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/ABSTRACT

Background. Dysregulation of the phosphatidylinositol 3-
kinase/protein kinase B/mammalian target of rapamycin
(PI3K/AKT/mTOR) pathway is implicated in human cancer
growth and progression. Agents targeting this pathway are
associated with hyperglycemia due to interaction with the
insulin-glucose regulatory axis. Identifying the predictive
factors for hyperglycemiain patients treated with these agents
may help direct future management.

Materials and Methods. Clinical characteristics and outcomes
of patients treated consecutively with PI3K, AKT, or mTOR
inhibitors in the Drug Development Unit, The Royal Marsden
(RM) National Health Service (NHS) Foundation Trust, between
2007 and 2012 were recorded. Baseline variables and their
association with grade 3 hyperglycemia (Common Terminology
Criteria for Adverse Events, version 3.0) were analyzed by using
the chi-square test and Fisher exact test for categorical variables
and binary logistic regression for continuous variables.
Results. A total of 341 patients were treated in 12 phase |
trials of PI3K/AKT/mTOR inhibitors, and 298 patients (87.4%)

developed hyperglycemia. Hyperglycemia was grade 1 in 217
(72.8%) and grade 2in 61 (20.5%) patients, respectively. Grade =3
hyperglycemia was seen in 6.7% of patients (n = 20).
According to the chi-square test, age <65 years (p = .03),
history of diabetes (p = .003), and treatment with AKT and dual
PI3K/mTOR inhibitors (p < .0005) predicted the occurrence of
grade 3 hyperglycemia. Of 24 patients requiring intervention,
20 received metformin, 2 dietary advice, 1 insulin, and 1 both
metformin and insulin. One patient required dose reduction.
There were no permanent drug discontinuations, and no
hyperglycemia-related dose-limiting toxicities were observed;
thus, the recommended phase Il dose was not affected by the
hyperglycemia observed in our cohort.

Conclusion. Hyperglycemiaiscommonin patients treated with
PI3K/AKT/mTOR inhibitors; however, it is manageable with
conventional treatment. Predictive factors of age, history of
diabetes, and administration of AKT and dual PI3K/mTOR
inhibitors warrant prospective validation. The Oncologist
2016;21:855-860

Implications for Practice: This study reviewed the clinical data of 341 patients treated in 12 phase | trials of agents targeting
phosphatidylinositol3-kinase (PI3), protein kinase B (AKT), and mammalian target of rapamycin (mTOR), as well as dual inhibitors.
Hyperglycemia was evident in 87.4% of patients but was =grade 3 in just 6.7%. Age <65 years, history of diabetes, and treatment
with AKT and dual PI3K/mTOR inhibitors were each associated with grade 3 hyperglycemia. Management of patients was
uncomplicated, and no permanent drug discontinuations were necessary. Despite the small study size, these findings support
continued caution about enrolling patients with a history of diabetesinto such trials. However, clinicians may be reassured, pending
prospective validation of these results, that significant hyperglycemia is not frequent and, when it occurs, is manageable.

INTRODUCTION

The phosphatidylinositol 3-kinase/protein kinase B/mammalian
target of rapamycin (PI3K/AKT/mTOR) signaling pathway
plays a critical role in a range of cell functions, including

