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ABSTRACT
◥

Purpose: Approved therapies for EGFR exon 20, ERBB2 muta-

tions, and NRG1 fusions are currently lacking for non–small cell

lung cancer and other cancers. Tarloxotinib is a prodrug that

harnesses tumor hypoxia to generate high levels of a potent,

covalent pan-HER tyrosine kinase inhibitor, tarloxotinib-effector

(tarloxotinib-E), within the tumor microenvironment. This tumor-

selective delivery mechanism was designed to minimize the dose-

limiting toxicities that are characteristic of systemic inhibition of

wild-type EGFR.

Experimental Design: Novel and existing patient-derived cell

lines and xenografts harboring EGFR exon 20 insertion mutations,

ERBB2mutations and amplification, and NRG1 fusions were tested

in vitro and in vivo with tarloxotinib to determine its impact on

cancer cell proliferation, apoptosis, and cell signaling.

Results: Tarloxotinib-E inhibited cell signaling and pro-

liferation in patient-derived cancer models in vitro by directly

inhibiting phosphorylation and activation of EGFR, HER2, and

HER2/HER3 heterodimers. In vivo, tarloxotinib induced tumor

regression or growth inhibition in multiple murine xenograft

models. Pharmacokinetic analysis confirmed markedly higher

levels of tarloxotinib-E in tumor tissue than plasma or skin.

Finally, a patient with lung adenocarcinoma harboring an ERBB2

exon 20 p.A775_G776insYVMA mutation demonstrated a drama-

tic clinical response to tarloxotinib.

Conclusions: Experimental data with tarloxotinib validate the

novelmechanism of action of a hypoxia-activated prodrug in cancer

models by concentrating active drug in the tumor versus normal

tissue, and this activity can translate into clinical activity in patients.

Introduction
Members of the ErbB family of receptor tyrosine kinases (RTK)

have long been implicated as oncogenes in numerous cancer types.

Several studies have delineated the proliferation signals generated

by ErbB receptors within cancer cells (1). The ErbB family consists

of four members: EGFR (encoded by EGFR), HER2 (ERBB2), HER3

(ERBB3), and HER4 (ERBB4). Under physiologic conditions, ligand

binding induces receptor heterodimerization or homodimerization

which initiates a signaling network that includes the Ras/Raf/MAPK

and the phosphatidylinositol 3-kinase (PI3K)/Akt pathways, which

are key intracellular pathways that govern fundamental cellular

processes including proliferation, cell migration, metabolism, and

survival (2).

EGFR-activating mutations occur in a range of 10%–40% of non–

small cell lung cancer (NSCLC; ref. 3). Of these, approximately 85%–

90% are in-frame deletions in exon 19 or L858R. These mutations are

responsive to first- (erlotinib and gefitinib), second- (afatinib and

dacomitinib), and third- (osimertinib) generation EGFR tyrosine

kinase inhibitors (TKI), which are FDA approved for these

mutations (4–8). EGFR exon 20 insertions are also activating and

account for 5%–9% of EGFRmutations driving NSCLC (9, 10). EGFR

exon 20 insertion mutations represent a combination of in-frame

insertions and/or duplications of 3 to 21 bp, predominantly clustered

between codon 763 and 774 (10).

Approved EGFR TKIs have a wide therapeutic window for EGFR

mutations such as L858R, endowed by a higher affinity of the drug

combinedwith a lower affinity forATP for themutant receptor (11). In

contrast, EGFR exon 20 insertion mutations, with the exception of

EGFR p.A763_Y764insFQEA, show similar affinity to both EGFR

TKIs and ATP as does wild-type (WT) EGFR (9, 12). As a result of this

disparate biochemistry, approved EGFR TKIs, including potent, cova-

lent, pan-HER inhibitors such as afatinib, have little activity against

EGFR exon 20 mutations (13, 14). The doses of standard EGFR TKIs

that could effectively inhibit EGFR exon 20 are likely to cause

significant toxicity related to inhibition of WT EGFR, narrowing the

therapeutic window and limiting effective drug exposure in patients.

There are currently no approved therapies for EGFR exon 20

insertions.

EGFR is not the onlyErbB-related gene that has oncogenic alterations

with a limited therapeutic window; ERBB2 and NRG1 have also proven

difficult to target in NSCLC. ERBB2 mutations, most commonly

insertions in exon 20 similar to EGFR and gene amplification occur

in NSCLC but respond poorly to pan-HER TKIs such as dacomitinib

and others, likely as a consequence of dose-limiting inhibition of

WT EGFR (15, 16). Gene fusions involving neuregulin 1 (NRG1)
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represent a recently identified class of oncogenes first identified

in NSCLC (17), but now recognized to occur across numerous

tumor types including breast, ovarian, and pancreatic cancers (18).

Neuregulin 1 is one of the heregulin family growth factors that

binds HER3 and induces dimerization, frequently with HER2,

followed by transphosphorylation of the receptors and the activa-

tion of downstream signaling pathways (17, 19). Currently, there

are no approved therapies for ERBB2 oncogenic alterations in

NSCLC or for tumors bearing NRG1 fusions.

On the basis of a lack of available clinical strategies for EGFR

exon 20 insertions and HER2 alterations in NSCLC as well as NRG1

fusions, we sought to exploit a novel mechanism of action to

generate a favorable therapeutic window in patients where EGFR

toxicity may be limiting for standard therapeutic approaches.

Tarloxotinib (named for targeting low oxygen) was designed as a

hypoxia-activated prodrug (Supplementary Fig. S1) that bears a

permanent positive charge rendering it less able to transit into cells

to interact with the kinase domain of EGFR, HER2, and HER4.

Tarloxotinib, once reduced by a single electron to the nitro radical

anion intermediate, can act as a direct oxygen sensor. In the

presence of physiologic concentrations of oxygen, backoxidation

of the nitro radical anion occurs to regenerate the intact prodrug

and superoxide in a futile redox cycle. However, when oxygen

concentrations are low (hypoxia), the nitro radical anion is suffi-

ciently long lived to fragment, releasing a potent, irreversible pan-

ErbB (EGFR, HER2, and HER4) TKI referred to as tarloxotinib-

effector (tarloxotinib-E; Supplementary Fig. S1; refs. 20, 21). Hyp-

oxia is common to most tumors and has been correlated with tumor

progression, resistance to therapy, and poor clinical outcome (22).

