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Systems Pharmacology Modeling of Prostate-Specific
Antigen in Patients With Prostate Cancer Treated With an
Androgen Receptor Antagonist and Down-Regulator

HB Mistry1, M-A Fabre2, J Young3, G Clack4 and PA Dickinson5

First-in-human (FIH) studies with AZD3514, a selective androgen receptor (AR) down-regulator, showed decreases of >30% in
the prostate-specific antigen (PSA) in some patients. A modeling approach was adopted to understand these observations
and define the optimum clinical use hypothesis for AZD3514 for clinical testing. Initial empirical modeling showed that only
baseline PSA correlated significantly with this biological response, whereas drug concentration did not. To identify the
mechanistic cause of this observation, a mechanism-based model was first developed, which described the effects of
AZD3514 on AR protein and PSA mRNA levels in LNCaP cells with and without dihydrotestosterone (DHT). Second, the
mechanism-based model was linked to a population pharmacokinetic (PK) model; PSA effects of clinical doses were
subsequently simulated under different clinical conditions. This model was used to adjust the design of the ongoing clinical
FIH study and direct the backup program.
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC? � The AR signaling pathway and both androgen receptor
and DHT levels, are known to be important in prostate cancer. • WHAT QUESTION DID THIS STUDY ADDRESS? �
Can the action of a drug working on the androgen pathway and modulating PSA level be described using a mechanistic
system model in which biological parameters are defined a priori from physical measurement taken from the literature?
• WHAT THIS STUDY ADDS TO OUR KNOWLEDGE � This work indicates that it is feasible to quickly build a mecha-
nistic model of the AR pathway that can be used in real time to influence clinical design. In this system, an observed
decrease in PSA is not linked to down-regulation of AR. AZD3514 may bind to a site on the AR other than the ligand
binding domain, which mediates the fall in PSA levels. The model suggested that the interplay between DHT and
AZD3514 at the AR results in the clinical response. • HOW THIS MIGHT CHANGE CLINICAL PHARMACOLOGY AND
THERAPEUTICS � There should be focus on making quantitative physical measurement of pathways under investiga-
tion, such that models can be built to guide drug development.

Prostate cancer is the most common form of malignancy in

men, and is the second leading cause of cancer-related

death in Western society.1 This disease is dependent upon

the hormone testosterone, which activates the androgen

receptor (AR). Targeting this signaling pathway has been

shown to be a successful approach in patients with meta-

static prostate cancer.2–4 Unfortunately, drug resistance

ultimately develops in the majority of patients and, interest-

ingly, this resistance is still dependent upon AR signaling

despite castrate levels of androgen.5,6

AZD3514 is a first-in-class experimental drug that inhibits

with AR signaling and leads to receptor down-regulation in

vitro.7 AZD3514 inhibited dihydrotestosterone (DHT)-driven

proliferation of LNCaP prostate cancer cells as well as the

ligand-driven expression of the AR-regulated genes for

prostate-specific antigen (PSA) and transmembrane prote-

ase serine 2 in these cells. Furthermore, this compound

reduced seminal vesicle weight in the intact rat.8 Based on

these initial promising findings, AZD3514 was tested in a

clinical setting.

Two parallel first-in-human (FIH) studies (Europe and
Japan) were performed in patients with castration-resistant
prostate cancer (CRPC), which were open-label, dose
escalation studies in which single- and multiple-dose safety
and tolerability, pharmacokinetics (PKs), pharmacodynam-
ics, and efficacy of AZD3514 were investigated. Antitumor
activity of AZD3514 was monitored via measurements of
PSA levels and circulating tumor cells. In part A, nine
(Europe) and three (Japan) cohorts of patients were
recruited into the two studies, and patients were dosed
orally with once- or twice-daily doses of 100 to 1,000 mg
AZD3514 in 28-day cycles. An interim PK analysis revealed
that once-daily dosing resulted in suboptimal profiles (i.e.,
AZD3514 plasma concentrations for 18 hours above the
IC50 of 2,410 ng/mL), predicted to be required for efficacy
from a preclinical rat model, which was not achievable with
a once-daily dosing regimen. Therefore, the dosing regimen
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was switched to twice-daily dosing. Nevertheless, clinical
activity was observed with >30% reduction in PSA
observed in some patients at doses of 500 mg once daily.
Therefore, the preclinical intact rat model may not be
informative within this disease setting.

