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ABSTRACT
◥

Purpose:Antibody-dependent cell-mediated cytotoxicity (ADCC)

is one mechanism of action of the monoclonal antibody (mAb)

therapies trastuzumab and pertuzumab. Tyrosine kinase inhibitors

(TKIs), like lapatinib, may have added therapeutic value in combi-

nation with mAbs through enhanced ADCC activity. Using clinical

data, we examined the impact of lapatinib onHER2/EGFR expression

levels and natural killer (NK) cell gene signatures. We investigated

the ability of three TKIs (lapatinib, afatinib, and neratinib) to alter

HER2/immune-related protein levels in preclinical models of

HER2-positive (HER2þ) and HER2-low breast cancer, and the sub-

sequent effects on trastuzumab/pertuzumab-mediated ADCC.

Experimental Design: Preclinical studies (proliferation assays,

Western blotting, high content analysis, and flow cytometry)

employed HER2þ (SKBR3 and HCC1954) and HER2-low

(MCF-7, T47D, CAMA-1, and CAL-51) breast cancer cell lines.

NCT00524303 provided reverse phase protein array–determined

protein levels of HER2/pHER2/EGFR/pEGFR. RNA-based NK cell

gene signatures (CIBERSORT/MCP-counter) post-neoadjuvant

anti-HER2 therapy were assessed (NCT00769470/NCT01485926).

ADCC assays utilized flow cytometry–based protocols.

Results: Lapatinib significantly increased membrane HER2

levels, while afatinib and neratinib significantly decreased levels in

all preclinical models. Single-agent lapatinib increased HER2 or

EGFR levels in 10 of 11 (91%) tumor samples. NK cell signatures

increased posttherapy (P ¼ 0.03) and associated with trastuzumab

response (P¼ 0.01). TKI treatment altered mAb-induced NK cell–

mediated ADCC in vitro, but it did not consistently correlate with

HER2 expression in HER2þ or HER2-low models. The ADCC

response to trastuzumab and pertuzumab combined did not exceed

either mAb alone.

Conclusions: TKIs differentially alter tumor cell phenotype

which can impact NK cell–mediated response to coadministered

antibody therapies. mAb-induced ADCC response is relevant when

rationalizing combinations for clinical investigation.

Introduction
The humanized monoclonal antibody (mAb), trastuzumab, has

transformed the treatment of breast cancers classified as HER2-

positive (HER2þ/ERBB2þ), which account for approximately 20% of

breast cancers (1). Trastuzumab containing regimens have signifi-

cantly improved overall survival and disease-free survival compared

with non-trastuzumab regimens in early HER2þ breast cancer, and in

HER2þmetastatic beast cancer (MBC) (2, 3). The majority of patients

with MBC develop resistance, but long-term follow-up has revealed

durable complete responses to trastuzumab in 11% of patients with

HER2þ MBC (median follow-up, 64.5 months; ref. 4). Trastuzumab

binds subdomain IV of the extracellular domain (ECD) of HER2,

exerting its effects through inhibition of HER2 intracellular signaling

pathways (MAPK and PI3K/Akt) and antibody-dependent cell-

mediated cytotoxicity (ADCC; ref. 5). There is preclinical and emerg-

ing clinical data showing that the ADCC response to trastuzumab is an

essential factor in its efficacy (6–10). Pertuzumab is a humanized mAb

that inhibits dimerization of HER2 by binding subdomain II of the

ECD, initiating apoptosis, and tumor growth inhibition in preclinical

HER2þ models (11). Pertuzumab is approved in combination with

trastuzumab and chemotherapy for the treatment of HER2þ breast

cancer in the neoadjuvant, adjuvant, and metastatic settings (12). Like

trastuzumab, pertuzumab contains an Fc region capable of engaging

FcgR-positive immune cells and initiating ADCC with a comparable

potency to trastuzumab in HER2þ models (12–14).
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Small-molecule tyrosine kinase inhibitors (TKIs) target the intra-

cellular domain (ICD) of HER2, inhibiting kinase activity and

downstream signaling (15). The rationale for TKI/mAb combina-

tions arises primarily from the ability of TKIs to overcome trastu-

zumab resistance by targeting multiple HER family members

simultaneously to inhibit alternate signaling strategies and by

maintaining activity against the constitutively activated truncated

form of HER2, p95 (5). In addition, there is evidence that HER2-

targeting TKIs can modulate the mAb-mediated ADCC response.