cell growth, differentiation, proliferation, cellular metabo-
lism, and cytoskeletal reorganization, leading to apoptosis
and cell survival [1, 2]. The PI3K/AKT/mTOR pathway also
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plays a pivotal role in the metabolic and mitogenic actions
of insulinandinsulin-like growth factor 13, 4]. Inthe presence
of insulin, the insulin receptor phosphorylates insulin receptor
substrate proteins that are linked to the activation of two main
signaling pathways: the PI3K/AKT/mTOR pathway, which is
responsible for most of the metabolic actions of insulin, and
the Ras mitogen-activated protein kinase pathway, which
regulates expression of some genes and cooperates with the
PI3K/AKT/mTOR pathway to control cell growth and differen-
tiation [4]. Therefore, activation of the PI3K pathway is crucial
for aspects of insulin-induced glucose and lipid metabolism,
such as translocation of glucose transporter type 4 to the
cell surface, glucose uptake, glycogen synthesis, and suppres-
sion of glucose output, triglyceride synthesis, and insulin-
induced mitogenesis [3, 5]. Consequently, it is not surprising
that PI3K/AKT/mTOR pathway inhibitors may result in clinically
significant and important metabolic effects. This hypothesis is
supported by evidence gained from some preclinical models
suggesting that the loss of insulin signaling in pancreatic 3 cells
and peripheral tissues through blocking of either of the nodes
of the PI3K/AKT/mTOR pathway may result in hyperglycemia
and diabetes [6, 7]. Furthermore, germline deletion of AKT2,
an AKT isoform that is abundant in muscle and liver, results in
a diabetic phenotype in mouse models [7]. The relevance of
this model forhuman disease is supported by the identification
of a point mutation in AKT2 in a familial form of severe insulin
resistance [8].

Dysregulation of the PI3K/AKT/mTOR pathway has been
implicated in most human malignancies [2], and thus several
anticancer agents targeting this pathway are in the early
phases of clinical development [9]. Some agents, including
the mTOR inhibitors temsirolimus and everolimus, are
approved by both the European Medicines Agency and U.S.
Food and Drug Administration for the treatment of renal
cancer, neuroendocrine and pancreatic tumors, and hormone-
positive human epidermal growth receptor-2-negative breast
cancer [10-13]. Because of the overlapping mechanism of
action and interference with the insulin-glucose regulatory
axis agents targeting PI3K-AKT-mTOR inhibitors, this may
potentially cause on-target effect of hyperglycemia and hyper-
insulinemia and thus may hamper the clinical development of
these agents. Nevertheless, although hyperglycemia has been
observed in various early-phase clinical trials as a class effect of
drugs targeting this pathway [14-16], there is a lack of clinical
data to inform us about the frequency and severity of
hyperglycemia, its clinical implications and management, and
its effect on patients. This study aimed to define the frequency,
severity, and clinical outcome of hyperglycemia associated with
PI3K/AKT/mTOR inhibitors in patients treated with agents
targeting this pathway in the phase | setting. We also identified
factors that may predict for the occurrence of grade =3
hyperglycemia.

MATERIALS AND METHODS

Baseline Characteristics

This was a retrospective study of patients treated with PI3K,
AKT, and mTOR inhibitorsin the Drug Development Unit, RM,
London, U.K., between 2007 and 2012. Clinical characteris-
tics and outcomes of patients treated consecutively with
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these agents were recorded in a secure electronic database.
Only patients who had received at least one dose of the
experimental agent were included in the study.

Baseline demographic and clinical characteristics, includ-
ing age, sex, height, weight, body mass index, personal history
of diabetes mellitus and steroid use, tumor type, type of novel
agent used, and laboratory results (including fasting blood
glucose at day 1 of cycle [C] 1 and 2, aspartate aminotrans-
ferase [AST], y-glutamyltransferase [GGT], glycosylated he-
moglobin Alc [HbAlc], and calculated creatinine clearance
[Cockcroft-Gault formula]), were recorded. In addition, the
highest grade of hyperglycemia reached during trial participa-
tion and the intervention applied was recorded. All study
patients had previously provided written informed consent for
participation in the relevant phase | trials as approved by the
local research ethics committees.

Statistical Analysis

Baseline demographic and clinical characteristics and their
association with grade 3 hyperglycemia (Common Terminol-
ogy Criteria for Adverse Events version 3.0) were analyzed by
using the chi-square and Fisher exact test for categorical
variables and binary logistic regression analysis for continuous
variables. All statistical analyses were performed by using SPSS
software, version 21.0 (IBM, Armonk, NY, http://www.ibm.
com). Chi-square analysis tested the following parameters:
fasting blood glucose at day 1 of C1, age at study entry, sex,
body massindex, history of diabetes mellitus, history of steroid
use, tumor type, baseline creatinine clearance, class of PI3K
pathway inhibitor, maximum blood glucose level in C1, and
fasting blood glucose in C2. Binary logistic regression analysis
tested AST, GGT, and HbA1c at baseline.

