due to the type of interaction with the enzyme
[72,85,186,187]. Considering hyperphosphorylation of Akt could reverse the
therapeutic effects of the enzyme’s inhibition after treatment retrieval, it is worth

mentioning that this topic deserves to be deeply assessed in future studies.

The interest in targeting Akt as a new cancer treatment has also increased the need
for deeper knowledge about its isoforms. The development of Akt inhibitors with high
degree of specificity requires a thorough examination of residues that interact with the
ligand, since the Akt isoforms are highly conserved. Pan Akt inhibitors, for instance,
can interact with different Akt isoforms and occasionally with other enzymes. Thus,
they might have a broader range of therapeutic use, but it is crucial to bear in mind that
they can also lead to higher toxicity if compared to specific inhibitors. On the other
hand, although specific inhibitors render less adverse effects, their spectrum of action
may be much narrower. In addition, it is known that Akt and other kinases share ATP-
binding sites with >70% homology such as PKA, PKC, and Aurora A [87]. These similar
features impair the development of highly specific Akt inhibitors, and ATP-competitive
inhibitors may also bind multiple other kinases in higher doses. Furthermore, despite
their high sequence homology, it is now known that Akt-1, 2 and 3 have differently
expressed, and their functions can be quite distinct depending on the context [10-12].
In fact, recent studies have assessed differential expression and genetic alterations of
Akt isoforms across multiple cancer lineages and demonstrate great heterogeneity
among cancer groups [19,113]. Increasing knowledge on this topic may improve
therapeutic effects and clinical outcomes in cancer treatment, as precise
understanding of Akt isoform-specific signaling will lead to individualized targeting
approach in the clinic. High degree of homology between isoforms, however, is still a
major impairment to the design of highly isoform-specific Akt inhibitors. Also, despite
recent studies, the effect on these isoforms in different tumor stages and subtypes still
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needs further clarification, and their possible compensatory roles could represent a

difficulty to evaluate the impact of specific inhibition of Akt isoforms.

According to preclinical and clinical results here reviewed, the association of Akt
inhibitors with other protocols may maximize the potential of these compounds and
improve clinical benefits. This approach is supported by the fact that the
PI3K/Akt/mTOR signaling pathway is deeply connected to other important signaling
mechanisms, suggesting Akt activity could be an escape gate to chemotherapy-
induced cell death. Thus, the use of Akt inhibitors as adjuvant therapy to standard
protocols such as etoposide and cisplatin seems to be a promising approach to
improve clinical outcomes in treatment-resistant tumors. Accordingly, co-targeting of
Akt and other proteins such as mTOR, MEK, and MAPK, also demonstrated better
results if compared to each inhibition alone [80,81,98]. Taken together, these results
suggest that Akt inhibition could rather be used as a tool to increase cytotoxic effect of
standardized clinical protocols against childhood tumors, which is crucial considering
the great impact of recurrency and tumor resistance in overall survival rates. Of note,
treatment with Akt inhibitors was well tolerated by the majority of pediatric patients.
The main adverse effects throughout several studies were grade 1 and 2 fatigue, rash,
fever, vomiting and diarrhea [105,120,157]. Some grade 3 and 4 toxicities, including
thrombocytopenia and neutropenia, were observed in a significant number of patients
and in different studies [105,106,146,155]. Although uncommon, some dose-limiting
toxicities also occurred (grade 4) hyperuricemia at dose level 4 [155], mucositis and
colitis [104], and diarrhea [107].

Additionally, antibody-based therapies have been pointed out as promising and
successful new approaches to target cancer cells. Relying on the expression of tumor-
specific or tumor-associated antigens, these immunotherapies have revolutionized
cancer treatment by targeting tumor cells and minimizing damage on the healthy tissue
[188]. Several immunotherapies have already been approved by the FDA for use in
oncology, many of them being alternative approaches to patients with relapsed or
refractory tumors [189]. More recently, the use of antibodies has been optimized and
complex therapies using bispecific antibodies and antibody-drug conjugates have been
developed [190]. Following the trend of cancer immunotherapy, combined therapies of