The reversible HER2/EGFR TKI, lapatinib, increases peripheral

blood mononuclear cell (PBMC)-mediated trastuzumab-induced

ADCC in HER2-overexpressing cell lines and this is associated

with increased tumor cell surface levels of HER2 (16–18). A

secondary analysis of the NeoALTTO clinical trial revealed the

presence of tumor-infiltrating lymphocytes at diagnosis as a positive

prognostic marker for response to neoadjuvant trastuzumab, lapa-

tinib, and chemotherapy, highlighting a potential role for immune

cells in response to a mAb/TKI combination (19). Lapatinib is

approved for second-line treatment of MBC in combination with

capecitabine in trastuzumab-refractory patients (20).

Next-generation inhibitors, like the irreversible pan-HER inhibitor,

afatinib, displayed preclinical efficacy in HER2þ breast cancer models

and activity in heavily pretreated HER2þ MBC (18, 21). The irrevers-

ible pan-HER inhibitor, neratinib, is approved for the extended

adjuvant treatment of patients with early-stage, HER2þ breast cancer

and in combination with capecitabine for the treatment of metastatic

HER2þ breast cancer (22).

Approximately 60% of breast cancers are considered HER2-low

(23). We have previously shown that trastuzumab is capable of

inducing a strong ADCC response against HER2-low breast cancer

cell lines in vitro (24). TKI-altered HER2 levels may have more

impact in HER2-low models that have antigen levels close to ADCC

threshold.

Our objective was to investigate immune response–based preclin-

ical rationale for the combination of TKIs and HER2 mAbs in breast

cancer using a panel of breast cancer cell lines of varying HER2

expression levels/molecular subtype and relevant clinical data. Mem-

brane ECD-HER2 levels were determined by high-content analysis

and flow cytometry following TKI treatment. To assess the clinical

relevance of TKI-altered HER family levels observed in vitro, we

investigated the impact of lapatinib on HER2 protein levels in samples

from the neoadjuvant LPT109096 (NCT00524303) trial. We carried

out ADCC assays on TKI-treated breast cancer cells with mixed

effector cell populations for comparison with previous literature, and

with natural killer (NK) cells, based on tumor NK cell gene signatures

from neoadjuvant HER2þ breast cancer studies, NCT00769470 and

NCT01485926. mAb binding, TKI impact on EGFR, HER3, and

HER4, and a preliminary examination of NK cell regulatory proteins

(PD-L1, HLA-E, and MHC class I) were performed to further explore

the impact of TKI treatment on breast cancer cell lines.

Materials and Methods
Cell lines and reagents

Cell lines were cultured at 37�C in 5% CO2 without antibiotics and

with routine monitoring for Mycoplasma contamination. HER2þ/

estrogen receptor-negative (ER�) SKBR3, HER2þ/ER� HCC1954,

HER2-low/ERþ T47D, and HER2-low/ERþ MCF-7 (ATCC) were

maintained in RPMI1640 and 10% heat-inactivated (HI) FCS (25).

HER2-low/ERþ CAMA-1 (ATCC) was maintained in MEM, supple-

mented with 10% HI FCS, NEAA, sodium pyruvate, and L-glutamine

and HER2-low/ER� CAL-51 (German Tissue Repository DSMZ) was

maintained in DMEM, 10% HI FCS, and 2 mmol/L sodium pyru-

vate (26). Estrogen supplementation was not utilized for ERþ/HER2-

low cell lines (MCF-7, CAMA-1, and T47D), and the FCS and phenol

red in the culture mediummaintained cell growth (27). Cell lines were

authenticated by short tandem repeat DNA Profiling (Source BioSci-

ence). Lapatinib, afatinib, and neratinib were obtained from Sequoia

Chemicals and solubilized in DMSO. Trastuzumab (Herceptin) and

rituximab (Rituxan) were obtained from St. Vincent’s University

Hospital (Dublin, Ireland). Pertuzumab (Perjeta) was obtained from

Roche Innovation Center.

