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Abstract

LCK is a novel therapeutic target in ~40% of T-cell acute lymphoblastic leukemia (T-ALL),

and dasatinib and ponatinib can act as LCK inhibitors with therapeutic effects. We herein report
a comprehensive preclinical pharmacokinetic and pharmacodynamic evaluation of dasatinib and
ponatinib in LCK-activated T-ALL. In 51 human T-ALL cases, these two drugs showed similar
patterns of cytotoxic activity, with ponatinib being slightly more potent. Given orally in mice,
ponatinib was associated with slower clearance with a longer Tax and higher AUCg_z4hys,
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although maximum pLCK inhibition was comparable between the two drugs. After establishing
the exposure-to-response models, we simulated the steady-state pLCK inhibitory effects of

each drug at currently-approved dosages in humans: dasatinib at 140 mg and ponatinib at 45

mg once daily are both sufficient to achieve >50% pLCK inhibition for 13.0 and 13.9 hours

per day, respectively, comparable to pharmacodynamic profiles of these agents in BCR.-ABL1
leukemias. Moreover, we developed a dasatinib-resistant T-ALL cell line model with LCK T316l
mutation, in which ponatinib retained partial activity against LCK. In conclusion, we described the
pharmacokinetic and pharmacodynamic profiles of dasatinib and ponatinib as LCK inhibitors in
T-ALL, providing critical data for the development of human trials of these agents.

Introduction

Acute lymphoblastic leukemia (ALL) is the most common cancer in children and can arise
in both B- and T-cell lineages. With the advent of risk-directed combination chemotherapy,
5-year overall survival of B-ALL has improved significantly in the past decades(1-6).
However, cure rates of T-ALL persistently lag by 5-10%, and the prognosis is particularly
dismal with relapsed disease(7, 8). This can be attributed to a number of factors: T-ALL
blasts are inherently more resistant to certain cytotoxic agents that are highly effective in B-
ALL(9); T-ALL is also more common in older children who are less tolerant to conventional
chemotherapy(10). Genomic profiling of T-ALL provides important insights into the biology
of this disease but this has not directly led to opportunities for novel targeted therapies,
unlike those seen in B-ALL(11-15). Therefore, the treatment options for T-ALL remain
limited and novel strategies are needed to improve the cure of this type of leukemia.

We and others recently discovered that ~40% of T-ALLs are exquisitely sensitive to
dasatinib ex vivo(16-18). Using network-based systems pharmacology, we identified that
preTCR-LCK signaling caused by differentiation arrest at the DN3/DN4 stages is the driver
of this drug response phenotype in T-ALL(16). Dasatinib monotherapy exhibited significant
anti-leukemic efficacy /n vivo in patient-derived xenograft (PDX) models of T-ALL(16), and
dasatinib-based PROTACSs showed further improvement in leukemia-free survival in these
models(19). Dasatinib can be safely combined with ALL chemotherapy as shown in patients
with BCR.::ABL1 B-ALL(20-23). Therefore, extending this tyrosine kinase inhibitor to T-
ALL treatment regimens is feasible and highly attractive. In fact, there is emerging evidence
that LCK-activated T-ALL cases fare poorly with conventional chemotherapy(24, 25),
providing a clinical rationale for implementing LCK inhibitor therapy in this population.
However, it remains unknown what exact dose and dosing schedule of dasatinib are needed
to inhibit LCK in patients with T-ALL, e.g., whether it is sufficient to simply adopt the
regimen currently used for BCR:’ABLI1 ALL.

Like dasatinib, ponatinib is also a multi-target tyrosine kinase inhibitor originally developed
as an ABL inhibitor, especially for patients with BCR.:ABL 1 leukemia who acquired
resistance to imatinib(13, 26). Both dasatinib and ponatinib are more potent against ABL1
than imatinib, with overlapping but not identical other targets spectrum(27). For example,
dasatinib can efficiently inhibit LCK, LYN, CSK as well as EGFR and TGFBR1(28). By
contrast, ponatinib targets LCK, FLT3, LYN, and CSK, but does not target EGFR and
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TGFBR1(29). There are appreciable differences in pharmacokinetics and toxicity profile
between these two drugs in BCR::ABL 1 leukemia patients(20, 30-34). Therefore, although
dasatinib and ponatinib are both potent LCK inhibitors, pharmacology evaluation of each
agent is needed to determine their clinical potential in patients with T-ALL.

To this end, we sought to perform preclinical pharmacokinetic (PK) and pharmacodynamic
(PD) characterization of dasatinib and ponatinib, and to establish their exposure-to-response
relationships in T-ALL PDX models. Using these preclinical data, we simulated the steady-
state PD effect of each drug on LCK with the equivalent of the clinically approved dosages
in humans in a 7-day course of treatment, to infer effective dose and dosing schedule in
future trials in T-ALL. Moreover, we explore the possible utility of ponatinib as an LCK
inhibitor in dasatinib-resistant T-ALL.