In NSCLC, most target lesions were demonstrated to be hypoxic

using the hypoxia PET imaging radiotracer 18F-HX4 (23). Prior

work demonstrates that the prodrug tarloxotinib has very weak

inhibitory activity against WT EGFR in cells (24) but can be

converted to the active metabolite tarloxotinib-E in a hypoxic tumor

environment. This mechanism would generate a therapeutic win-

dow by achieving inhibitory doses of the pan-HER inhibitor with

activity against both WT and mutant forms of EGFR, HER2, and/or

HER4 in the tumor microenvironment while sparing oxygenated

normal tissues fromWT EGFR inhibition (20). Prior phase I clinical

trials established the MTD as 150 mg/m2 once weekly via intrave-

nous administration (25).

In this work, we demonstrate the preclinical activity of tarloxotinib

in vitro and in vivo using novel patient-derived tumor models har-

boring oncogenic EGFR exon 20 insertion mutations as well as cancer

models with ERBB2 alterations and NRG1 fusions. We also describe

the dramatic tumor response in a patient with NSCLC enrolled on the

phase II trial of tarloxotinib (NCT03805841) whose tumor harbors an

ERBB2 p.Y772_A775dup (YVMA) insertion mutation, validating that

the novel mechanism of action of the hypoxia-activated prodrug

translates into clinical activity in patients.

Materials and Methods
Cell lines and reagents

Supplementary Table S1 summarizes the cell lines and their respec-

tive oncogenes. H1781, Calu-3, H2170, A431, and H661 cell lines were

acquired from the UC Denver Tissue Culture Core. MDA-MB-175vIII

(ATCCHTB-25) were purchased fromATCC. Cell lines were validated

by fingerprinting andMycoplasma tested. All cell lines were cultured in

RPMI1640 supplemented with 10% FBS. Gefitinib and afatinib were

purchased from Selleck Chemicals. Tarloxotinib and tarloxotinib-E

were designed and synthesized by Jeff Smaill and Adam Patterson

(Auckland Cancer Society Research Center) and provided by Rain

Therapeutics. Antibodies used were as follows: AKT pS437 (4058), total

AKT (2920), ERK pT202/Y204 (9101), total ERK (9107), EGFR pY1068

(2234), total EGFR (2232), HER2 Y1221 (2243), HER3 Y1222 (4784)

all from Cell Signaling Technology. Total EGFR (610017) and total

HER2 (610161) from BD Transduction Laboratories. Total HER3 and

GAPDH (MAB374) from EMD Millipore.

Cell line derivation

Written informed consent was obtained from the patients prior to

collection of the patients’ tumor samples. The consent form and

protocol were reviewed and approved by the Colorado Multiple

Institutional Review Board. The patient-derived EGFR exon20 inser-

tion cell lines presented here originated from malignant pleural

effusions or ascites fluid. Total cells were isolated from the patient’s

fluid by centrifugation followed by lyses of the red blood cell via a

hypotonic solution from Lonza ACK Lysing Buffer. The remaining

nucleated cells were then cultured overnight in RPMI1640 supple-

mented with 10% FBS in tissue culture dishes to initially select out any

adherent stromal cells. The nonadherent cell fraction was further

enriched for tumor cells by subtracting out any immune cells using

a CD45 magnetic bead depletion kit (Stem Cell Technology). The

refined tumor cell mixture was then cultured in RPMI1640 with 10%

FBS until outgrowth of tumor cells. Tumor cells containing the patient

tumor sample matched EGFR exon 20 insertion were confirmed via

custom-capture, targeted next-generation sequencing (NGS; ref. 26).

Cell lines were designated CUTO14 (CU Thoracic Oncology),

CUTO17, and CUTO18. The patient from which CUTO14 was

derived was previously treated with carboplatin and pemetrexed

chemotherapy only (no prior EGFR-directed therapies). The patient

from which CUTO17 was derived was previously treated with cis-

platin/pemetrexed, pembrolizumab, then a low dose of an investiga-

tional EGFR TKI on a phase I clinical trial for less than 1 month. The

patient from which CUTO18 was derived was previously treated with

erlotinib and an investigational agent on a clinical trial (best response

of disease progression), carboplatin and pemetrexed, then a lowdose of

an investigational EGFR TKI on a phase I clinical trial for less than

1 month.

Lentivirus shRNA production and cell transduction

Production of lentivirus was performed by cotransfecting

pCMV-VSV-G and pCMVDR8.2 into 293T cells along with

non-targeted short hairpin RNA (shRNA) Control (SHC002), or

two EGFR shRNA (Functional Genomics Facility, University of

Colorado, Aurora, CO) using Mirus TransIT-293 reagent according

to the manufacturer’s protocol. Viral supernatants were collected

48 hours after transfection and added to different cell lines.

Immunoblotting

Cells were lysed in T-PER Tissue Protein Extraction Reagent

(Thermo Fisher Scientific) supplemented with Halt Protease and

Translational Relevance

Targeting lung cancers with EGFR exon 20 and ERBB2 muta-

tions has been unsuccessful due to the lack of a therapeutic window

for inhibitors that induce side effects in normal tissues. Tarlox-

otinib circumvents this problem by using tumor hypoxia to

generate high levels of a potent pan-HER inhibitor within the

tumor.
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Phosphatase Inhibitor Cocktail. Proteins were resolved by SDS-PAGE

and analyzed by Western blot analysis using the indicated primary

antibodies. Protein detection was achieved by imagining with an

Odyssey Imager and Image Studio software (LI-COR Biotechnology).

Kinase profiling

Kinase profiling of tarloxotinib-E was performed by Reaction

Biology (Malvern, PA). Tarloxotinib-E was tested against a panel of

kinases in 10-dose IC50 duplicate mode with a 4-fold serial dilution

starting at 100 mmol/L. Reactions were carried out with 33P-ATP for

2 hours. The remaining radioactive phosphorylated substrate was

measured. IC50 values were obtained using Prism Software (GraphPad).

Proliferation assays

Proliferation for the EGFR shRNA experiments was evaluated

using the IncuCyte Live-cell Analysis System. Briefly, CUTO14,

CUTO17, and CUTO18, cells were plated in a 96-well, infected with

the above lentiviral vectors and the plate was transferred to the

IncuCyte. The IncuCyte system enables automated quantification of

cell proliferation by automatically gathering and analyzing images

through time. Growth curves using the IncuCyte were generated by

confluence imaging every 4 hours by triplicate for a total of 72 hours.