Cell proliferation assays

The growth inhibitory effects of TKIs, trastuzumab and pertuzu-

mab, were measured using an acid phosphatase–based proliferation

assay, as described previously (28). A description can be found in

Supplementary Materials and Methods.

Western blotting

Protein lysates were prepared from 1 � 106 cells seeded in 90-mm

petri dishes 24 hours prior to treatment with TKIs or controls. Cells

were lysed using RIPA lysis buffer with protease inhibitor, PMSF, and

sodium orthovanadate (Sigma). Protein concentrations were deter-

mined by the BCA Method (Pierce). Protein samples were prepared

at the required concentration in 4X loading buffer (Invitrogen).

Samples were denatured (95�C for 5 minutes). Proteins were separa-

ted by SDS-PAGE (NuPAGE, Invitrogen) and transferred using the

iBlot System (Invitrogen). The following primary antibodies were

used: EGFR (Cell Signaling Technology, #4267), HER2 (Lab Vision,

#OP-15), pHER2 Y1221/1222 (Cell Signaling Technology, #2249),

HER3 (Cell Signaling Technology, #4754), pHER3 Y1289 (Cell

Signaling Technology, #4791), pHER2 Y1248 (Upstate, #06229),

pEGFR Y992 (Cell Signaling Technology, #2235), pEGFR Y1068

(Millipore, #07-818), MHC Class I (Abcam, #ab52922), HLA-E

(Abcam, #ab2216), PD-L1 Clone E1L3N (Cell Signaling Technology,

#13684), andAlpha-tubulin (Sigma, #T6199).Mouse (Sigma, #A6782)

and rabbit (Sigma, #A6154) secondary antibodies were used. Protein

bands were visualized using Luminol Detection Reagent (Santa Cruz

Biotechnology) or ECL (GE Healthcare). Densitometry was carried

out using TotalLab software.

Translational Relevance

The mAbs, trastuzumab and pertuzumab, are the standard-of-

care HER2-targeting therapies for the treatment of early and

advanced HER2-positive (HER2þ) breast cancer. Trastuzumab

and pertuzumab are capable of engaging immune cells, such as

natural killer (NK) cells, and inducing tumor cell death through

antibody-dependent cell-mediated cytotoxicity (ADCC). Lapati-

nib (HER2/EGFR-targeting) and neratinib (pan-HER inhibitor)

are tyrosine kinase inhibitors (TKIs) approved for the treatment of

HER2þ breast cancer in second-line settings. Afatinib is a pan-HER

TKI not currently approved for the treatment of HER2þ breast

cancer. Greater understanding of the NK cell–mediated immune

response to mAb therapies and the immunomodulatory abilities of

TKIs could provide rationales for future clinical studies and new

treatment strategies for HER2þ and HER2-low breast cancer,

especially in the era of antibody–drug conjugates and immune

checkpoint inhibition.

Collins et al.
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Isolation of effector cells

Ethical approval for collection of blood was obtained from St.

Vincent’s University Hospital (Dublin, Ireland) Ethics Committee.

Whole blood (20 mL) was collected from healthy female volunteers in

EDTA Vacutubes (BD Biosciences). The PBMC fraction was isolated

using a Ficoll-Paque plus Protocol (GE Healthcare). PBMCs were

counted by flow cytometry (Guava ViaCount) and resuspended in

ADCC assaymedium (RPMI1640/10%HI FCS/0.1mmol/L penicillin/

streptomycin). NK cells were isolated from the PBMC fraction using

CD56þ magnetic beads on a midiMACs Column according to the

manufacturer’s protocol (70%–90% purity; Miltenyi Biotec).