The decreases in PSA observed suggested that

AZD3514 may have had clinical utility in a small number of

patients but were not broad enough to support transition to

phase II development. Thus, modeling activities were

started to help provide mechanistic understanding into the

clinical observations and define a clinical design that would

optimize AZD3514 activity.
In this article, we discuss the modeling approach taken,

how the approach led to new insights into the action of

AZD3514, and how these insights informed the design of

part B of the study, which was a combination study of

AZD3514 and abiraterone9 in patients who had progressed

on abiraterone alone. The modeling approach applied was

based on the work by Jain et al.,10 who has developed a

multiscale model of prostate cancer that combines both cel-

lular signaling and physiology. This model was chosen as it

contained detailed information on the kinetics of androgen

signaling that were important to understanding the in vitro

pharmacology of AZD3514. Their model is based on

numerous other kinetic models of androgen signaling,

which are discussed in Jain et al.10 Initially, an empirical

model had been used to interrogate the emerging data

from the AZD3514 FIH studies. This suggested a new

mode of action relating to the efficacy of AZD3514; hence,

the potential value of a mechanistic systems model gener-

ated from literature and preclinical data. This model was

then “humanized” and coupled to a population PK model,

so that a dosing schedule could be determined. Addition-

ally, the integrated model provided insight into the impact of

co-dosing AZD3514 with other agents that act on the

androgen pathway. These pieces of information rationalized

the emerging findings within the ongoing clinical study with

preclinical observations and were then used to change the

design of the ongoing FIH study. Thus, this article highlights

how mechanistic models can be applied during an ongoing

phase I clinical oncology study. Being able to perform such

activities as described in this article is likely to lead to either

early termination of clinical projects or accelerated develop-

ment plans via designing and testing of the most plausible

hypotheses to maximize clinical activity.

METHODS

The methods used to analyze the clinical data and develop

the mechanistic model are described below initially, as clini-

cal data became available, it was analyzed empirically.

When this resulted in an unexpected finding, a mechanistic

model was developed to enable hypothesis to explain the

clinical data generated.

Analysis of clinical data
The time series of PSA (Supplementary Figure S1) were

modeled using a biological growth law (exponential) given

by: BIO(t) 5 BIO(0) exp(g*t), where BIO(0) is the baseline

value and g is the growth/decay constant. The model was

placed within a mixed effects framework with a combined

additive plus proportional residual error term. BIO(0) was

assumed to be log-normally distributed, whereas g was

assumed to be normally distributed. The covariates tested

to explain the variability in g within the mixed modeling

framework were: PK variables, such as the area under the

curve, minimum and maximum concentrations, as well as

other disease-related covariates, such as pretreatment PSA

levels. The significance of covariates was assessed using

the likelihood ratio test with an alpha of 0.05.

Development of mechanistic model
A stepwise modeling approach was performed to develop a

kinetic model of AZD3514 action on the AR signaling pathway.

Initial
The initial model was developed to explore the hypothesis that

AZD3514 competes with DHT for the same binding domain on

the AR and that AZD3514 enhances the basal degradation of

AR. This first model was based solely on an in vitro experiment

of AZD3514 effects on AR expression levels. Assessment of

this model’s adequacy was done qualitatively on its ability to

rationalize both AR and PSA in vitro expression experiments.

Final
A revised model was built that incorporated both the effects

of AZD3514 on AR and PSA expression levels in vitro and

emerging data that indicated AZD3514 interfered with basal

production of AR and did not enhance AR degradation.

This model was assessed in its ability to fit to the entire in

vitro datasets available. The final mechanistic model was

linked to a population PK model (Dymond et al. unpub-

lished data). In brief, a two-compartment linear model with

zero order absorption was found to adequately describe the

plasma concentration-time profile. At steady state, the pop-

ulation apparent clearance was 23.1 L/h, the volume of dis-

tribution of the central (V1/F) and peripheral (V2/F)

compartments were 84.7 and 311 L, respectively, and the

zero order absorption rate was 3.56 hour. The interindivid-

ual variability, modeled using a log-normal distribution, on

these parameters was 51%, 48%, and 18% for CL/F, V1/F,

and V2/F, respectively. No covariates were found to alter

the AZD3514 PK characteristics. Using the final model,

AZD3514 effects on PSA levels in patients were simulated

(see Supplementary Information for simulation protocol)

using the different dosing regimens used in the FIH studies

and different circulating DHT concentrations.
In the development of the mechanistic model, the law of

mass action and Michaelis–Menten kinetics was assumed.