Data were analyzed using IncuCyte Zoom software to evaluate pro-

liferation base on the percentage of confluency per well.

Proliferation assays tomeasure drug effect were performed inmedia

supplemented with 10% FBS. Cell were seeded at a density of 2 � 103

cells per well in a 96-well plate and treated with the indicated doses of

inhibitors for 72 hours. MTS assays were performed according to the

manufacturer’s instructions (CellTiter 96 Aqueous One Solution Cell

Proliferation Assay, Promega). Each experiment was performed in

triplicate and repeated at least three times. Datawere analyzed in Prism

software (GraphPad).

Apoptosis assays

The IncuCyte caspase 3/7 green apoptosis assay reagent was

employed to detect apoptosis in real time. Cell were seeded at a density

of 2� 103 cells per well in a 96-well plate, the following day cells were

treatedwith the indicated doses of inhibitors and the apoptosis reagent.

Plates were immediately placed in the IncuCyte System, after 30

minutes to allow the plate to warm scanning was started. Pictures

were taken every 4 hours for a total of 4 days. The analysis of the image

was done using the IncuCyte software.

Xenograft studies

All studies involving animals were approved by the Institutional

Animal Care and Use Committee Office of the University of Colorado

Anschutz Medical Campus (Aurora, CO). Cells were resuspended in

1:1 [volume for volume (v/v)] media and matrigel for subcutaneous

flank implantation (3 � 106 cells/0.1 mL). Tumor growth was mon-

itored once a week by bilateral caliper measurements; once tumors

reached 0.15–0.25 cm3, mice were randomized into vehicle or treat-

ment groups (7–10 mice per group, with two flank tumors each

mouse). Dose regimens were as follows: afatinib, dosed 6 mg/kg once

daily by oral gavage for 4 weeks; tarloxotinib, dosed 48 or 26 mg/kg

once a week by intraperitoneal injection for 4 weeks, and vehicle

(20% v/v 2-hydroxypropyl-b-cyclodextrin). Tumor growth inhibition

from start of treatment was assessed by comparison of the mean

change in tumor volume for the control and treated groups. Statistical

significance was evaluated using an ANOVA test (Graph Pad Prism).

Mice were weighed at least once a week during treatment and percent

of weight change was calculated.

Immunofluorescence and quantification

Slides were deparaffinized in xylene and rehydrated in graded

concentrations of ethanol before antigen retrieval (EnVision FLEX

Target retrieval solution high pH) in a pressure cooker at 121�F for 10

minutes. Next, the slides were cooled for 20minutes before washing in

TBS-0.1% Tween. They were then treated with Duolink blocking

solution (Sigma) for 30 minutes at 37�C. The samples were incubated

with primary antibodies: hypoxyprobe kit Mab1 antibody and cyto-

keratin (abcam ab217916) overnight at 4�C followed by fluorescent tag

secondary antibodies (Biotium, 488 donkey anti-mouse and Invitro-

gen alexa 647) plusDAPI (ThermoFisher Scientific) for 1 hour at room

temperature. Slides were then washed and mounted (Fluoroshield

mountain media, Abcam).

Slides were analyzed using an IX83 Olympus microscope, pictures

were taken at 20� and quantification was done using cellSens

(Olympus) and ImageJ software. Each tumor image was separated in

channels (red:cytokeratin, green:hypoxia and blue:DAPI). Area of

each channel was measured, and percent was calculated on the basis

of the total area of the tumor. Data are presented as average � SEM.

Pharmacokinetic studies

Tarloxotinib (48 mg/kg) was administered by intraperitoneal injec-

tion once. At the indicated times after the dose, mice were euthanized

by CO2 inhalation and cervical dislocation. Blood samples were

obtained directly from the heart, heparinized blood was immediately

centrifuged at 800 g for 10minutes. The supernatant layer of the blood

was collected as plasma.

For tumor tissue was also collected at the indicated times. Tumor

tissue was excised, divided in half by scalpel, and one-half was snap

frozen in liquid nitrogen while the second was fixed in formalin for

other studies. Tissue in liquid nitrogen was used for analysis. Here,

plasma (10 mL) or frozen tissue (�100 mg) was mixed with 4 volumes

of ice-cold acetonitrile containing deuterated internal standards (ISD).

Tissue samples were subject to additional steps of homogenization

(Tissuelyser II, Qiagen) and extraction (Heidolph Multi Reax). All

samples were centrifuged and clear supernatants mixed (1:2) with

45 mmol/L ammonium formate buffer pH 4.5 before loading (Agilent

1100 autosampler) onto LC system (5 mm Zorbax SB-C18 column,

Agilent) with mobile phase 0.01% formic acid in 80% acetonitrile-20%

water, v/v (solvent A), and 0.01% formic acid in water (solvent B);

linear gradient with 9 minutes run time. Mass spectrometric detection

(Agilent 6410 triple quadrupole) utilized positive electrospray ioni-

zation parameters optimized for positively charged ions representing

the ([MþH]þ) for tarloxotinib, tarloxotinib-E, and their respective

ISDs. Agilent MassHunter software (v.4.04.00) was used for data

acquisition and chromatographic peak integration with standard

curves (0.005–30 mmol/L) prepared in mouse plasma to estimate the

concentration of tarloxotinib, tarloxotinib-E in the samples.

Mice were given 6 mg/kg of afatinib by oral gavage and blood was

collected at the indicated times following the protocol described

previously. Analysis of the plasma was done by the CU Cancer Center

Pharmacology Shared Resource (PharmSR).

Clinical trial

NCT03805841 is an ongoing multicenter phase II study evaluating

the efficacy of tarloxotinib in selected patients with oncogenic altera-

tions in EGFR, ERBB2, ERBB4, or NRG1 and metastatic or advanced

NSCLC or other solid tumors. The study is approved by Institutional

Review Boards at all institutions that enroll patients, and eligible

patients provided written informed consent to participate. The study

is sponsored by Rain Therapeutics and is conducted in accordance

Tarloxotinib Is a Hypoxia-Activated pan-HER Kinase Inhibitor
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with the in compliance with Good Clinical Practice and with the

Declaration of Helsinki.