Material and methods

Patients and samples

T-ALL cases evaluated for dasatinib and/or ponatinib sensitivity consisted of 22 primary
patient samples and 32 patient-derived xenograft (PDX) samples. The pediatric cases were
obtained from St. Jude Children’s Research Hospital (St. Jude), the Children’s Oncology
Group, and Children’s Hospital of Philadelphia (CHOP); and the adult cases were from
MD Anderson Cancer Center, University of Chicago, and the Alliance for Clinical Trials in
Oncology. For primary patient samples, T-ALL blasts were collected from bone marrow
or peripheral blood after Ficoll gradient centrifugation and were subjected to further
enrichment by magnetic-activated cell sorting if blast was <85%. Whenever necessary,
human T-ALL blasts were expanded using the NOD.CgPrkacscid //2rgmIWil/Sz) (NSG)
mice. This study was approved by the respective institutional review boards at St. Jude,
CHOP, Children’s Oncology Group, MD Anderson Cancer Center, University of Chicago,
and the Alliance for Clinical Trials in Oncology. Informed consent was obtained from
parents, guardians and/or patients, as appropriate.

To establish xenografts, human T-ALL cells were injected into female NSG mice aged

8 to 12 weeks through the tail vein (1-2 million cells per mouse). All NSG mice were
housed in sterilized conditions at 20-23 °C and 40-60% humidity, a 12 hrs light-12 hrs
dark cycle was applied. Health statuses of all injected mice were monitored daily. All animal
studies were approved by the Institutional Animal Care and Use Committee of St. Jude.
Starting from two weeks after injection, peripheral blood was collected every other week
for monitoring the level of human leukemia by flow cytometry: cells were stained with
mTER119 (BD Pharmingen, #560512), mCD45 (BD Pharmingen, #557659), hCD45 (BD
Pharmingen, #555482) and hCD7 (BD Pharmingen, #561604), all diluted 1:100; hCD45
and hCD7 double-positive percentage was determined using a BD FACS LSR Il machine
(BD FACS Diva Software v.8.0.1). Mice were euthanized when leukemia cells reached
80% in peripheral blood, or they became moribund. Human leukemia cells were collected
from spleen and bone marrow and enriched using immunomagnetic isolation kit (Stemcell
Technologies, #19849) for further in vivo studies.
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In vivo evaluation of ponatinib efficacy in T-ALL PDXs

Ponatinib efficacy was evaluated /n vivo in three T-ALL PDX models. T-ALL blasts were
reinjected into 12 or 16 NSG mice (1-2 million cells per mouse). After seven days, the
mice were randomly grouped (N=6 or 8 per group) and the drug treatment was initiated.
Ponatinib (Takeda Pharmaceutical) was dissolved in citric acid (Jena Bioscience, #CSS-508)
and was administered at 30 mg/kg once daily through oral gavage. Control mice received
DMSO (Fisher BioReagents, #BP231-100) dissolved in citric acid. Leukemia burden was
monitored in peripheral blood weekly with the same procedure and end points as described
above. The sample size was considered sufficient to detect the ponatinib efficacy at lease
20% increase in leukemia survival compared to vehicle-treated mice and was estimated
using Hmisc package in R (version 4.1.0) using log-rank test. Investigators were not blinded
to the group allocation during treatment.

Dasatinib and ponatinib PK studies

Sample collection—Plasma samples from NSG mice were collected at different time
points following a single oral dose of dasatinib (LC Laboratories, #D-3307) 20 or 40 mg/Kkg,
or ponatinib 15 or 30 mg/kg in citric acid so that at least three mice were evaluated at each
time point. For dasatinib, a total of 27 mice were bled at 0.5, 1, 2, 3, 5, 7 and 8 hrs after
dosing (3-12 mice for each time point). For ponatinib, 24 mice were bled at 0.5, 1, 2, 3, 5,
8, 12 and 24 hrs after dosing (3—9 mice for each time point). Plasma samples were collected
by centrifugation and frozen at —80°C until measurement. Details of dasatinib and ponatinib
quantification are provided in Supplemental Methods.

PK modeling—The PK was evaluated using non-linear mixed effects modeling analysis
via Monolix (version 5.1.0) using the Stochastic Approximation Expectation-Maximization
(SAEM) method. A one-compartment PK model with first-order absorption and linear
elimination was used to model both dasatinib and ponatinib. The PK parameters estimated
included: ka (1/hrs), the absorption rate constant; ke (1/hrs), the elimination rate constant;
and V/f (ml/kg), apparent volume. The parameter “f” is the unknown bioavailability. The
inter-individual variability of the parameters was assumed to be log-normally distributed.
A proportional residual error model was used with assumed normal distribution of the
residuals. The median and 90t percent prediction interval for the estimated AUCg_panrs,
AUCo.infinity» Cmax» Tmax, t1/2, and apparent clearance were determined using N=100 sets of
PK parameters randomly sampled from the population PK parameter distribution.