All modeling, optimizations, and simulations described were

performed using MATLABs SimBiology and Optimization

toolboxes.

RESULTS

A stepwise modeling approach was used, aiming at better

understanding the mechanism of action of AZD3514-

induced decrease in PSA levels in some patients. The initial

goal of this approach was to provide, in real time, a
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mechanistic understanding of the emerging results of part

A, provide a dose and study design recommendation for

part B of the clinical studies, and assess the potential of

any backup programs (direct the in vitro experimentation

used to measure potential activity of new molecules).

Empirical model of the clinical data
The covariate analysis of the clinical PSA time-series data

found that no PK variable, such as the area under the curve,

and minimum and maximum concentrations, were strong

correlates of the growth constant. Subsequently, other varia-

bles were investigated, such as baseline values of markers,

co-medications, age, pretreatment PSA trajectory, and any

other variables that had been collected. The only strong cor-

relate was baseline PSA. In Figure 1, baseline PSA is plot-

ted vs. the PSA growth constant and it can be seen that the

decreases in PSA observed in some patients are correlated

with a low baseline PSA level. The area under the corre-

sponding receiver operating characteristic curve was �0.8

(Supplementary Figure S2), which suggests that there is

an interesting signal that did not occur by chance. In order to

generate hypotheses to explain such a finding, a mechanistic

model was developed.

Initial development of the initial mechanistic model
Preclinical experiments had shown that AZD3514 reduces

the total (free and AZD3514 bound) level of AR expression

in LNCaP cells, both in the absence and presence of DHT,

see Figure 2. Note that these data were taken from Astra-

Zeneca data on file and were the first datasets generated

by the project, the experimental methods are the same as

those used to generate Figure 3 in Loddick et al.,8 which

were conducted at a later date. It is interesting to note

that, in the absence of AZD3514, incubation with DHT

resulted in a near doubling of AR expression, as shown in

Figure 2. This finding has been seen previously by Manin

et al.11 An initial model (Supplementary Table S1) based

on receptor theory was developed to understand the AR

experimental results. The parameter values used are a

mix of literature10 and estimates from a fit to the data in

Figure 2. The key assumptions of the simple model are:

• DHT binds to the AR in a reversible manner;
• AZD3514 binds to the AR in a reversible manner at the same site

as DHT (competitive inhibition);
• Basal turnover of the AR occurs;
• DHT induces production of the AR;
• AZD3514 induces degradation of the AR; and
• DHT and AZD3514 binding kinetics to mutant AR are the same as

for wild-type AR.

Figure 2 Observed via liquid-chromatography mass-spectrometry (arbitrary units) and model fit for the effect of AZD3514 on total
androgen receptor (AR) protein levels (free and drug bound) in LNCaP cells. The results are shown in the absence of dihydrotestoster-
one (DHT; left panel) and in the presence of 0.8 nM DHT (right panel) in the culture medium.

Figure 1 Main plot is of prostate-specific antigen (PSA) baseline
versus PSA growth constant, g. Dashed black line represents
the growth constant value needed to see a 1/- 10% change at
week 12. The solid red vertical line indicates the PSA baseline
value of 50 ng/mL. The different shapes/colors represent differ-
ent doses: blue crosses – 100 mg once-daily (OD), green circles
– 250 mg OD, red triangle – 500 mg OD, cyan square –
1,000 mg OD, and purple rhombus – 1,000 mg b.i.d. Insert plot
is of PSA growth constant, g, as a function of total daily dose.
Patients were treated with AZD3514 at doses of 100, 250, 500,
or 1,000 mg OD or 1,000 mg b.i.d.
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A receptor occupancy curve as a function of AZD3514

concentration was simulated from the resultant model

(Supplementary Figure S3). The bulk of ligand was dis-

placed at an AZD3514 concentration of 100 mM, whereas a

concentration of 1 mM had little effect. This compares with

the maximum geometric mean of total plasma concentra-

tions observed in the clinic at steady-state, of approximately

20 mM.12

Refinement of the mechanistic model
New experimental data became available showing that