Results
Novel in vitro models of EGFR exon 20 insertions

A goal of this study was to determine whether tarloxotinib can

overcome clinical resistance of several oncogene classes including

EGFR exon 20 insertion mutations, but the lack of preclinical models,

such as patient-derived cell lines or mouse models has hindered

this effort. To address this need, we successfully derived and main-

tained three unique cancer cell lines bearing EGFR exon 20 inser-

tions. The three cell lines were confirmed to have three different exon

20 insertion mutations: EGFR p.A767_V769dupASV (CUTO14),

p.N771_773dupNPH (CUTO17), and p.S768_D770dupSVD

(CUTO18; Supplementary Table S1). The mutations in each cell line

matched the known mutation from the patients’ tumors obtained by

clinical sequencing (not shown). There is significant diversity in EGFR

exon 20 insertionmutations (Supplementary Fig. S2A), but these three

EGFR exons 20 insertion mutations represent the most common in

NSCLC, accounting for up to 50% of all EGFR exon 20 insertion

mutations (10).

These patient-derived cell line models allowed us to directly test

whether cellular proliferation and survival is dependent on these EGFR

oncogenes. To do so, we introduced shRNAs to decrease EGFR

expression and evaluate cell proliferation.We confirmed the reduction

of protein expression by performing immunoblots of EGFR (Supple-

mentary Fig. S2B). EGFR knockdown in CUTO14, CUTO17, and

CUTO18 resulted in a reduction in proliferation compared with

nontargeted controls for each of the EGFR exon 20 cell lines, but not

an EML4-ALKþ cell line (Supplementary Fig. S2C).

Tarloxotinib-E but not tarloxotinib is a potent inhibitor of EGFR

and HER2

First, wewanted to test the potency of the active formof the prodrug,

tarloxotinib-E, in cancer models bearing oncogenic alterations in the

ERBB gene family under normal oxygen conditions. To verify the on-

target effect of tarloxotinib-E, we evaluated EGFR phosphorylation

(pEGFR) in cancer cells bearing EGFR exon 20 insertions after

treatment with tarloxotinib-E. Our results show that in the cell lines

CUTO14, CUTO17, and CUTO18, tarloxotinib-E inhibits phosphor-

ylation of the receptor at relatively low concentrations (Fig. 1A;

Supplementary Fig. S3A and S3B). Gefitinib (a first-generation inhib-

itor), and osimertinib (a third-generation inhibitor) showed inhibition

at higher concentrations. Afatinib (a second-generation inhibitor) had

a similar effect to tarloxotinib-E, which was anticipated given the

structural similarities. When we analyzed signaling pathways com-

monly activated by EGFR, we observed that tarloxotinib-E inhibited

the phosphorylation of ERK1/2 (pERK1/2) and AKT (pAKT) at

similar concentrations to pEGFR inhibition, consistent with the role

of EGFR exon 20 insertions as a dominant oncogene driver in these

cells that directly activates canonical cancer signalingMAPK andAKT

pathways (Fig. 1A; Supplementary Fig. S3A and S3B). Similarly,

gefitinib, afatinib, and osimertinib inhibited pERK1/2 and pAKT at

concentrations that inhibited pEGFR, but generally required higher

concentrations than tarloxotinib-E.

We also treated NSCLC cell lines with HER2 alterations including

H1781 (ERBB2 p. G776Ins V_G/C), CALU-3, and H2170 (both with

ERBB2 gene amplification) with tarloxotinib-E (27–29). These models

also demonstrated inhibition of pHER2 with tarloxotinib-E at lower

doses than gefitinib, afatinib, and osimertinib (Fig. 1B; Supplementary

Fig. S3C and S3D). Notably, there was a clear reduction of pAKT

at similar concentrations required for pHER2 inhibition, but not

pERK1/2, with all of the inhibitors tested.

NRG1 gene fusions have recently been identified as oncogenic

drivers in NSCLC (17) and other cancer types (18). We therefore

tested whether tarloxotinib-E could effectively inhibit signaling

in the breast cancer cell line MDA-MB-175vIII, which harbors a

DOC4-NRG1 gene fusion (30). Tarloxotinib-E effectively inhibited

phosphorylation of both HER2 and HER3 at a concentration simi-

lar to afatinib but at lower doses than gefitinib and osimertinib

(Fig. 1C). Inhibition of pERK1/2 and pAKT was achieved at similar

concentrations required to inhibit pHER2/pHER3 suggesting that

these signaling pathways are directly linked.

The prodrug, tarloxotinib, was engineered to be far less effective

against EGFR, HER2, and HER4 in cells to spare any on-target activity

in nontumor tissues. In A431 cells, which express WT EGFR, the IC50

for inhibition of pEGFR was 2 nmol/L for tarloxotinib-E compared

with 201 nmol/L for tarloxotinib demonstrating an approximate

100-fold difference in potency (Supplementary Fig. S4A). In the

presence of ligand (EGF), the IC50 of EGFR phosphorylation was

8 nmol/L. Similarly, in Calu-3 cells which express WT HER2, the IC50

for inhibition of pHER2 was 18 nmol/L for tarloxotinib-E compared

with nearly 3 mmol/L for tarloxotinib showing a near 155-fold differ-

ence in potency. Accordingly, significantly higher levels of tarloxotinib

were also required to inhibit pEGFR in CUTO14 cells and pHER2

or pHER3 in H1781, Calu-3, and MDA-MB-175vIII cells (Supple-

mentary Fig. S4B). In vitro kinase data (Supplementary Table S2)

demonstrate that tarloxotinib-E is also a potent inhibitor of HER4;

therefore, we tested tarloxotinib-E and tarloxotinib in H661 cells

which express high levels of HER4. Tarloxotinib-E inhibited phos-

phorylation of HER4 at approximately 10 nmol/L, which correlated

with a reduction of ERK1/2 phosphorylation. Gefitinib, afatinib, and

osimertinib reduced phosphorylation at higher concentrations com-

pared to tarloxotinib-E (Supplementary Fig. S4C).

Tarloxotinib-E but not tarloxotinib is a potent inhibitor of

cellular proliferation and inducer of apoptosis under normoxic

conditions

Following demonstration that tarloxotinib-E inhibits EGFR and

HER2 (and HER3) phosphorylation in a variety of oncogene-driven

models, we then evaluated whether tarloxotinib-E inhibits cell pro-

liferation in these cell lines. The three EGFR exon 20 insertion

mutation cell lines CUTO14/17/18 demonstrated increased sensitivity

to tarloxotinib-E compared with gefitinib, afatinib, and osimertinib

(Fig. 2A; Table 1). The prodrug tarloxotinib, however, has signifi-

cantly diminished activity on these cell lines under normal oxygen

conditions and only inhibited proliferation at very high concentra-

tions, in the range of 3–10 mmol/L (Fig. 2A; Table 1). On average,

the prodrug was approximately 65 times less potent than the

active drug consistent with the intentional design of tarloxotinib

(Fig. 2A; Table 1).