RESULTS

Patients and Characteristics

Atotal of 341 patients were treated in 12 phase | trials of PI3K,
AKT, mTOR, dual PI3K/mTOR, and dual mTORC1/mTORC2
inhibitors (Table 1). The female/male ratio was 1.0. Most
patients did not have a personal history of diabetes mellitus
(99.4%) or history of steroid use (90.6%) because generally
these are exclusion criteria for most studies of agents targeting
this pathway. The most common cancers were gastrointestinal
(33.1%), urological (14.1%), gynecological (14.1%), and breast
(10.9%). The median age at study entry was 58 years (range,
22-77 years). Median body mass index was 25.6 kg/m? (range,
16.7-40.2 kg/m?). Median baseline creatinine was 70 umol/L
(range, 32-143 umol/L) with median baseline creatinine
clearance (Cockcroft-Gault formula) of 94.1 mL/minute
(range, 37.8-250.2 mL/minute). Median AST and alanine
aminotransferase (ALT) at cycle 1 were 24 U/L (range, 4-123
U/L) and 42 U/L (range, 0-958 U/L), respectively. Median
HbA1c at cycle 1 was 36 mmol/mol (range, 0-56 mmol/mol).
Atotal of 223 patients (65.4%) had received at least 2 cycles of
dosing, and 54 (15.8%) had received at least 6 cycles at the
point of data cutoff.

Hyperglycemia

Overall, 298 patients (87.4%) of patients developed any grade
of hyperglycemia during treatment (normal range at institution,
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Table 1. Baseline patient characteristics

Characteristic Value (n = 341)

Age at study entry
Median (range), yr 58 (22-77)
<65 yr 253 (74.2)
=65 yr 88 (25.8)
Sex
Male 170 (50.1)
Female 171 (49.9)
History of diabetes mellitus
Yes 2 (0.6)
No 339 (99.4)
History of steroid use
Yes 32(9.4)
No 309 (90.6)

Body mass index

Median (range), kg/m? 25.6 (16.7-40.2)

<30 kg/m? 276 (80.9)
=30 kg/m? 65 (19.1)
Median creatinine (range), umol/L 70 (32-143)

Creatine clearance, mL/minute®

Median (range), mL/minute 94.1 (37.8-250.2)

<60 mL/minute 21(6.2)
=60 mL/minute 320 (93.8)
Median AST (range), U/L 24 (4-123)
Median GGT (range), U/L 42 (0-958)
Median HbA1c (range), mmol/mol 36 (0-56)

Tumor types
Gastrointestinal tract 113 (33.1)
Urological 48 (14.1)
Gynecological 48 (14.1)
Breast 37 (10.9)
Lung/pleura 27 (7.9)
Others 14 (4.1)

Class of phase | agent®
PI3K 78 (22.9)
AKT 91 (26.7)
PDK1/AKT 12 (3.5)
mTOR 84 (24.6)
PI3K/mTORc 33(9.7)
Dual mTORc 43 (12.6)

Unless otherwise noted, values are expressed as number (percentage) of
patients. Normal ranges: creatinine, 63—116 wmol/L for men and 54-98
pmol/L for women; creatinine clearance, 90—130 mL/minute for men
and 80—120 mL/minute for women; AST, 10-42 U/L; GGT, <54 U/L for
men and <35 U/L for women; HbA1c, 4.0%—6.5%.

#As per Cockcroft-Gault formula.

Small molecule inhibitors.

Abbreviations: AKT, protein kinase B; AST, alanine aminotransferase;
GGT, y-glutamyltransferase; HbAlc, glycosylated hemoglobin; mTOR,
mammalian target of rapamycin; mTORc, mammalian target of
rapamycin complex; PI3K, phosphatidylinositol 3-kinase.

3.9-6.0 mmol/L). Of the 298 patients, hyperglycemia was grade
1in217(72.8%) and grade 2in 61 (20.5%). Hyperglycemia grade
=3 was seen in 20 patients (6.7%; grade 3, n = 18; grade 4,
n = 2). Two hundred sixty-two patients (87.9%) experienced

www.TheOncologist.com

857

the highest glucose level during cycle 1 and 43 (14.4%) during
cycle 2.