Dasatinib and ponatinib PD studies

Sample collection and phosphorylated LCK (pLCK) measurement—Two LCK-
activated T-ALL PDX models (PDX #2 and #3 in Fig. 1E,1F) were selected for PD
evaluations. 84 NSG mice bearing leukemia (i.e., the blast % in peripheral blood reaching
70%) were randomly regrouped in four groups (N=21), and a single dose of dasatinib at 20
or 40 mg/kg or ponatinib at 15 or 30 mg/kg was orally given to each group. Bone marrow
cells from three mice were harvested at each time point: 0, 3, 8, 12, 18, 24, and 48 hrs after
dosing. After red blood cells were lysed using RBC Lysis Solution (QIAGEN, #158904),
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proteins were immediately extracted and denatured, followed by Western blotting where the
levels of LCK, pLCK at Y394 and GAPDH were quantified as described below.

PD modeling—The dynamics of pLCK in the presence of dasatinib or ponatinib are
modeled with an indirect response model where the drug de-phosphorylates LCK(19).
Specifically, the rate constant describing de-phosphorylation in the following model (Kqs) is
an increasing function of the drug concentration. The model is defined as follows:

Plasma
PK

kon pLCK koff

Where:

dpLCK
i = Kon—korr X

Epax X C"
+ MAX
ECl+C"

1 X pLCK

Koy = PLC K asetine X Koy

In the above equation kg, (1/hr) is the rate constant describing phosphorylation of LCK,
Kofs (1/hr) is the rate constant describing de-phoshorylation of pLCK (% relative to
baseline). The equation relating kgp, to Kqgf maintains steady-state concentrations of pLCK
(PLCKpaseline) in the absence of drug. The effect of dasatinib or ponatinib concentration
(C: determined using the above PK model) was described by the saturable Hill function
where Epax is the maximum effect, ECsq (ng/mL) is the concentration that causes a

50% of maximum effect, and n is the Hill coefficient that quantifies the steepness of the
Hill function(35). The PD model parameters were estimated with maximum likelihood
estimation using a naive pooled data approach by first estimating the PK model parameters,
next fixing these PK parameters and then estimating the PD parameters.

PK/PD simulations for steady-state drug exposure and pLCK inhibition

Simulations were performed based on mice and human PK/PD data. Specifically, the results
of PK and PD modeling from mice treated with dasatinib 20 or 40 mg/kg or ponatinib 15 or
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30 mg/kg in this study were used for the mouse simulations. For humans, the PK simulations
were based on previously reported clinical results(30, 32), dasatinib doses of 100 and 140
mg and ponatinib doses of 40 and 45 mg. The PD model parameters were assumed to be the
same as in the mouse studies described in this study. All simulations performed were based
on various doses given daily for seven days. For each case the time pLCK was depleted
below 50% was determined at steady-state (i.e. after the 7! dose). The simulations were
based on N=100 simulated PK and PD parameters in all cases.

Western blotting for LCK and pLCK

Human T-ALL cells were harvested and washed once with ice-cold phosphate-buffered
saline (PBS: Gibco, #10010-023) and then lysed with RIPA Lysis and Extraction Buffer
(Thermo Scientific, #89901) supplemented with protease and phosphatase inhibitor cocktail
(Thermo Scientific, #78440). Protein lysates were incubated on ice with gentle shaking
for 15 minutes before being centrifuged at 4°C, 15 000 rpm for 15 minutes. Supernatants
were transferred into new centrifuge tubes, and an equal volume of 2x Laemmli sample
buffer (Bio-Rad, #1610737) supplemented with 2-mercaptoethanol (Bio-Rad, #1610710)
was added. Protein samples were heated at >95°C before being stored at —20°C or western
blotting. Equal amounts of protein samples were separated by precast 4-15% Tris-glycine
Mini-PROTEAN TGX gels (Bio-Rad, # 4561086). Resolved proteins were transferred
onto Immobilon-FL PVDF membranes (Millipore, #IPFL00010). The membranes were
blocked with Intercept® (TBS) blocking buffer (LI-COR, #927-60001) for 2 hrs at room
temperature. The membranes were then probed with primary antibodies at an optimal
concentration in the same blocking buffer supplemented with 0.2% Tween 20 (Fisher
BioReagents, #BP337-500) overnight at 4°C: Antibodies against LCK (Cell Signaling
Technology, #2657; 1:2 000), pLCK (Cell Signaling Technology, #6943; 1:2 000), and
GAPDH (Cell Signaling Technology, #2118; 1:5 000) for loading control. The membranes
were then washed with TBS-T three times (10 minutes each time on a shaker) and incubated
with the IRDye® 800CW goat anti-rabbit and 680CW goat anti-mouse 1gG secondary
antibodies (L1-COR, #926-32211 and #926-32210; 1:5 000) at room temperature for 2
hrs. Excessive antibodies were washed out with TBS-T, and the membranes were exposed
in LI-COR Odyssey imaging system. Fluorescent signal intensities were quantified and
analyzed with Image Studio software (lite version 5.2). The fluorescent signals of LCK
and pLCK were respectively normalized to that of GAPDH, and then pLCK/LCK were
calculated for each sample, followed by the normalization to control (0 hr as 100%).