Similarly, when we evaluated the effects of tarloxotinib-E on the

proliferation of ERBB2 altered cells, we also observed higher sensitivity

compared with gefitinib, afatinib, and osimertinib (Fig. 2B; Table 1).

Indeed, the effect of tarloxotinib-E was significantlymore potent in the

ERBB2 altered cell lines compared with the EGFR exon 20 cell lines.

Tarloxotinib was up to 160 times less potent than tarloxotinib-E in the

ERBB2 models (Fig. 2B; Table 1). Similar analysis was performed

using the NRG1 fusion model MDA-MB-175vIII and proliferation

inhibition was achieved at less than 1 nmol/L with potency superior to

the other EGFR/HER2 inhibitors (Fig. 2C;Table 1). Finally, analysis of

Estrada-Bernal et al.
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the proliferation of HER4 cell line H661, show inhibition at 670 nmol/

L. As in other models, tarloxotinib was far less potent, and all the other

TKI evaluated required higher concentrations to inhibit proliferation

(Fig. 2C; Table 1).

We also assessed whether tarloxotinib-E induced apoptosis in cell

lines harboring oncogenes that activate ErbB signaling pathways

in addition to inhibiting cell proliferation. Cells were treated with

1 mmol/L of the indicated TKIs followed bymeasurement of caspase 3/

7 activation. The EGFR and ERBB2 exon 20–mutant cells show an

increase in caspase 3/7 activation after 12 hours of treatment with

tarloxotinib-E and this persisted after 24 hours of treatment (Supple-

mentary Fig. S5). Cells harboring the NRG1 fusion showed a modest

effect at 12 hours, but a marked increase in caspase 3/7 after 24 hours

or 48 hours of treatment with tarloxotinib-E.

Figure 1.

Tarloxotinib-E inhibits ErbB family member phosphorylation and downstream signaling in EGFR-, HER2-, or NRG1-driven cell lines. Cells were treated with

the indicated doses (nmol/L) of afatinib, gefitinib, osimertinib, or tarloxotinib-E (active drug) for 2 hours; lysed; and analyzed by immunoblot for the indicated

proteins. A, CUTO14 cell line (EGFR exon 20 insertion mutation). B, H1781 (ERBB2 exon 20 insertion mutation). C, MDA-MB-175vII (NRG1 fusion cell line).

Representative images of blots are shown. Experiments were performed in triplicate.

Tarloxotinib Is a Hypoxia-Activated pan-HER Kinase Inhibitor
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Collectively, these data suggest that the active metabolite

tarloxotinib-E is a potent inhibitor of cell proliferation and can

induce apoptosis in cancer models harboring alterations that utilize

the EGFR/HER2 (and HER3 signaling pathways) in vitro, whereas

the prodrug has markedly diminished activity in these models under

normoxic conditons.

Tarloxotinib inhibits tumor growth of ErbB-dependent

xenograft models

Prior work using plasma pharmacokinetic analyses of AUC

(AUC0–24 h) for free drug had estimated the human equivalent

dose (HED) of the recommended phase II dose of tarloxotinib

(150 mg/m2 i.v. once weekly) used in two prior human clinical trials

Figure 2.

Tarloxotinib-E inhibits proliferation of cell lines harboring EGFR, ERBB2, or NRG1 oncogenes. Dose–response curves of cell proliferation of CUTO14, CUTO17, and

CUTO18 (EGFR ex20ins; A); H1781 (ERBB2 ex20ins), H2170, and Calu-3 (ERBB2 amp; B); and MDA-MB-175VIII (breast cancer, DOC4-NRG1 fusion) and H661 (ERBB4

overexpression; C). Cells were treated with tarloxotinib (prodrug) or tarloxotinib-E (active drug) for 72 hours and analyzed by MTS assay. Experiments were done in

triplicate. Mean � SEM is plotted.

Table 1. Summary of IC50 (nmol/L) values.

Cell lines Gefitinib Afatinib Osimertinib Tarloxotinib Tarloxotinib-E

Tarloxotinib/Tarloxotinib-E

fold difference

EGFR Ex20ins

CUTO14 374 � 5 110.9 � 30.2 303 � 15.2 4,645 � 37.8 72.2 � 49.9 64.3

CUTO17 4,197 � 6.6 219.7 � 20.6 426 � 21.5 3,090 � 7.9 48.1 � 4.8 64.2

CUTO18 >10,000 841.3 � 5.8 647 � 6.7 >10,000 158.4 � 3.2 63.1

ERBB2

H1781 (ex20ins) 4,168 � 5 66 � 2.5 406 � 47.2 816 � 13.9 15 � 1.6 54.4

Calu-3 (amp) 1,324 � 7.8 31 � 11.4 188 � 35.2 3,252.7 � 2.7 2 � 4 162.5

H2170 (amp) 1,156 � 7.3 11 � 2.9 113 � 4.4 588 � 6.7 4 � 10.1 147

NRG1

MDA-MB-175VII 404 � 6.7 1.2 � 3.1 37 � 6.9 307 � 4.2 0.3 � 3 1,023.3

ERBB4

H661 >10,000 2,811 � 5.5 4,518 � 2 >10,000 667 � 2.5 15

Note: Calculated IC50 (nmoL/L) from the results of cell proliferation assays and fold difference of tarloxotinib/tarloxotinib-E activity. Values shown are the mean �

SEM of three or more independent experiments.
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(NCT02449681 and NCT02454842) as well as the current, ongoing

phase II clinical trial (NCT03805841) as 48 mg/kg intraperitoneal

dosing once weekly in mice (20, 24). To compare with a well-known

pan-HER, we used afatinib. The FDA-approved dose of afatinib is

40 mg (orally, once daily) providing a plasma AUCtotal for afatinib

of 324 ng�hour/mL (31). The measured human plasma protein

bound fraction for afatinib is 91.79% (Supplementary Fig. S6A and

S6B) corresponding to an AUCfree of 27 ng�hour/mL. Mouse

plasma protein bound fraction for afatinib was 94.23%. To replicate

an AUCfree of 27 ng�hour/mL in mice a plasma AUCtotal of 468

ng�hour/mL is therefore required. Extrapolation using a linear

regression model (Supplementary Fig. S6C) generated from phar-

macokinetic parameters estimated using noncompartmental anal-

ysis on Phoenix Winnollin estimates a dose of 6 mg/kg is required to

achieve a total AUC of 468 ng�hour/mL in nude mice (Supple-

mentary Fig. S6E and S6D). Therefore, a dose of 6 mg/kg was

considered to emulate HED for afatinib in nude mice.