AZD3514 reduced PSA mRNA in LNCaP cells and that a

marked effect was already obtained at a concentration of

1 mM (Supplementary Figure S4 and Loddick et al.8; i.e.,

at a concentration not predicted to displace DHT from the

AR receptor). This apparent discrepancy suggested that

AZD3514 is not competing with DHT. One possible hypoth-

esis to explain AZD3514 action on PSA mRNA is that

AZD3514 may bind to a site other than the ligand binding

domain. Thus, it was hypothesized that AZD3514 interferes

with the translocation of the AR into the nucleus by binding

to this other binding site.8 In the next iteration of the model,

we assumed the drug may bind to the receptor and ligand/

receptor complex and, thus, may modulate both nonligand

and ligand-induced expression of the AR and PSA mRNA

levels (Supplementary Table S2). This mimicked the drug

effect on AR translocation, without explicitly spatial repre-

sentation within the model. The experimental data and

the model fit to the PSA expression data are depicted in

Figure 3. Note the fit to the AR experimental data in

Figure 2 was equivalent to the initial model. Figure 3 indi-

cates that AZD3514 was less potent with increasing DHT

concentrations, although near complete inhibition of PSA

expression was observed in LCNaP cells with 10 lM

AZD3514 at all concentrations of DHT.

Linking the mechanistic model to a population PK

model; simulations with an integrated model
The assumption that the drug can bind to the ligand/
receptor complex provided a good fit to all the experimen-

tal data gathered in LNCaP cells. Having established a
hypothesis about AZD3514 mechanism of action, we

sought to see if this could help interpreting the emerging

clinical data and the hypothesis of low baseline PSA being
a predictor of biological response. Thus, we linked the

mechanistic model to a population PK model, and simu-
lated the effects of the doses used in the clinic for two

DHT settings, low (0 nM) and high (10 nM), on PSA
(these two DHT settings were based on levels explored in

preclinical experiments). Results of these simulations can
be seen in Figure 4. The vertical height of each point

reflects the variability associated with the PKs, whereas
the difference between black and red lines at each dose

reflects the variability associated with changes in DHT. It
does seem that the concentration of DHT is a more impor-

tant driver for the variability in PSA level than variations in
PKs. Hence, if levels of DHT could be reduced, then a

clinically meaningful dose-response relationship and activ-
ity could be observed in patients. Furthermore, simula-

tions indicated that, for any total daily dose, twice-daily
dosing would provide a better clinical response vs. once-

daily. Overall, the modeling indicated that moving from
once-daily to twice-daily dosing, together with a drug that

would reduce DHT (e.g., abiraterone acetate) might result
in better responses. Abiraterone inhibits CYP17, which is

expressed in testicular, adrenal, and prostatic tumor tis-
sues, and is involved in androgen biosynthesis. Thus, inhi-

bition of CYP17 is expected to reduce DHT levels. This

prediction was tested and the results can be seen in Fig-
ure 5, although there does seem to be a trend suggestive

of improved PSA decay rates with the combination.
Unfortunately, the study was not completed and a

Figure 3 Prostate-specific antigen (PSA) gene expression normalized to control levels after AZD3514 treatment of LNCaP
cells 6 dihydrotestosterone (DHT). Data (mean 6 SE) shown is gene expression relative to the vehicle control in the absence of ligand.
This data was reproduced from Loddick et al.,8 with permission.
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thorough analysis of the model predictions could not be

completed. The limited results do, however, suggest that

the difference in decay rates between the monotherapy

and combination are not as strong as the model predicted.

Although the study was terminated, a similar hypothesis is

currently being explored using another AR translocation

inhibitor (enzalutamide) with a compound that reduces

DHT (abiraterone) in an ongoing phase 3 study.13 Enzalu-

tamides’ main mechanism of action involves the preven-

tion of the translocation of AR into the nucleus,14 which is

similar to AZD3514. However, there is no evidence that

enzalutamide exhibits any nonspecific binding, hence, a

simpler model to the one described here is likely to be

applicable for the analysis of the results of that study.

DISCUSSION

For mathematical modeling to become a valuable tool in

the development of new cancer medicines, it ideally should

combine mechanistic details of cellular signaling pathways,

clinical markers, and/or efficacy endpoints, and the PKs

(dose-exposure) of such investigational compounds, in one

integrative modeling approach.15 It should also provide

“real-time” insights, so that it may actually influence the

ongoing clinical development.
Such a model was developed using preclinical results

and clinical PKs, to better understand the possible effects

of AZD3514 on PSA levels in patients with CRPC. The

model indicated that AZD3514 may work best in a low DHT

environment and was used to predict a dosing regimen for

AZD3514 in combination with abiraterone acetate; the

mode of action of abiraterone is to inhibit CYP17 and down-

stream androgen synthesis, thus, effectively “sensitizing”
tumors to the action of AZD3514.