monoclonal antibodies with Akt inhibitors could also have a great impact on tumor
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growth and progression. Noteworthy, Akt inhibitors such as Afuresertib, Ipatasertib,
and MK-2206 have been included in different clinical trials combining Akt inhibition with
monoclonal antibodies to treat advanced, relapsed, and resistant tumors in adult
patients [191-194]. Although most of these studies are still recruiting, some promising
results have already been published [195-197]. For example, two phase | trials have
evaluated the combination of MK-2206 and trastuzumab, which targets the human
epidermal growth factor receptor 2 (HERZ2). The first study treated 31 patients with
HER2+ breast and gastroesophageal cancer. The results demonstrated significant
response, or even stable disease, in patients who had cancer progression on multiple
prior trastuzumab-based therapies. Further assessment indicated MK-2206’s
pharmacokinetics were not affected by the antibody [198]. The second study, posted
in 2010, included 16 patients with HER2-oxerexpressing solid tumors. The combination
presented significant clinical activity and was well tolerated [199]. Additionally, a phase
I trial including 28 patients with relapsed and refractory CLL combined Afuresertib with
Ofatumumab, an anti-CD20 monoclonal antibody. In general, the treatment was well-
tolerated and moderate activity on tumor progression was observed [200]. Although
none of these trials included children nor adolescents, gathered results support Akt-
targeted therapy could also be adjuvant to antibody-based treatments, and further

studies are encouraged to assess this specific approach on pediatric tumors.

Another strategy to target Akt consists of its degradation by protein degraders. This
approach, named targeted protein degradation (TPD), has been used by many groups
both in academic and industry fields over the last two decades. Briefly, there are two
ligands connected by a linker, affording a heterobifunctional molecule. One of the
moieties binds to the target of interest and the other recruits E3 ubiquitin ligase, a
protein responsible for the induction of ubiquitination of the target and its subsequent
proteolysis by the ubiquitin-proteasome system. Thus, the pharmacological effect of
this approach can be observed for longer if compared to reversible inhibitors because
the cell metabolism depends on the re-synthesis of the protein of interest.
Consequently, drug administration can be done in lower doses [201]. In 2020, You et
al. discovered a pan-Akt degrader, named INY-03-041, linking GDC-0068 and
lenalidomide, a recruiter of the E3 ubiquitin ligase substrate adaptor cereblon (CRBN).
Importantly, it was observed that the introduction of the linker did not impact the
inhibitory activity against the Akt isoforms if compared to GDC-0068 alone.
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Subsequently, INY-03-041 acted as a protein degrader of Akt isoforms in a dose-
dependent manner, showing its maximum potency using concentrations ranging from
100 to 250 nM. It is important mention that this study demonstrated the lenalidomide
moiety as responsible for the CRBN recruitment, and consequently degradation of Akt.
Regarding the anti-proliferative effects, it was demonstrated that the protein degrader
is 8 to 14-fold more potent if compared to GDC-0068’s growth rate inhibition (GRso).
Besides, lower doses of INY-03-041 led to reduced levels of downstream targets such
as pPRAS40, pGSK3, and pS6 when compared to higher doses of GDC-0068. Lastly,
the levels of Akt and its downstream targets were not restored after 96 hours, even in
the absence of INY-03-041 treatment, reinforcing the extended cellular effects of
protein degraders [202]. In 2021, Xu and colleagues described MS21 as a potent and
selective Akt degrader. They synthesized this heterobifunctional ligand using the
AZD5363 and a recruiter of von Hippel-Lindau (VHL) E3 ligase, connected by a linker.
MS21 decreased levels of Akt and disrupt the PI3K/Akt/mTOR signaling pathway over
24 hours in tumoral cells. Of note, cells treated with AZD5363 alone were able to
restore Akt downstream signaling in this period of time, and in vivo experiments
demonstrated increased tumor growth inhibition in MS21-treated animals [203]. In
subsequent research, during a structure-activity relationship study, different linkers, E3
ligase recruiters, and Akt inhibitors, including GDC-0068 and GSK690693, were
discovered as a promissory Akt degraders. Two compounds, named MS98 and
MS170, were selected to be further evaluated and demonstrated great bioavailability
in mice [204]. Considering these promising results, Akt degraders have the potential to
become a therapy against cancer, and the activity of this type of compounds against

pediatric tumors also deserves to be investigated.