Statistical analysis

For the experiments involving human T-ALL patient samples, sample size was strictly based
on the availability of specimen and data without other filtering. Therefore, samples size was
not determined in advance. The associations of LCsg values between dasatinib, ponatinib,
and saracatinib were evaluated by Pearson correlation and Wilcoxon matched-pairs signed
rank test. In the ponatinib efficacy studies /n vivo, human leukemic burden in NSG mice and
their survivals were assessed using Wilcoxon matched-pairs signed rank tests and log-rank
tests, respectively. P-values were considered significant if <0.05. All statistical tests were
two-sided. All analyses were performed with GraphPad Prism (version 9.3.1).
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Data availability statement

Results

Whole genome sequencing data is deposited with the European Genome-Phenome Archive
(accession number: EGAD00001006434). To request reagents included in this work, please
contact Dr. Jun J. Yang (jun.yang@stjude.org).

Details of other experiments (e.g., ex vivo drug sensitivity assay for dasatinib, ponatinib and
saracatinib, LC-MS for dasatinib and ponatinib) are provided in the Supplemental Methods.

Cytotoxicity profile of dasatinib and ponatinib in T-ALL

Using primary human T-ALL samples, we first determined leukemia sensitivity to ponatinib
and dasatinib ex vivo, quantified as the concentration at which 50% of leukemia cells
were Killed (LCsp). In a total of 52 T-ALL cases, the distribution of LCsgq for ponatinib
was bi-modal with a median of 432.6nM (Supplemental Fig. 1A, Supplemental Table 1).
Based on achievable drug concentration estimated from PK studies in humans(30, 36-38),
we chose 90nM as the cutoff to define ponatinib sensitivity. 32.7% (n=17) of samples
were classified as sensitive to ponatinib, representing 33.6% and 18.2% of children and
adults with T-ALL, respectively (Fig. 1A). Similarly, dasatinib sensitivity (LC50 <80nM)
was observed in 47.5% and 9.1% of pediatric and adult T-ALL, respectively, consistent
with our previous report(16). Analyzing 51 samples with both drugs tested, we observed a
highly significant correlation between their LCsgq values (Fig. 1B, r=0.735, £<0.0001, by
Pearson correlation test); and ponatinib LCsq was significantly lower than that of dasatinib
(P=0.0038, by Wilcoxon matched-pairs signed rank test). Measuring phosphorylation of
LCK, CD247, and ZAP70, we confirmed that ponatinib efficiently inhibited the preTCR-
LCK signaling in a dose-dependent manner (Supplemental Fig 2A, B), as we previously
described with dasatinib(16). Furthermore, we also tested this cohort of T-ALL samples
for sensitivity to a selective LCK inhibitor, namely saracatinib(39). As shown in Fig. 1C
and 1D, saracatinib LC50 was significantly correlated with that of dasatinib (r=0.891, P
<0.0001) and ponatinib (r=0.826, £<0.0001), suggesting LCK as the common driver of
these drug response phenotypes.

Using xenograft model of three representative ponatinib-sensitive T-ALL cases, we
evaluated anti-leukemic efficacy /n vivo. Ponatinib given at 30 mg/kg once daily
significantly inhibited leukemia growth in mice compared to those receiving vehicle control
across three cases, resulting in prolonged survival ranging from 122% to 216% (Fig. 1E,
1F).

PK and PD evaluation of dasatinib and ponatinib in mice

Next we sought to determine plasma concentration of orally administered ponatinib or
dasatinib in NSG mice, from which we then performed PK modeling for each drug across
dosages. After a single oral dose of dasatinib, plasma concentration rose quickly in a dose-
dependent manner: Cpax reached 102 ng/mL at 20 mg/kg and 366.36 ng/mL at 40 mg/kg,
both with 1.17 hrs of Tax, and AUCq_o4nrs Were 495.2 and 1940.0 ng h/mL, respectively
(Fig. 2A, Table 1). Drug concentration in the plasma then decreased, with t;, of 0.35 and
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0.34 hr. By comparison, ponatinib orally given at 15 and 30 mg/kg resulted in Cp,ax Of
181.36 and 355.84 ng/mL and AUCq_panrs Of 1533.2 and 2996.5 ng h/mL, respectively.
Ponatinib apparent clearance was slower than dasatinib, with a Tyax 0f 3.04 and 3.08 hrs,
and ty/, of 1.92 hrs for both dosages (Fig. 2B, Table 1). Other PK parameters are described
in Table 1.