To evaluate the efficacy of tarloxotinib in vivo, CUTO14 and

CUTO17 cells were implanted into mice (CUTO18 cells did not

establish a xenograft). Mice were randomized to receive vehicle,

afatinib (6 mg/kg daily by oral gavage), or tarloxotinib (48 mg/kg via

intraperitoneal injection once weekly) for 4 weeks. In CUTO14

xenografts, afatinib did not reduce tumor burden and tumor volumes

were comparable with the vehicle group. However, tarloxotinib dem-

onstrated rapid and significant tumor shrinkage (P < 0.005; Fig. 3A;

Supplementary Fig. S7A). To determine whether tarloxotinib would

induce tumor reduction in much larger tumors (�500–600 mm3),

mice in the vehicle groupwere treated with tarloxotinib using the same

Figure 3.

Tarloxotinib inhibits tumor growth of EGFR exon 20mutant,ERBB2 gene altered, orNRG1 fusionmodels in vivo. The percent change frombaseline tumor volumewas

graphed for nude mice inoculated subcutaneously with the indicated cell lines; A, CUTO14 or CUTO17 (EGFR ex20ins). B, H1781 (ERBB2 ex20ins) or Calu-3 cells

(ERBB2 amp). C, PDX model (OV-10-0050) with a CLU-NRG1 fusion. Mice were treated with vehicle, tarloxotinib (26 or 48 mg/kg, once weekly, i.p.) and afatinib

(6 mg/kg, daily, p.o.) for 4 weeks. Mean � SEM is plotted. Statistical analysis was made using two-way ANOVA. �, P < 0.005; �� , P < 0.02.

Tarloxotinib Is a Hypoxia-Activated pan-HER Kinase Inhibitor
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48 mg/kg i.p. once weekly dose. Again, rapid and significant tumor

shrinkage was observed (Supplementary Fig. S7B). In CUTO17 cells,

we observed tumor growth inhibition inmice treated with tarloxotinib

for 4 weeks (P < 0.02; Fig. 3A).

To determine the effects of tarloxotinib on tumors with HER2

dependence, cells harboring an ERBB2 exon 20 mutation (H1781) or

ERBB2 amplification (Calu-3) were similarly utilized in xenograft

studies and showed that treatment with tarloxotinib also inhibited

tumor growth (P < 0.005; Fig. 3B; Supplementary Fig. S7A).

Finally, we tested tarloxotinib in a patient-derived xenograft of

ovarian cancer (OV-10-0050) which harbors the CLU-NRG1 gene

fusion. Tarloxotinib showed a rapid and near complete response,

whereas afatinib did not alter tumor growth compared with vehicle

(Fig. 3C). There was no significant loss of body weight during the

treatment with tarloxotinib or other therapies for any of the models

evaluated (Supplementary Fig. S8).

Pharmacologic evidence for a therapeutic window in

tarloxotinib-treated tumor-bearing mice

Given the proposed novel mechanism of tumor-specific,

hypoxia-induced activation, we sought to quantify drug levels

in various compartments for both the prodrug and the active

metabolite. Following a single dose of tarloxotinib (48 mg/kg), the

total mean exposure (AUC0–168) of OV-10-0050 tumor tissue

was 1,276 mmol-hour/kg. Prodrug distribution was greater

(140%) in murine skin (1,792 mmol-hour/kg), reflecting the vas-

cular nature of cutaneous tissues (Fig. 4). In contrast, total

exposure (concentration–time) to the metabolite tarloxotinib-E

was 313% greater for tumor than skin (595 vs. 190 mmol-hour/kg),

a pharmacologic advantage that is not observed in mice with

afatinib (32). Overall, in OV-10-0050 tumor tissue, 46.7% of

prodrug was converted to active metabolite over 7 days, whereas

in skin only 10.6% underwent apparent conversion during

the same period. In tumor tissue, exposure to tarloxotinib-E

metabolite decreased steadily with time, remaining above

1 mmol/L for 7 days. Relative sparing of total cutaneous expo-

sure to metabolite was associated with a rapid drop in exposure

concentration below 1 mmol/L by 24 hours. Apparent cutaneous

exposure kinetics were paralleled by circulating plasma levels of

tarloxotinib-E suggesting that a proportion of the tarloxotinib-E

concentrations detected may be associated with direct exposure

via the circulation at early time points rather than in situ gener-

ation. This would be consistent with evidence of modest hypoxia

in cutaneous structures (33). These results demonstrate tumor-

enriched drug conversion, which could generate a therapeutic

window in patients by relative sparing normal tissues from

exposure to tarloxotinib-E and thus WT EGFR inhibition.

Tumor hypoxia in xenograft models

Tarloxotinib was designed to fragment to tarloxotinib-E under

hypoxic conditions to take advantage of this pathophysiologic con-

dition observed in the microenvironment of many tumors. We

therefore measured hypoxia in CUTO14-xenografted tumors treated

with tarloxotinib or vehicle. As shown above, tarloxotinib resulted in

decreased tumor size for both CUTO14 and H1781 (Fig. 3A and B).

Pimonidazole is a 2-nitroimidazole that is reduced in hypoxic

environments. In hypoxic cells, reduced pimonidazole binds to—

SH-containing proteins, peptides, and amino acids. We used an

antibody that binds to these covalent adducts allowing their detec-

tion by fluorescence microscopy (34). Cytokeratin staining of

CUTO14 tumors at the termination of the experiment demon-

strated that tumor size underestimated the effect of tarloxotinib

(Fig. 5A and B). In vehicle treated tumors, more than 50% of the

area stained positive for cytokeratin indicative of tumor cells,

whereas less than 20% of the total area of tarloxotinib-treated

tumors was occupied by cytokeratin-positive tumor cells. Pimoni-

dazole staining of tumors demonstrated a similar hypoxic fraction

for CUTO14 and H1781 in vehicle- and tarloxotinib-treated groups

(less than 10%; Fig. 5C).