Lastly, several Akt inhibitors, such as ARQ-092, ARQ-751, BAY1125976, and RX-
0201, have already been assessed in adult tumors, but their effect in pediatric
malignancies is yet to be evaluated [144,205-207]. Thus, they have not been included
in the present work. Noteworthy, miltefosine, also known as hexadecylphosphocholine
or Impavido, is the first Akt inhibitor to be approved in the clinic in very specific cases.
It prevents phosphorylation of S473 residue [208], and its intravenous administration
leads to hemolytic effect. Thus, it is limited to oral and topical application, but oral
administration may have nausea and vomiting as dose-limiting effects [209]. Regarding

its topical application, miltefosine has been approved by several member states of the
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European Union for the treatment of breast cancer cutaneous metastasis [210,211]. It
also demonstrated activity against Leishmania, and it was approved as the first oral
therapy for this disease [212,213].

Considering gathered data up to this moment, PI3K/Akt/mTOR inhibitors show great
promise in the treatment of pediatric malignancies and we strongly encourage the deep
assessment of other Akt inhibitors in panels of childhood tumors. Furthermore,
considering the PI3K/Akt/mTOR pathway is not disrupted in all cancers, not all patients
may benefit from this targeted therapy. Of note, mutations that lead to Akt and HER2
amplification, PTEN deficiency, or PI3K dysregulation, for instance, have been
correlated to increased susceptibility to Akt inhibition. Thus, genetic screening in
patients could be performed to search for these specific alterations in order to delineate
an individualized treatment, significantly increasing treatment success rates [1,214—
216].

3.8 CONCLUSIONS

In this review, we described the three main classes of Akt inhibitors, considering their
specific mechanisms of action, and their cytotoxic effect in solid and hematologic
pediatric tumors. Since Akt plays a maijor role in tumor progression, targeting this
enzyme has been considered an attractive approach to be used as an anti-cancer
therapy. Taken together, the points here discussed corroborate the importance of
developing different classes of Akt inhibitors as targeted therapy for pediatric tumors.
Furthermore, the association of these compounds with other protein inhibitors, as well
as chemotherapy drugs, has been consistently suggested as a viable approach to
improve clinical outcomes in treatment-resistant tumors. Since patients may need
distinct approaches of targeted therapy due to mutations in the PI3K/Akt/mTOR
pathway or in Akt enzyme itself, a broad spectrum of inhibition options could improve
clinical outcomes in treatment-resistant patients. We also suggest that screening of
genetic mutations in Akt isoforms genes could be a feasible tool to characterize
genomic abnormalities, leading to improved chance of clinical success by mitigating
treatment resistance and improving individualized targeted therapy.
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ICso for Akt enzyme
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competitive
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Akt-1 Ki 0.08 nM,
Akt-2 2 nM, Akt-3 2.6
nM) [98]
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Pre-clinical

ALL, AML, CLL,
CML, Burkitt
lymphoma, NHL,
Hodgkin
lymphoma

Rhabdoid, Wilms,
Ewing, alveolar
rhabdomyosarco
ma,
medulloblastoma,
ependymoma,
glioblastoma,
neuroblastoma,
osteosarcoma,
ALL
ALL, AML,
Burkitt's
Lymphoma, Non-
Hodgkin's
Lymphoma, Head
& Neck, Liver,
Neuroblastoma,
Sarcoma

[94]

[95]

[98]



GSK2141795
(Uprosertib)

CCT128930
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refractory
neuroblastoma
DIPG, high-grade
glioma,
medulloblastoma,
ependymoma,
neuroblastoma,
Wilms tumor, and
Ewing sarcoma
High-risk
neuroblastoma

DIPG, high-grade
glioma,
medulloblastoma,
ependymoma,
neuroblastoma,
and

[84]

[72]

[152]

[151]

[78]

[68]

[157]

[155]

[217]

[146]



Triciribine N 158
HN /N N [158]

HO SN

OH OH

Akt-1 130 nM [218],
Akt-2 and Akt-3 ICso
values are not
available

rhabdomyosarco
ma
Preclinical T-ALL
Ewing sarcoma

Neuroblastoma

Osteosarcoma

[161]