Treatment of Hyperglycemia

Most patients did not require medical intervention for
hyperglycemia on the basis of the asymptomatic occurrence,
close monitoring, and resolution of hyperglycemia without any
interventions. Of 24 (8%) patients who required medical
intervention, 20 required metformin, 1 insulin, 1 insulin and
metformin, and 2 dietary modification. Only one patient’s
blood glucose level failed to resolve to grade =2 (from grade 3)
after pharmacologic intervention and required a dose re-
duction. This patient, however, had a history of frontal
glioblastoma, and he was maintained on low-dose steroids
(dexamethasone, 4 mg) until 7 days before starting the trial
medication. He developed grade 3 hyperglycemia on day 2 of
the trial treatment; in view of his previous issues with steroid-
induced hyperglycemia, insulin was commenced after 1 dose
of metformin, 500 mg. No other patients in this study
required insulin for achieving glycemic control. There were no
permanent drug discontinuations in the current study.

The median fasting glucose at cycle 1 day 1 (baseline,
predose) was 5.3 mmol/L (range, 3.0-8.2 mmol/L).The median
maximum blood glucose in cycle 1 was 7.1 mmol/L (range,
4.7-31.9mmol/L). Of the 341 patients, 244 patients wenton to
receive 2 or more cycles of treatment. The median fasting
glucose (predose) at cycle 2 day 1 was 5.4 mmol/L (range,
3.9-9.4 mmol/L), indicating that a rise in blood glucose level, if
any, was transient. The median maximum blood glucose in
cycle 2 was 7.4 mmol/L (range, 4.7-34.5 mmol/L) (Table 2).

Predictive Factors for Grade =3 Hyperglycemia
Chi-square analysis indicated that age <65 years (p = .032),
history of diabetes mellitus (p = .003), maximum blood glucose
>8.5 mmol/L in C1, and treatment with an AKT or dual PI3K/
mTOR inhibitor (p < .005) predicted the occurrence of grade 3
hyperglycemia (Table 3). AST, GGT, and HbAlcat baseline did not
predict the occurrence of grade =3 hyperglycemia (p > .1forall
factors).

DISCUSSION
The PI3K/AKT/mTOR pathway is deregulated in most patients
with cancer and is therefore a relevant therapeutic target.
Many agents are in the early phase of clinical development, as
single agents and in combination. Much is expected of them,
and they do hold promise as potential therapeutic agents;
however, few have been fully reported on with respect to
safety and activity. One of the key toxicities associated with the
class is hyperglycemia. This side effect is relevant. If these
agents do emerge as meaningful anticancer agents and are
approved, their use outside of clinical trials in patients at risk
for hyperglycemia may be affected.There are no clinical datato
inform us about the actual risk for hyperglycemia in patients
being treated with agents targeting this pathway. With the
number of agents undergoing clinical testing, this is an
opportune time to define the true risk for this side effect of
PI3K/AKT/mTOR inhibitors and approach to management.
Our study analyzed data of 341 patients treated with PI3K,
AKT, and mTOR inhibitors in 12 phase | clinical trials. Although
most patients developed transient early-onset hyperglycemia,
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Table 2. Median blood glucose levels during study

Median blood glucose (range),

Study timepoint mmol/L (n = 341)
Baseline, C1D1? 5.3 (3.0-8.2)
During C1 7.1(4.7-31.9)
Baseline, C2D1*° 5.4 (3.9-9.4)
Maximum on study 7.4 (4.7-34.5)

Normal glucose value: 3.9-6.0 mmol/L.
®Fasting value.

bp = 244,

Abbreviations: C, cycle; D, day.