We then evaluated the PD of each drug in two T-ALL PDX models in which we had
confirmed dasatinib and ponatinib efficacies /n vivo (Fig. 1E, 1F)(16). The doses and dosing
schedule were the same as those used in the PK studies noted above. pLCK inhibition

in human T-ALL blasts from mouse bone marrow was examined as the PD endpoint by
Western blotting and quantified using near-infrared fluorescence detection (Fig. 2C, 2D).
With both drugs, a higher dosage resulted in better pLCK inhibition and slower recovery
(Fig. 2E-H).

Using the observed pLCK/LCK ratios, we performed PK/PD modeling to explore exposure-
to-response relationships for each drug. The model fit estimated a peak pLCK inhibition by
dasatinib of 88% (CV%: 8%), while ponatinib produced a peak pLCK inhibition of 72%
(CV%: 16%) (Fig. 3A, 3B). Other PD parameters are summarized in Table 2. With these
models, we first simulated the steady-state drug concentration and pLCK inhibitory effect
for dasatinib and ponatinib with daily dosing schedule for a 7-day treatment course in mice.
For dasatinib at 20 mg/kg or 40 mg/kg, drug levels oscillated with each 24-hr period, with
concomitant changes in pLCK inhibition, consistently throughout the 7-day treatment. The
median duration of pLCK inhibition (at least 50%) by dasatinib was simulated to be 8.2 hrs
per day ([4.0, 13.6], 10" and 90t percentile) at 20 mg/kg and 14.5 hrs per day ([9.7, 21.8],
10t and 90™ percentile) at 40 mg/kg (Supplemental Fig. 3A, 3B). Simulations of ponatinib
data yielded a similar pattern of time-dependent change in drug plasma concentration and
pLCK inhibition. The median duration of pLCK inhibition (>50%) by ponatinib was 8.5 hrs
per day ([0, 13.3], 10t and 90" percentile) at 15 mg/kg and 12.0 hrs per day ([0, 16.6], 10t"
and 90t percentile) at 30 mg/kg (Supplemental Fig. 3C, 3D).

PK/PD-based simulations of steady-state effects of dasatinib or ponatinib in humans

To estimate the dosage and dosing schedule required for T-ALL treatment in humans, we
then sought to simulate pLCK inhibition in human T-ALL with FDA-approved adult doses
of dasatinib (140 mg daily) and ponatinib (45 mg daily) for BCR:'ABL1 ALL (12, 21,

23, 34, 40-42). We used previously reported human PK data for these agents to estimate
systemic exposure(30-32). During the 7-day course of dasatinib treatment, pLCK inhibition
oscillated significantly for each 24-hr period, although this still produced >50% pLCK
inhibition for 13.0 hrs per day ([5.7, 23.3], 10t and 90t percentile) given 140 mg once
daily (Fig. 3C). By contrast, simulations of ponatinib in humans showed a progressively
increasing plasma drug concentrations over the first three daily doses along with a gradual
increase in pLCK inhibition until steady-state was reached after the third dose. Ponatinib
achieved >50% inhibition for 13.9 hrs per day ([0, 24.0], 10t and 90t percentile) given 45
mg once daily (Fig. 3D). Lower doses of both drugs also showed sustained pLCK inhibition:
dasatinib 100 mg would result in >50% pLCK inhibition for 11.0 hrs per day ([4.6, 18.4],
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10t and 90" percentile), ponatinib 40 mg would suppress pLCK to the same degree for 9.6
hrs per day ([0, 24.0], 10t and 90t percentile).

Ponatinib can overcome dasatinib resistance in T-ALL in vitro

Given that dasatinib resistance caused by mutations in ABLIin BCR::ABL 1 leukemia

can be treated with ponatinib(13, 26), we explored whether this is also true in LCK-
activated T-ALL. First, we developed a dasatinib-resistant cell model by continuously
treating a dasatinib-sensitive T-ALL cell line, KOPT-K1, with dasatinib. After five weeks,
cells (hereinafter referred to as KOPT-K1-R) acquired resistance to dasatinib (Fig. 4A,
LCs5p=1717.5nM). Whole genome sequencing showed that the acquired resistance in KOPT-
K1-R might come from LCK mutation at T316l, which was later confirmed by Sanger
sequencing (Supplemental Fig. 4). Interestingly, these cells retained substantial sensitivity to
ponatinib with an LCsgq of 87.4nM (Fig. 4B), which is an achievable drug level based on
human PK data of this drug(30, 36—-38). Western blotting confirmed that dasatinib no longer
inhibited LCK in KOPT-K1-R, whereas ponatinib blocked LCK phosphorylation to some
extent, around 50% at 100nM (Fig. 4C, 4D).

Discussion

For reasons that are still not fully understood, T-ALL is associated with inferior prognosis
relative to B-ALL, in the context of conventional cytotoxic chemotherapy(1, 3, 5-8). The
discovery of LCK as a therapeutic target in a substantial subset of T-ALL is potentially
exciting because 1) there are a number of FDA-approved TKIs that can act as LCK
inhibitors(16-18, 43); 2) TKIs such as dasatinib and ponatinib have been integrated into
BCR::ABL1 ALL chemotherapy with documented safety(13, 21, 22, 34, 40). To aid the
development of LCK-targeting therapy for T-ALL, we herein performed comprehensive
preclinical PK and PD studies of two potent LCK inhibitors, namely dasatinib and ponatinib,
to establish the exposure-to-response relationship in T-ALL PDX models and then simulated
dose and dosing schedules appropriate for treatment in patients with T-ALL.