ADCC assays

The method for flow cytometry–based ADCC assays in the absence

of TKI pretreatment has been published previously (24, 29). For TKI

pretreatment, cells were seeded in T75 flasks to provide 80%–90%

confluency after 72 hours. After 24 hours, medium was removed and

replacedwith freshmedium containing 2mmol/L lapatinib, afatinib, or

neratinib, or 0.2%DMSO for 48 hours. TKI concentration of 2 mmol/L

was chosen based on previous studies (30). Treatments were removed,

cells were washed in PBS, and painted with carboxyfluorescein dia-

cetate succinimidyl ester (CFSE). Target cells were removed from the

flasks with minimum exposure to trypsin and washed twice in PBS.

Target cell and NK cell/PBMC concentrations were normalized to a

concentration of 2.5 � 105 cells/mL (Guava ViaCount). Target and

immune cell aliquots were then prepared in medium alone or medium

with 10 mg/mL trastuzumab, 10 mg/mL pertuzumab, or 10 mg/mL

trastuzumab and 10 mg/mL pertuzumab. Cells were then plated in

duplicate at a final volume of 200 mL in a round-bottomed nontissue

culture–treated 96-well plate at three ratios (24). Plates were spun at

50 � g for 3 minutes to start the assay. ADCC assays were started

within 6 hours of TKI removal. Following a 12-hour incubation with

donor PBMCs, 40-mL 7-AAD was added to each well, mixed, and

allowed to incubate for 10 minutes. Percentage cell death was deter-

mined on a Guava easyCyte Flow Cytometer using InCyte Software

(Millipore). %ADCC¼ (% target cell cytotoxicitymediated by effector

cells with antibody) � (% target cell cytotoxicity mediated by effector

cells without antibody). % Direct NK cytotoxicity ¼ (target cell

cytotoxicity mediated by effector cells without antibody) – (basal

target cell death). Controls included target cells alone þ/� antibody,

effector cells alone, and dead cell controls. The CD20-specific ADCC

capablemAb, rituximab, was utilized as the negative control forADCC

(Supplementary Fig. S1). CFSE-painted K562 cells were utilized as the

positive control target cells for direct PBMC or NK cell cytotoxicity.

Reverse phase protein array of tumor samples

Reverse phase protein array (RPPA) data were taken from analyses

of LPT109096 (NCT000524303), a phase II randomized clinical trial

examining neoadjuvant trastuzumab and/or lapatinib plus chemother-

apy [sequential FEC75 (5-fluorouracil, epirubicin. cyclophosphamide)

and paclitaxel] in women with HER2-overexpressing invasive breast

cancer. RPPA analysis of patient samples is detailed in Holmes and

colleagues, 2013 (31). Posttreatment samples were collected after

2 weeks of neoadjuvant trastuzumab, lapatinib, or trastuzumab

treatment without chemotherapy.

High-content analysis

SKBR3 (10,000 cells/well), MCF-7/T47D, (4,000 cells/well), and

HCC1954 (2,500 cells/well) were seeded in clear-bottomed 96-well

plates and dual stained in series using ICD-targeted (Cell Signaling

Technology, #2242) and ECD-targeted (Calbiochem, #OP39) HER2

antibodies. Plate preparation is outlined in detail in Supplementary

Materials and Methods. Alexa Fluor 488–labeled (A27034) and

Alexa Fluor 594–labeled (A11032) secondary antibodies (Invitrogen)

were used, respectively. Nuclear staining required Hoechst 33342

(Invitrogen, #H1399) at 4mmol/L. Hoechst 33342, primary antibodies,

and secondary antibodies were diluted in 3% normal goat serum//PBS.

Images were acquired on the IN Cell-1000 Analyzer automated

imaging platform and analyzed using a Multi-Target Analysis algo-

rithmon InCell analysis software.HER2 expressionwas determined by

measurement of integrated fluorescence intensity of inclusions (area�

intensity) in the various cellular compartments analyzed. Membra-

nous ECD HER2 ¼ [(membranous/outer cytoplasmic region exclud-

ing nuclei) – (cytoplasmic region excluding nuclei)]. Untreated trip-

licate wells for medium, DMSO, and primary and secondary antibody

controls were included.