Response of a patient with NSCLC with an ERBB2 mutation to

tarloxotinib

A 25-year-old male never-smoker developed a cough that per-

sisted despite treatment with antibiotics and bronchodilators. Initial

diagnostic scans showed a large right hilar mass, lymphangitic

disease throughout the right lung, lymphadenopathy involving the

neck, mediastinum, and para-aortic area, a lesion in the right

adrenal gland, and widespread osseous metastases. A brain MRI

showed multiple metastases. Bronchoscopic biopsy revealed lung

adenocarcinoma. He received the first cycle of carboplatin (AUC 5)

and pemetrexed (500 mg/m2) followed by whole brain radio-

therapy. He received cycle 2 carboplatin (AUC 5) and pemetrexed

(500 mg/m2) with pembrolizumab (200 mg). Shortly after the

treatment, he was hospitalized with bilateral segmental pulmonary

emboli and deep vein thromboses, requiring anticoagulation.

Restaging scans showed an enlarging right upper lobe mass, bilat-

eral adrenal metastases, and new bone lesions, consistent with

rapid disease progression. Analysis of circulating tumor DNA

showed an ERBB2 exon 20 mutation (p.A775_G776insYVMA),

which was confirmed by NGS on the tumor tissue.

Given the presence of an ERBB2 mutation and a lack of FDA-

approved therapies for this subset of oncogene mutations, the patient

was referred for consideration of enrollment into the phase II trial of

tarloxotinib (NCT03805841). The patient was found eligible for the

Figure 4.

Pharmacologic profile of tarloxotinib and tarloxotinib-E in mice bearing the PDX

model (OV-10-0050). After single dose of tarloxotinib, tumor, skin, and blood

were collected at 2, 24, and 168 hours. Tarloxotinib and tarloxotinib-E concen-

tration was measured for each time point. Mean � SEM is plotted.

Estrada-Bernal et al.
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trial and provided written informed consent. The baseline CT scan

showed a large right hilar mass, right pleural effusion, and bilateral

adrenal lesions as well as multiple mediastinal lymph nodes (Fig. 6A,

data not shown). After initiation of tarloxotinib at 150 mg/m2 i.v.

weekly, the patient experienced rapid improvement in his cough,

dyspnea, and bony pain with decreased opioid requirement. A CT

scan performed prior to cycle 2 showed a partial response with a

marked decrease in size of the right hilar mass, right pleural effusion,

and bilateral adrenal gland lesions (Fig. 6B). A confirmatory, follow-

up CT scan done prior to cycle 4 demonstrated continued response to

treatment (Fig. 6C). Tarloxotinib was well tolerated; treatment-related

adverse events that the patient experienced included rash, alanine

aminotransferase elevation, and asymptomatic QTc prolongation (all

grade 1). The patient subsequently experienced disease progression,

yielding a duration of response of 5 months.

Discussion
Oncogene-targeted therapies have markedly improved clinical out-

comes for patients with NSCLC whose tumors bear oncogenic altera-

tions in ALK, ROS1, BRAF, NTRK, MET, and most EGFR mutations.

However, a lack of selectivity between multiple EGFR/HER-family

oncogenes and WT EGFR has made this strategy challenging for

certain subsets of patients bearing oncogenes that activate the ErbB

family of RTKs. Standard EGFR inhibitors exhibit on-target toxicities

associated with inhibition of WT EGFR in critical normal tissues such

Figure 5.

Tumor hypoxia levels in xenograft models. Mice were dosed with pimonidazole HCl (60 mg/kg, i.p.) 1 hour before tumor collection. Tissue was fixed, paraffin

embedded, and processed for immunofluorescence. The primary antibody Mab1 binds to protein adducts of pimonidazole in hypoxic cells (green). Cytokeratin

staining was used to evaluate tumor content (red). All images were captured at 20� using an Olympus IX83microscope. Scale bars are 1 mm or 500 mmas indicated

in the figures.A, Images representing vehicle and treated CUTO14 xenografts. Red square in green channel indicates the highermagnification area. B, Total area and

cytokeratin positive area in vehicle and treated CUTO14 xenografts. � , P < 0.005. C, Percent of total area positive hypoxia staining in CUTO14 and H1781 xenografts.

Mean � SEM is plotted.

Tarloxotinib Is a Hypoxia-Activated pan-HER Kinase Inhibitor
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as the skin and gastrointestinal tract inducing rash and diarrhea,

respectively, among other side effects. The challenge of successful

inhibition of EGFR exon 20 insertionmutations, unlike EGFR del 19 or

L858R, is likely explained by the retention of high affinity for ATP and

low affinity for most EGFR TKIs (9). Tarloxotinib is a prodrug

designed to have weak cellular activity against EGFR, HER2, HER4,

and their mutant forms, while the released activemetabolite is a potent

cellular pan-HER inhibitor. In this work, we harnessed the novel

mechanism of action of the prodrug tarloxotinib to circumvent the

inherent relative lack of selectivity that hinders the clinical utility of

established and emerging EGFR and HER2 small-molecule inhibitors.

Tarloxotinib-E is a potent pan-HER inhibitor without inherent

mutant selectivity, instead relying on selective activation within

the tumor environment, leveraging the presence of hypoxia in

malignant, but not normal tissues. Thus, while tarloxotinib-E is

more potent than all of the EGFR/pan-HER TKIs tested in this

study (Table 1), a direct comparison of potency may underestimate

the potential for significantly higher tumor exposure given the

unique mechanism of action which can lead to higher intratumor

concentration (Fig. 4) than is likely achieved by standard TKIs.

To this point, tarloxotinib-E induces similar rates of apoptosis

compared with afatinib in patient-derived cell lines at a concen-

tration of 1 mmol/L (Supplementary Fig. S5). However, the Cmax for

afatinib in patients is only 38 ng/mL (78 nmol/L) at steady state

using the FDA-approved dose of 40 mg PO daily (35), whereas tu-

mor concentrations of tarloxotinib-E are sustained above 1 mmol/L

for 1 week after dosing of tarloxotinib at the HED (Fig. 4).

Human-derived cell lines and other human-derived cancer models

have facilitated the dissection of oncogene signaling biology and drug

development; thus, accelerating the prediction of drug-resistance

mechanisms in lung cancer and other malignancies. A large number

of human-derived lung cancer cell lines are available and generally

represent many of the oncogenes observed in lung adenocarcinoma;

however, at the outset of this study, no models that harbored EGFR

exon 20 insertions existed. To address this limitation, we established

three unique cell lines harboring EGFR exon 20 insertions: CUTO14,

CUTO17, and CUTO18. Knockdown of EGFR demonstrated depen-

dence on this oncogene in these three cell lines, establishing the

rationale for inhibition of EGFR in patients whose tumors harbor

EGFR exon 20 insertions.