As multi-target kinase inhibitors, dasatinib and ponatinib exhibit similar potency against
LCK vs ABL based on binding affinity and enzymatic Kinetics (26, 44, 45). Moreover, our
group previously reported that cytotoxicity as measured by LCgg was also comparable for
dasatinib and ponatinib in LCK-activated T-ALL vs BCR::ABL1B-ALL(16). Therefore, we
reason that pharmacodynamic profile of dasatinib and ponatinib in BCR.:ABL 1 leukemias
can be used as a benchmark for these agents in LCK-activated T-ALL. In chronic myeloid
leukemia (CML) patients, dasatinib exposure was considered as sufficient to elicit a clinical
response if the time above 50% pCRKL inhibition is 12.8 hrs per day(46). This is in line
with our estimated duration of pLCK inhibition in human T-ALL by dasatinib at 140 mg and
ponatinib at 45 mg once daily in human T-ALL. For this reason, our results are informative
of the design of future trials of dasatinib or ponatinib in LCK-activated T-ALL. However,

it should be noted that there is significant variability in T-ALL sensitivity to dasatinib or
ponatinib ex vivo (16), plausibly linked to the degree of LCK activation, suggesting that

the level of pLCK inhibition required for anti-leukemic efficacy may vary from patient to
patient. Future studies are warranted to include additional T-ALL PDX models representing
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the entire range of LCK activation in order to model exposure-to-response relationships
more precisely.

A potential limitation of our study is that we did not consider the effects of age on dasatinib
or ponatinib PK. As an ABL inhibitor, dasatinib is currently approved to be given at a fixed
dose of 140 mg in adults with accelerated or blast phase CML or BCR..ABLI1 ALL (21, 40,
47), though many trials use daily dosing at 100mg in combination with chemotherapy(23,
41). By contrast, it is dosed based on body-surface area, ranging from 60 to 80 mg/m? in
children (22, 48, 49). In pediatric BCR..ABL1 ALL, there is also emerging data that suggest
therapy with dasatinib at 80 mg/m? is associated with improved survival (22); among adults,
dasatinib at higher dose (140 mg, equivalent to 80mg/m? in children) also showed increased
central nervous system penetration as compared to 100 mg(50). Because the PK profile

of dasatinib is similar between adults and children(51), it might be reasonable to start

with dasatinib at 80 mg/m? for pediatric T-ALL patients. However, ponatinib human PK
data in children is scarce though an ongoing Phase I/11 trial (NCT04501614) for pediatric
BCR::ABL 1 leukemia patients will provide critical information. It remains unclear what the
optimal dose of ponatinib would be in the context of LCK inhibition in T-ALL and whether
that differs between children and adults. We are conducting a Phase 11 trial of ponatinib

in patients with T-ALL (NCT05268003), which hopefully will shed light in this regard in
the near future. Finally, ponatinib is associated with notable toxicity, especially with higher
doses (45 mg)(13, 52, 53). Therefore, it is possible that ponatinib dose should be gradually
reduced as leukemic burden decreases over time to limit the exposure while maintaining
efficacy against residual disease(12, 34, 54).

A common cause of treatment failure with TKI therapy is the acquisition of drug resistance
mutations, and multiple lines of agents are often needed to maintain remission. For instance,
acquired resistance to dasatinib including mutation of ABL1T315l in BCR..ABL1 leukemia
can be addressed by switching to ponatinib(13, 26). It is unknown how often L CK mutation
may arise during either dasatinib or ponatinib therapy, or different types of mutation can

be associated with each agent in patients with T-ALL. Our /n7 vitro data suggests that LCK
T3161 directly causes dasatinib resistance in T-ALL cell line, but this does not seem to
completely abrogate ponatinib’s interaction with LCK, and therefore its cytotoxic effects.
However, it should be noted that ponatinib activity was significantly weakened in T-ALL
with mutant L CK; whereas its effects were largely unaffected by ABL mutations(26).

Even though T316 in LCK and T315 in ABL are both gatekeeper residues for the kinase
domain(55), they may have differential impact on ponatinib binding. These results are
potentially important and may inform the choice of LCK inhibitor in T-ALL, but their
relevance in human trials need to be examined carefully.

