
Patient derived organoids and xenografts identify neratinib plus 
HER2 antibody drug conjugate as a synergistic drug combination 

for HER2 mutated, non-amplified metastatic breast cancer.

Shunqiang Li, Maureen Highkin, Tina M. Primeau, Stephanie L. Pratt, Irmina Diala, Jingqin 
Luo, Richard E. Cutler Jr., Grace Mann, Alshad S. Lalani, Cynthia X. Ma, and Ron Bose

AACR Annual Meeting, April 2, 2019



Disclosure of unlabeled or unapproved uses of drugs

• All of the drugs tested here do not have FDA indications for 
HER2 mutated breast cancer.

• Vinorelbine is FDA approved for metastatic breast cancer. 
Trastuzumab and T-DM1 (ado-trastuzumab-emtansine) are 
FDA approved for HER2 amplified breast cancer.



HER2 Mutated Breast Cancer Cases Identified by 
The Cancer Genome Atlas (TCGA) Project.

Somatic HER2 
mutations

Stage ER PR HER2
Status

HER2 
IHC

HER2 FISH 
Ratio

G309A IIB + + Negative 1+

R678Q and
L755W

IIB + + Negative 1+

L755S IIA + + Negative* 2+ Not available

L755S I + - Negative* 2+ 2.05

D769H IIB - - Positive 3+

V777L IIIA + + Negative 0

V842I IIIB + + Negative 1+

* Confirmed by SNP chip and/or exome sequencing read number. TCGA Network,
Nature 2012



HER2 Gene Sequencing from 1,499 Breast Cancer Patients

Each blue circle represents a patient. 

This pattern of mutations strongly suggests this is an Activated Oncogene.  
Mirrors the pattern of mutations in RAS or PIK3CA. 

Bose et al., Cancer Discovery, 2013

Dimerization Arm



HER2 Gene Sequencing from 1,499 Breast Cancer Patients

Dimerization Arm

Bose et al., Cancer Discovery, 2013; Desmedt et al., JCO 2016 ; Ma et al., CCR 2017 2016 ; Nayar et al., Nature Genetics 2019

Mutation frequency:
Newly diagnosed patients = 1.6%.    
Metastatic breast cancer = 2 - 5%
Invasive lobular breast cancer = 5-7%

Incidence/prevalence in US
4,000 patients annually.    
3,000 – 7,500 MBC patients
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Clinical Benefit Rate:  
31% (90%CI: 13-55%)

Median PFS = 16 wks

Phase II Trials treating HER2 Mutated Breast Cancer 
with the TKI, Neratinib

MutHER Trial SUMMIT Trial

Neratinib Basket Trial for HER2

Mutated Cancers.

Breast Cancer Enrollment = 25 

1o Endpoint

ORR at week 8 = 32%
(95% CI = 15–54%)

2o Endpoints

Clinical Benefit Rate = 40%
(95% CI = 21–61%)

Median PFS = 3.5 months
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How can we rapidly test 
Neratinib combination regimens?

Preclinical testing of Neratinib combinations 
using Patient Derived Organoids and Xenografts.

• Fundamental Change in Tissue Culture

• High Culture Establishment Rate 

• Fast!  Time Scale = Weeks.
Patients

PDX Organoids

Nomenclature used 
in the literature: 

PDxO vs PDO



1. This paper describes the 
conditions to establish 
Breast Cancer, Patient-
Derived Organoids (PDO)

2. They established about 
100 PDO’s.

3. These Organoids 
recapitulate histological 
and genetic features of 
the original tumors 

4. Organoids allow high-
throughput drug 
screening and potentially 
aid personalized therapy

Breakthrough Paper describing how to generate Organoids 
from Breast Cancer Patient Samples



Organoids from HER2 mutated, ER+ PDX’s:

PDX-51
ERBB2 G776insYVMA (HER2 exon20)

PIK3CA H1047R

Prior Hormonal Therapy Prior Chemotherapy

Tamoxifen

Letrozole

Exemestane

Fulvestrant

Exemestane +  Everolimus

CMF

Paclitaxel

Capecitabine

Carboplatin

Gemcitabine

PDX-64
ERBB2 L869R (HER2 Kinase Domain)
PIK3CA WT

Prior Hormonal Therapy Prior Chemotherapy

Tamoxifen

Anastrozole

Exemestane +  Everolimus

Docetaxel

Doxorubicin

Cyclophosphamide

Capecitabine

Pt. IHC
ER +
PR negative
HER2 IHC score 0

Histology:
Lobular carcinoma

Pt. IHC
ER +
PR +
HER2 IHC 2+

Histology:
Ductal carcinoma



PDX-51 (HER2 G776insYVMA) PDX-64 (HER2 L869R)