theincidence of clinically significant hyperglycemia (grade =3)
was lowat 5.7%. Just 4 cases of grade 2 hyperglycemia and all of
those grade =3 required treatment. Oral hypoglycemicsin the
form of metformin was the most commonly used treatment,
and insulin was infrequently needed. However, most patients
in our series discontinued treatment because of disease
progression at a relatively early stage; therefore, the long-term
course of hyperglycemia cannot be established from our data.
Nevertheless, our experience was that early and regular
glucose monitoring and early intervention achieve early and
lasting control of hyperglycemia. The intervention threshold
for treating hyperglycemia was determined by individual trial
protocols, clinical features (such as symptomatic patients), and
unit guidelines that included early intervention in patients
found to have =grade 3 hyperglycemia during the first week of
receiving the experimental agent. It is, however, worth noting
that different trials had different monitoring requirements;
therefore, clinical judgmentin conjunction with trial guidelines
was taken into account during treatment of these patients.
Patients with grade 1 hyperglycemia were provided dietary
advice; however, monitoring frequency again varied according
to the trial protocols. Interestingly, we demonstrated in a
separate seriesthat agents targeting PI3K/AKT/mTOR pathway
can be associated with higher risk forinfections, which makes it
all the more important to achieve good glycemic control to
avoid such complications [17].

Diabetes mellitus can be associated with increased
morbidity and mortality because of end-organ damage; certain
cancers, such as breast and colorectal cancer, are also
independently known to be associated with an increased risk
for diabetes mellitus [18]. Our study, however, failed to establish
a correlation between the development of significant hyper-
glycemia with a specific tumor type. Insulin resistance and the
development of hyperglycemia are hallmarks of metabolic
syndrome and are often related to abdominal obesity [19]. Body
mass index, however, was not found to be predictive of the risk
for grade =3 hyperglycemia. Elevated liver enzymes (ALT, AST,
and GGT) have been found to negatively predict insulin
sensitivity [20, 21]. Likewise, chronic kidney disease has also
been known to be associated with insulin resistance and
hyperglycemia in nondiabetic patients [22]. We therefore
examined these factors in a univariate model to determine
whether factors were independently predictive of the risk for
grade =3 hyperglycemia. We did not find any correlation
between grade =3 hyperglycemia and deranged liver or renal
function. However, most patients in the present study were
required to have satisfactory liver and renal function at baseline.
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Table 3. Chi-square analysis: predictive factors for grade
=3 hyperglycemia

Variable Patients, n (%) Total pvalue
FBG, C1D1
<6 mmol/L 14 (53.2) 263 233
=6 mmol/L 6(11.5) 58
Age at study entry
<65 yr 19 (76.1) 253 .032
=65 yr 1(1.1) 88
Sex
Female 8(4.7) 171 .368
Male 12 (7.1) 170
BMI
<30 kg/m? 15 (5.4) 276 .553
=30 kg/m? 5(7.7) 65
History of diabetes
No 18 (5.3) 339 .003
Yes 2 (100) 2
History of steroid use
No 18 (5.8) 309  1.000
Yes 2(6.3) 32
Tumor type
Gastrointestinal 9(8.0) 113 .077
Urological 1(2.1) 48
Gynecological 4(8.3) 48
Breast 0(0) 37
Lung 4(14.8) 27
Other 2(2.9) 68
Baseline creatinine clearance
<60 mL/minute 2(9.5) 21 353
=60 mL/minute 18 (5.6) 320
Class of agent
AKT inhibitor 10 (11.0) 91 <.005
mTORC inhibitor 1(1.2) 84
PDK1/AKT 0(0) 12
PI3K 2(2.6) 78
PI13K/mTORc inhibitor 7 (21.2) 33
Dual mTORc inhibitor 0(0) 43
Maximum blood glucose, C1
=<6.3 mmol/L 0(0) 87  <.005
6.4-7.1 mmol/L 1(1.2) 85
7.2-8.5 mmol/L 0(0) 85
>8.5 mmol/L 19 (22.6) 84
FBG, C2D1
=4.9 mmol/L 4 (6.5) 62 .260
5.0-5.4 mmol/L 4(6.2) 65
5.5-5.9 mmol/L 2(3.3) 61
>5.9 mmol/L 7 (12.5) 56