In conclusion, we characterized PK and PD profiles of dasatinib and ponatinib in preclinical
T-ALL models and our results established potential dosages for future human trials of LCK
inhibitors in T-ALL.
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Figure 1. Ponatinib shows antileukemic activity in L CK-activated T-ALL ex vivo and in vivo.
A, Ponatinib LCsq distribution in human T-ALL (N=52). The black solid line and red dash

line indicate the median LCsq and the cut-off (90nM) for ponatinib sensitivity, respectively.
B-D, Comparison of LCsp between dasatinib and ponatinib (B, N=51), saracatinib and
dasatinib (C, N=38), and saracatinib and ponatinib (D, N=38) in T-ALL samples evaluated
by Pearson tests. In each panel, the red line indicates the regression line (R?=0.540, P
<0.0001 in B; R?=0.793, £<0.0001 in C; R?=0.682, £<0.0001 in D) and the black dashed
line represents the line of identity. E, F, /n vivo efficacy of ponatinib therapy in three LCK-
activated T-ALL PDX models. Leukemic burden of the mice treated with either ponatinib
30 mg/kg or vehicle were monitored by blast % in peripheral blood. Each curve represents
an individual mouse and P-value was estimated using a Wilcoxon matched-pairs signed rank
test (E). Survival after the injection was estimated for each T-ALL PDX model. P-value was
calculated using a log-rank test (F). The ponatinib treatment arms are shown in red, while
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the vehicle treatment arms are in blue. Each treatment arm included six mice for PDXs #1
and #2, and eight mice per arm for PDX #3 (left, middle, and right panels, respectively). PB,
peripheral blood.
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Figure 2. PK and PD profiles of dasatinib and ponatinib in mice.
A, B, Time-dependent change in plasma drug concentration after single dose administered

orally. For dasatinib, observed plasma concentrations are plotted in light green (20 mg/kg)
and dark green (40 mg/kg) (A), while those are shown in light blue (15 mg/kg) and dark
blue (30 mg/kg) for ponatinib (B). The corresponding curves and shaded regions are the
median and 25"-75! percentile drug concentrations predicted by a one-compartment PK
model with first-order absorption and linear elimination. The grey shaded regions are

the 10t-90t" percentile model predicted drug concentrations. 100 ng/ml is equivalent to
204.9nM for dasatinib, and 187.8nM for ponatinib. C, D, LCK phosphorylation over time
after dasatinib and ponatinib treatment was used as the PD endpoint in the two T-ALL
PDX models. pLCK was quantified by Western blotting using near-infrared fluorescence
detection. Human T-ALL blasts were collected from mouse bone marrow (derived from
PDXs #2 and #3 in Fig. 1E, F) at various time points after a single dose of each drug.
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Representative results are shown. E-H, The y axes indicate relative phosphorylation levels

normalized to mice not receiving drug (0 hr). Each plot is a mean from three mice shown
with S.D. as an error bar.
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Figure 3. Simulation of PK-PD after repetitive dasatinib and ponatinib dosing in human T-ALL.
A, B, PK/PD modeling in mice after receiving a single dose of dasatinib (A) or ponatinib
(B). For pLCK inhibition (left y axis, normalized to untreated animals), data are plotted

as light green (20 mg/kg) and dark green symbols for dasatinib (40 mg/kg), while they

are plotted as light blue (15 mg/kg) and dark blue symbols (30 mg/kg) for ponatinib

Data from PDX #2 are shown as circles and squares, and those from PDX #3 are in

rhombi and triangles. The median, 10t-90t percentile pLCK levels were predicted and

are respectively shown in the curves and shaded regions in the same colors. For plasma
drug concentrations (right y axis) The black circles (lower doses) and black squares (higher
doses) show measured plasma drug concentrations and the black solid (lower doses) and
black dashed (higher dose) curves indicate the median model estimated drug concentrations.
100 ng/ml is equivalent to 204.9nM for dasatinib, and 187.8nM for ponatinib. C, D, PK and
PD simulations at FDA-approved dosages of dasatinib and ponatinib in humans. The steady-
state after seven doses of dasatinib 140 mg (C) and ponatinib 45 mg (D) given daily are
simulated (N=100). In the dasatinib simulation, the median, and 10t-90™ percentile model
estimated pLCK levels are shown by the green curve and shaded regions, respectively.

For ponatinib, the blue curve and shaded regions indicate the median, 10t-90t" percentile
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model estimated pLCK levels. In both simulations, the black solid curve and shaded regions
indicate the median, 10!-90t" percentile model estimated drug concentrations. The right y
axes, plasma drug concentrations; the left y axes, pLCK levels normalized to the untreated
mice. The red lines indicate model estimated pLCK levels equal to 50%.
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Figure 4. Dasatinib-resistant KOPT-K 1 retainsits sensitivity to ponatinib.
A, B, The resistant cells (KOPT-K1-R, dashed line) as well as parental cells (KOPT-K1-

P, solid line) were subject to either dasatinib (A) or ponatinib (B) treatment for 72

hrs at various concentrations, followed by a CTG assay to evaluate cell viability. The

y axes indicate % cell viability compared to the respective untreated cells. C, D, LCK
phosphorylation in dasatinib- or ponatinib-treated cells were quantified by Western blotting.
The cells were treated at indicated concentrations for 3 hrs. The experiments were repeated
three times and a representative image is shown (C). CTRL, no-treatment control; DAS,
dasatinib; PON, ponatinib. D, The y axes indicate relative LCK phosphorylation normalized
to the level in untreated cells. Each plot is a mean from independent experiments (N=3)
shown with S.D. as an error bar.