PDX-51 PDX-64

GATA3

Pan 
Cytokeratin

E-Cadherin

IHC on Organoids demonstrates Breast Carcinoma cells

Invasive Lobular Carcinoma
with known loss of E-cadherin

Invasive Ductal Carcinoma
E-cadherin positive



MCF10A Her2 G776insYVMA
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Single Drug Sensitivity on PDX-51 (HER2 G776insYVMA) 
in 96 or 384 well plates

Vinorelbine
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384 well plate result vs. 96 well plate result



Four Drug Combinations Tested on PDX-64 in a single 384-well Plate

vehicle controls, with SD
N = 52

Vehicle Controls
0

20000

40000

60000

80000

L
u

m
in

e
s
e
n

c
e

Neratinib+Trastuzumab

Neratinib+T-DM1

Neratinib+Vinorelbine

Neratinib+Fulvestrant

Neratinib
N = 4

-2 -1 0 1 2
0

20

40

60

80

100

Neratinib uM log10

P
e
rc

e
n

t 
V

ia
b

il
it

y

C
e
ll
 T

it
e
r 

G
lo

 3
D IC50 = 36 nM



Four Drug Combinations Tested on PDX-64 in a single 384-well Plate

Neratinib+T-DM1Neratinib+Vinorelbine

Methods: Drug synergy calculated as per the Loewe model. Di Veroli et al. Bioinformatics 32(18):2866, 2016. 

Neratinib (uM) T-DM1 (ug/ml)Neratinib (uM) Vinorelbine

(uM)



Four Drug Combinations Tested on PDX-64 in a single 384-well Plate

Neratinib+TrastuzumabNeratinib+Fulvestrant

Neratinib (uM)
Trastuzumab

(ug/ml)

Neratinib (uM) Fulvestrant

(uM)

Methods: Drug synergy calculated as per the Loewe model. Di Veroli et al. Bioinformatics 32(18):2866, 2016. 



In vivo testing of Neratinib + T-DM1 on PDX-51



Neratinib + T-DM1: PDX-64 in vivo results and Mechanism of Synergy

Prior evidence that Neratinib or CI-1033 
enhances HER2 internalization 
Citri et al, EMBO Journal 2002
Zhang et al, Cancer Lett. 2016

Effect of Neratinib on Antibody 
Uptake by BT-474 Cells

PDX-64 – HER2 L869R 



In vivo testing of Neratinib + Vinorelbine on both PDX’s
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Safety Data on Neratinib + T-DM1 and Neratinib + Vinorelbine

ASCO Annual
Meeting 2018

Annals of 
Oncology 2013



Conclusions

• HER2 activating mutations are a druggable target in HER2 gene 
amplification negative breast cancer.  

• Two independent, phase II clinic trials demonstrate that neratinib has 
clinical benefit rate of 31-40% for HER2 mutated, Stage IV breast cancer.

• Patient-derived organoids (PDO’s) accelerated drug testing for these rare 
mutations.

• Using PDO’s, we identified two synergistic drug combinations for HER2 
mutated, metastatic breast cancer.

• These drug combinations were validated in vivo and phase I clinical trial 
data shows that these combinations are safe for patients.



Acknowledgements

Bose Lab

Maureen Highkin

McKenna Wilheim

John Monsey

Wei Shen

Siteman Cancer Center at 

Washington University

Cynthia Ma

Shunqiang Li

Tina Primeau

Stephanie Pratt

Puma Biotechology, Inc.

Alshad S. Lalani

Richard E. Cutler Jr. 

Irmina Diala

Grace Mann

Funding

DoD CDMRP Breast Cancer 

Research Program

Puma Biotechnology, Inc.

We thank Bryan Welm and Katrin Guillen (Univ. of Utah, Huntsman Cancer Institute) and Jennifer Rosenbluth 
and Nikhil Wagle (Dana-Farber Cancer Institute) for helpful discussions on breast cancer PDO’s. 