[162]

[164]

[163]

Table 1 - Akt inhibitors tested in pediatric tumors.
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Abstract: The main protease Mr™ of SARS-CoV-2 iz an important enzyme for the viral
cycle and itz inhibition affects replication and infection propagation. In this way, it has
been reported as an excellent target for drug design. In this work, we discovered a low
molecular weight non-peptide, heterocyclic inhibitor, that inactivates Mo, Initially, we
screened a focused chemical library of heterocydic compounds against MPT that included
several cysteine protease inhibitors. A compound based on a G-methoxypyrimidine
scaffold was identified az an inhibitor of this enzyme and structure-activity relationship
studies revealed all the important groups for MFT inhibition. Optimization of the hit
compound provided a small (306 g/mol) competitive inhibitor that rapidly inactivated WP
activity with high selectivity compared to other cysteine proteazes. PH521 (16f) presented
increased potency against SARS-CoV-2 infection of cells being 11-fold more potent than
the initial hit compound.
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The increasing prevalence of drog-resistant Mycobacerium fuberculosis strains stimulates the discovery of mew
dmag candidates. Among them are 8-hydroxyguinaline (8HQ) derivatives that exhibited antimicrobial properties.
Unfartumately, there is a lack of data assessing possible targets for this class mainly against Mycofacrenm
tuberculosis enoyl-acyl carrier protein reductase (Midnha), a validated target in this feld. Thus, the main purpose
af this stsdy was to identify 8HQ derivatives that are active against M. tubercalosis and MinhA Initially, the
screening against the microorganism af a small antimicrobial library and its new derivatives that possess some
structural similarity with MelnhA inhibitors identified four 7.substituted -8HOQ (series 5§ - Ba, B, 5d and 5i) and
four Ssubstituted-BHQ active dervatives [series 7 = 7a, Te, 7d and 7j). [n general, the 7-substituted 8-HQs were
mare potent and, in the enzymatic assay, were able to inhibit MilnhA 2t low micromolar range. However, the 5
substituted-8-H()s that presented antimycobacterial activity were not able to inhibit Minh#A. These fmedings
indicate the nompromiscuous navture of 8:HQ dedvatives and emphasize the significance of s=lecting appropriate
substitoents to achieve i wern eneyme inhibition. Finally, T-substitsted-8H() series are promising new de
rivatives for structure-based drug design and further develaopment.

1. Introduction

The Mycobacterium miberew osiz (Mib) complex s responsible for most
tuberculosis (TE), cases an infectious disease affecting about 10 million
people worldwide [1]. TE mainly affects the lungs and can be classified
as a latent infection or active disease, characterized by sympioms such ag
chronke cougly, sustained weight losg, fever, and hemoprysis (23], This

dizease presents risk factors such as HIV infection, undernutrition, dia-
betes, and aleohol abuse, and it is a significant cause of death in HIV
positive patients [ 3], Without of adequate reatment, TB can result in
slgnificant mortality rates [1].

TE therapy presents problems. There are about 20 drug options:
being isoniazid, rifampicin, pyrazinamide, and ethambutol considered
firsr-line drugs. However, M. wberewdogis presants well-known resistance
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Alzheimer's disease (AD) is the most prevalent form of dementia among
older adults worldwide. Amidst several hypotheses to explain the
pathobiology of the disease are biochemical indicators such as B-amyloid
(AB) plagues; neurofibrillary tangles, caused by hyperphosphorylated tau
protein; oxidative stress; metal dyshomeostasis; low levels of
acetylcholine and neuroinflammation. Considering the multifactorial
nature of AD, there has been an increase in research for novel
multitarget compounds, mainly utilizing molecular hybridization for drug
Abstract: design. In this review, we focus on the B-hydroxyquinoline moiety, a
privileged metal-binding agent with AB antiaggregating properties, and
its derivatives aiming to have effect on multiple molecular targets.
Furthermore, we discuss the most prominent structure-activity
relationships found on the analyzed compounds along with the most
promising strategies explored by researchers. That way, we hope to
provide a comprehensive perspective on the development of anti-
Alzheimer agents based on the 8-hydroxyquinoline moiety in the last

decade.
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