Abbreviations: AKT, protein kinase B; BMI, body mass index; C, cycle; D,
day; FBG, fasting blood glucose; mTOR, mammalian target of rapamycin;
mTORc, mammalian target of rapamycin complex; PI3K,
phosphatidylinositol 3-kinase.
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Combined use of fasting plasma glucose and HbAlc is a
sensitive and specific screening tool for identifying individuals
with diabetes and impaired glucose tolerance at an early stage
[23]. However, neither parameter predicted for the risk for
development of grade =3 hyperglycemia

Although most patients in our study did not have a history
of diabetes mellitus because of exclusion criteria of the trials,
this was still established to be an independent risk factor for
grade =3 hyperglycemia. Patients with diabetes mellitus may
represent an important proportion of patients with cancers
because of an aging population; therefore, it will be inappropri-
ate to exclude patients with diabetes mellitus from receiving
these agents [24]. However, these patients will require careful
monitoring and early intervention in collaboration with an
endocrinologist to manage glucose levels.

Interestingly, the only patient in our study whose
hyperglycemia failed to resolve despite pharmacological
intervention requiring a dose reduction had received a
selective p110« inhibitor. Some studies using PI3K inhibitors
have not reported dramatic hyperglycemia, an effect that may
berelatedtoinhibition of the p110aisoform of PI3K: a pan class
1A inhibitor may lead to more severe glucose derangement
than a selective p110« inhibitor, although the roles of the
different p110 isoforms that they play in the metabolic effects
of insulin still remains undetermined [24, 25]. The range of
metabolic alterations observed with inhibitors of the PI3K/
AKT/mTOR pathway differs, suggesting that kinase selectivity
among various inhibitors may be responsible for the different
levels of glucose and insulin elevation observed with these
agents [25-27]. We found that patients receiving AKT or dual
PI3K/mTOR inhibitors were at a higher risk for significant
hyperglycemia. Inhibition of MTOR in addition to PI3K has been
postulated toimprove insulin sensitivity because the mTOR/S6
kinase pathway causes serine phosphorylation of insulin
receptor substrate-1, which attenuates signaling [28]. There-
fore, inhibiting mTOR/S6 kinase activity may reduce some of
the insulin resistance caused by PI3K inhibition by relieving
the inhibition of serine phosphorylation of insulin receptor
substrate-1, allowing tyrosine phosphorylation of insulin
receptor substrate-1 and activation of insulin signaling pathway
[28]. However, in our series, we found that patients put on dual
mTOR/PI3K have a higher risk for significant hyperglycemia.
Because our numbers are small, this finding is exploratory and
warrants further studies.

Given the limitations of a highly selected patient
population treated in a controlled environment of a specialist
unit within the context of phase | studies, along with the small
numbers of patients in subanalyses involved, our findings may
be considered as hypothesis-generating and will need to be
validated in larger prospective clinical trials. Targeted thera-
pies are associated with a higher incidence of metabolic
toxicities in patients with insulin resistance via a metabolic
syndrome phenotype or in patients with a family history of
suchaphenotype, butthese datawere not available because of
the retrospective nature of this analysis. Thus, this represents
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one of the limitations of this study; however, all appropriate
data points were considered where possible. Moreover,
different phase | compounds could be at various stages of
their development, and as a result dose-dependent effects of
these compounds can’t be determined with accuracy;
however, all compounds are tested within a phase | study,
which offers homogeneity in the patient population. The
data generated from this study will be useful in informing
oncologists about the risk factors that may warrant
careful monitoring of patients treated with PI3K/AKT/mTOR
inhibitors.

CONCLUSION

Patients aged <65 years who have a history of diabetes
mellitus and are receiving an AKT or dual PI3K/mTOR inhibitor
are more likely to develop significant hyperglycemia when
treated with agents targeting the PI3K/AKT/mTOR pathway.
Even given the small number of diabetic patients in our series,
such patients may still require careful monitoring, and poorly
controlled diabetes could be considered an exclusion criterion.
These factors should be carefully considered and specialist
consultation should be sought early to aid in clinical trial
planning and management of metabolic adverse events that
may result from treating patients on this pathway. Finally, our
findings are reassuring, pending prospective validation, for
physicians and industry researchers working scrupulously on
phase | trials to develop these compounds further.
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