1duosnuepy Joyiny

1duosnue Joyiny

Leukemia. Author manuscript; available in PMC 2024 June 01.



Page 22

Yoshimura et al.

Author Manuscript

‘a1jaujodeweyd ‘Md ‘aouetes|d Juasedde ‘410 ‘8AInd syl Japun eale ‘DN

(#0'T1-26'8) L6'6
(L6'01-69'8) 8L'6
(T5'2-2r'1) 26T
(L62-zeT) 26T
(85°¢-€92) 80°E
(85°€-v52) ¥0'€
(Se'2TI-€8'80€) ¥8'SSE
(z1'0TZ-56'€ST) 9€'18T
(T0'59€€-25'9T.¢) TZ'0TOE
(0T L221-52'L9€T) ¢ €EST
(LT'1S€€-9¥'2012) 959662
(T8'8TLT-V9'€9€ET) €G'v2ST

(Bxy/u/Tw) Bw 0g 4710
(B/ayTw) B 6T 419

(s1y) Bw og @1y

(s1y) Bw T @My

(s1y) Bu g Xew]

(say) B g ¥

(w/Bu) Bw g X4y

(wyBu) B §T XS

(wyay Bu) B og Aoy
(wyay Bu) Bw gT Aoy
(uyay Bu) Bw og S0y

(Twyay Bu) B T 47205y

(7L'€€.-28'S9T) 8E'TVE
(68'STET-TO'Y82) TV'L99
(¥€'0-L2°0) ¥€'0
(sv'0-22'0) S€°0
(ev'1-26'0) LT'T
(er'1-€80) LT'T
(9T'278-25'99T) 9€'99¢€
(z9'0£2-18'L€) 00'20T
(Te'L20v—2L'806) 88'2G6T
(TL'€LTT-€€'€5T) TG'66Y
(S0'vzZ0v—Lv'206) LO'OV6T
(8G'02TT-5T'€52) TZ'S6Y

(Botayyw) Bwi oy 4710
(Bauw) Bw 0z 410
(s1y) Bwi oy &My

(say) Bw 0z @M

(say) Bu oy 41

(say) Bw oz **1
(TwyBu) Bur oy ¥4

(Tw/Bu) Bw oz ***o

(wyay Bu) Bw oy 405Ny
(wyy Bu) Bw oz 70Ny

(e1nueo ed yiG6-yG) UeIPE N

(e1nueo rd yiG6-yG) Uelpe N

glulyeuod

qluijeseq

901w pasop-AJJe0 ul giuneuod pue giuiesep Jo sialawered Md

‘TalqeL

Author Manuscript

Author Manuscript

Author Manuscript

Leukemia. Author manuscript; available in PMC 2024 June 01.



Page 23

Yoshimura et al.

Author Manuscript

‘o1wreuApodewseyd ‘ad

(0'¥Z '0) 8'7T Bx/Bw 0g
(0'¥Z '0) 50T B%/Bw GT

(0'7Z '6'8) 5'ST BY/Bw o
(L'6T ‘L'¥) 0°0T B/Bw 0z

(a1musalad ;06-,;0T) (Kep/siy) %0G> MOT1/XD71d J0 uomeInp UeIpaN

(%91) 0°2L (%8) 0°88 (9%/D) (%) uomaiyur 7d wnwixein
(%€T) 0°€9 (%vT) 0°€e (%A\2) (Jw/Bu) %63
(%Lv) 705 (%69) 0'z€ (%AD) (1w/Bu) 9593
(%99) 9°C (%29) €L (%AD) (Jw/Bu) 43
qiuireuod qiuireseq

301W pasop-Ajjelo ul qiuieuod pue qiunesep Jo sislaweled Ad parewns3

‘¢ slqeL

Author Manuscript

Author Manuscript

Author Manuscript

Leukemia. Author manuscript; available in PMC 2024 June 01.



	Abstract
	Introduction
	Material and methods
	Patients and samples
	In vivo evaluation of ponatinib efficacy in T-ALL PDXs
	Dasatinib and ponatinib PK studies
	Sample collection
	PK modeling

	Dasatinib and ponatinib PD studies
	Sample collection and phosphorylated LCK pLCK measurement
	PD modeling

	PK/PD simulations for steady-state drug exposure and pLCK inhibition
	Western blotting for LCK and pLCK
	Statistical analysis
	Data availability statement

	Results
	Cytotoxicity profile of dasatinib and ponatinib in T-ALL
	PK and PD evaluation of dasatinib and ponatinib in mice
	PK/PD-based simulations of steady-state effects of dasatinib or ponatinib in humans
	Ponatinib can overcome dasatinib resistance in T-ALL in vitro

	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Table 1.
	Table 2.