The EGFR TKIs used in this study, including first- (gefitinib),

second- (afatinib) and third- (osimertinib) generation inhibitors

demonstrated some degree of dose-dependent inhibition of the pri-

mary oncogene or signaling pathway in the human cell line models

used here. The canonical downstream signaling pathways, MAPK and

PI3K/AKT, showed concordant inhibition with the upstream RTK

inhibition. Tarloxotinib-E was generally the most potent inhibitor of

pEGFR, pHER2, pHER3, and pHER4 when compared with other

TKIs. The use of patient derived cell lines (CUTO-14, CUTO-17, and

CUTO-18) demonstrated differential IC50s consistent with differential

binding of EGFR TKIs.

Similar to target inhibition, dose-dependent reduction of cellular

proliferation by tarloxotinib-E was observed in all three EGFR exon 20

cell lines, all three ERBB2models, the NRG1 fusion cell line, and a cell

Figure 6.

Radiologic response to tarloxotinib in patient with ERBB2 A775_G776insYVMA mutation–positive NSCLC. Baseline imaging obtained prior to dosing with

tarloxotinib (150 mg/m2 i.v. weekly) showed bulky right hilar mass, right pleural effusion, and bilateral adrenal gland lesions (red arrows). A, A marked tumor

response with decreased size of right hilar mass, right pleural effusion, and lesions in the adrenal glands was observed at week 4 (B) and week 12 (C).

Estrada-Bernal et al.
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line expressing high levels of ERBB4. Notably, the prodrug tarloxotinib

was consistently and significantly less potent than the activemetabolite

tarloxotinib-E in these cellular models reflecting the weak capacity of

this molecule to inhibit mutant or WT forms of the HER family of

RTKs in cells. Most importantly, tarloxotinib demonstrated consid-

erably less activity on WT EGFR (and WT HER2) allowing for the

potential to spare patient toxicity.

Dosing of multiple EGFR-, ERBB2-, or NRG1-mutant xenograft or

PDX models with the prodrug tarloxotinib demonstrated marked

tumor growth inhibition or tumor regression. The pharmacology of

tumor and blood exposure indicated that the active metabolite tarlox-

otinib-Ewas enriched in the tumorwithmuch lower levels found in the

blood and skin, consistent with the proposed mechanism of action for

this prodrug. In contrast, afatinib, a potent EGFR TKI across various

in vitro assays in our models, demonstrated no evidence of tumor

growth inhibition when dosed at the HED in vivo. This finding was

consistentwith the poor clinical activity of afatinib observed in patients

with NSCLC with EGFR exon 20 insertion in the LUX-Lung stud-

ies (13). Our analysis of hypoxic regions in tumor xenografts dem-

onstrated that hypoxic fractions <10% can generate significant intra-

tumoral concentration of the active pan-HER tumor inhibitor tarlox-

otinib-E and tumor inhibition, either by TKI diffusion, regional

hypoxia, and/or hypoxia changes over time. The prodrug tarloxotinib

has a prolonged half-life in tumor tissue (Fig. 4) and thus allows for

activation to tarloxotinib-E with variance in hypoxia with time and

likely leads to the maintenance of tarloxotinib-E levels in the tumor

over the 7-day dosing interval.

Finally, we demonstrated a confirmed, objective tumor response in a

patient withmetastatic NSCLC harboring an ERBB2 exon 20 insertion

mutation dosed with tarloxotinib on the RAIN-701 phase II clinical

trial. This tumor response occurred with minimal on-target EGFR-

related toxicity, exemplified by the absence of diarrhea and only amild

rash. This trial is currently accruing patients withNSCLCwithERBB2-

activating mutations and patients with any tumor type (tumor agnos-

tic) harboring NRG1 gene fusions (as well as other rare EGFR, ERBB2,

and ERBB4 fusions). Recently presented clinical trial data demon-

strated a relative lack of efficacy in the EGFR exon 20 cohort compared

with the HER2 cohort (36). This is likely explained by the data

presented here, given that the EGFR exon 20 models required approx-

imately 10-foldmore tarloxotinib-E to achieve IC50 compared with the

HER2 models (Table 1). Although challenging to incorporate in

clinical trials, imaging of patients using novel hypoxia radiotracers

via PET scan in future studies using such methods may further our

understanding of the relationship between tumor hypoxic fraction and

antitumor response with tarloxotinib. Other emerging methods to

detect hypoxia include oxygen-enhanced MRI and oncoradiomics.

The work here demonstrates that a strategy employing a hypoxia-

activated prodrug can achieve antitumor response while circumvent-

ing the on-target toxicity associated with systemically administered

TKIs. Poziotinib has demonstrated antitumor activity in patients with

NSCLC with EGFR and ERBB2 exon 20 insertion mutations, but with

high levels of EGFR-related toxicity, including rash and diarrhea

requiring dose reductions in a significant number of patients (37, 38).

This clinical finding is likely explained by the very high potency of

poziotinib against WT EGFR (39). Consistent with this phenomenon,

TAK-788 (mobocertinib) shows only a narrow therapeutic window

between EGFR or ERBB2 exon 20 mutants, which also likely explains

the similarly high levels of EGFR-related side effects observed in phase

I clinical trial of this agent (40). Other ongoing clinical trials are using

antibody approaches which include a HER2-ADC (fam-trastuzumab

deruxtecan-nxki) and an EGFR-MET bispecific antibody (amivanta-

mab). Unlike many other clinical development candidates for EGFR

exon 20 or ERBB2 mutations, tarloxotinib establishes a therapeutic

window, but using tumor hypoxia rather than binding specificity.

In summary, we have demonstrated that tarloxotinib is a novel

hypoxia-activated prodrug that demonstrates enhanced conversion in

tumors to tarloxotinib-E, a potent pan-HER inhibitor. Tarloxotinib

was demonstrably active in a number of EGFR/HER-driven tumor

models that currently do not have approved therapies. Finally, this

drug induced a marked tumor response in a patient with an ERBB2

exon 20 insertion demonstrating proof of concept for this novel

prodrug strategy.
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