In order to develop a mechanistic understanding of
AZD3514 effects on PSA levels in patients, we first turned
our attention to the preclinical data. The in vitro model is an
LNCaP cell line with mutated androgen receptors8 and,
thus, this experimental model seemed to be an appropriate
one to be used in our modeling efforts. The animal model
of choice to test antiandrogenic activity of compounds is
the Hershberger rat,16 a castrated rat in which the weight
of androgen-dependent tissues is measured. AZD3514
showed activity in this model, and PK data obtained were
used to predict clinical exposure (AstraZeneca, data on
file). However, this model contains only wild-type AR; in
the CRPC setting, it is likely to have multiple mutational
forms present.17,18 Second, the amount of AR in androgen-
dependent tissue in the rat is approximately 100–200 fmol/
mg,19 whereas the amount in LNCaP cells is about
1,000 fmol/mg,20 similarly to the expression levels of AR in
circulating tumor cells in patients.21

The developed model predicted that, in patients with
CRPC: (1) the variability in the effect of AZD3514 on PSA is
more driven by the concentration of DHT than that of the
drug; (2) that a twice-daily dosing regimen is better than
once-daily dosing; and (3) that AZD3514 is more efficacious
in an environment of low DHT concentrations. Interestingly,
the dose at which some patients show a clinically significant
decrease in PSA levels was observed at 500 mg adminis-
tered once-daily12 and the model suggests that this could be
the first dose at which a 50% decrease in PSA expression
from baseline could be seen if the patient had low circulating
levels of DHT. The model predictions were put to a test by
including an extra cohort of patients in part A of the ongoing
clinical study. AZD3514 was administered twice-daily at a
dose of 500 mg to patients with CRPC in combination with
abiraterone. The patients with CRPC who were entered into

Figure 5 Plot of prostate-specific antigen growth constant, g,
evaluated at 12 weeks, for patients treated with 1,000 mg once-
daily AZD3514 alone or with 500 mg twice-daily in the presence
of abiraterone.

Figure 4 Model prediction of percentage change in prostate-
specific antigen from baseline at steady-state as a function of
the total daily dose administered to patients with advanced meta-
static castration-resistant prostate cancer (CRPC). The black
and red colors represent high and low dihydrotestosterone (DHT)
values for once-daily dosing, respectively, whereas blue and
magenta represent high and low DHT values for twice-daily
dosing.
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the study had progressed while on treatment with abiraterone

alone. In Figure 5, the individual PSA growth constants by

treatment are depicted and the results may indicate a better

response to AZD3514 in patients treated concomitantly with

abiraterone when compared to AZD3514 alone, but the vari-

ability of the response seemed similar. The number of

patients included in this cohort was very small, and, unfortu-

nately, DHT concentrations were not measured. After a

review of all clinical data, the development of AZD3514 was

halted because of insufficient efficacy and an unfavorable

safety profile.12 Therefore, a thorough assessment of model

predictions could not be conducted.
A backup discovery program was started, aiming at iden-

tifying more potent selective AR down-regulators. More

potent compounds were identified. However, the knowledge

that AZD3514 acted both via the ligand binding domain and

as well as another site proved helpful as it was quickly

established that the increased potency was likely via this

second mechanism and, thus, reduced the chances of iden-

tifying a potential backup candidate. Based on this informa-

tion and the changing treatment landscape in prostate

cancer, the program was terminated.
There are a number of key limitations/assumptions to the

approach taken here, which we now highlight. First, we

assumed a 1:1 relationship between PSA mRNA and PSA

protein, although this is clearly not always the case with

many gene products. The mathematical model itself is not

a model representing tumor growth per se. We could have

described a pathway model within a tumor growth model,

however, lack of calibration data from imaging to relate

PSA levels to tumor volume prevented following this

approach. The main hypothesis of the model was that intra-

tumoral DHT levels are important, however, the study

design did not include measurements of intratumor DHT–

which would have provided an alternative way of validating

the model.
In conclusion, the developed model may prove useful if

more potent and better tolerated compounds are developed

in the same class as AZD3514. The results indicate that

such compounds could be developed as add-on therapies

to drugs like abiraterone, which decrease circulating DHT

levels, or possibly as first-line therapy in patients with low

DHT levels because of surgical intervention.
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