Analysis of NK cell gene signatures

DNA microarray data from TRIO-B07 (NCT00769470), a ran-

domized phase II trial examining neoadjuvant trastuzumab (H) or

lapatinib (L) or the combination followed by docetaxel (T) and

carboplatin (C) with trastuzumab and/or lapatinib in HER2þ breast

cancer, are publicly available through Gene Expression Omnibus

series accession number GSE130788. Activated NK cell gene sig-

natures (CIBERSORT) in tumor samples (n ¼ 89) were examined

before and after 2 weeks of neoadjuvant trastuzumab, lapatinib, or

trastuzumab/lapatinib therapy without TC. Posttreatment samples

were also examined for pathologic complete response (pCR) to

subsequent chemotherapy plus targeted therapy. RNA sequencing

(RNA-seq) data were obtained from ICORG 10-05 (NCT01485926),

a phase II neoadjuvant study assessing TC with trastuzumab and/or

lapatinib in HER2þ breast cancer. An NK cell gene signature (MCP-

counter) was examined before and after 21 days of therapy for 8

patients. The analysis included TCH (n ¼ 4), TCL (n ¼ 1), and

TCHL (n ¼ 3) treated tumor samples. MCP-counter was the

appropriate analysis tool for RNA-seq data, while CIBERSORT

was appropriate for a DNA microarray–based dataset. Details of

DNA microarray and RNA-seq methods are outlined in Supple-

mentary Material and Methods.

Trastuzumab/pertuzumab binding assays

Trastuzumab (Dylight 488) and pertuzumab (Dylight 550) were

labeled according to the manufacturer’s protocol (Thermo Fisher

Scientific). 488- and 550-labeled rituximab acted as background

fluorescence controls (Supplementary Fig. S2). Labeled antibody

concentrations were determined by NanoDrop (Thermo Fisher Sci-

entific). Cells were pretreated with TKIs and controls for 48 hours in

the same manner as the ADCC assays. Cells were washed, trypsinized,

and seeded at 2.5 � 105 cells/mL in ADCC assay medium for each of

the TKI/MED/DMSO treatments. T0 samples (corresponding to the

Western blot analysis and HCA data timepoint) were exposed to

trastuzumab-488 (10 mg/mL), pertuzumab-550 (10 mg/mL), trastuzu-

mab-488 (10 mg/mL)/pertuzumab-550 (10 mg/mL), or left untreated.

Additional rituximab-488 (10 mg/mL) and rituximab-550 (10 mg/mL)

controls were run on DMSO-pretreated samples. Samples were incu-

bated at room temperature for 15minutes, washed twice with PBS, and

resuspended in ADCC assay medium. Cells (200 mL) were plated in

single replicates and stained with 5 mmol/L 7-AAD. Dead cell controls

were prepared by addition of 5 mL Triton X. Samples were analyzed

using Guava easyCyte Flow Cytometer and InCyte Software (Milli-

pore). Rituximab controls were used to set dot plot quadrants. Cell

number and mean fluorescence intensity (MFI) values were

TKIs, ADCC, and Breast Cancer
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determined using rituximab controls. For T6 analysis, corresponding

to the start of ADCC assays, samples were incubated at 37�C for 50

minutes followed by incubation at room temperature for 310 minutes,

and then treated the same as T0 samples.

Ethical approval

The clinical trials included in this study (NCT00524303/

NCT00769470/NCT01485926) were conducted in accordance with

the Declaration of Helsinki. All trials were approved by the relevant

ethics committees/institutional review boards and health authorities at

all participating sites. Informed, written consent was obtained from all

participants.

Statistical analysis

Comparative statistical analyses were performed on the quantitative

data generated in the study, using Microsoft Excel and MedCalc.

Where appropriate, differences between experimental group mean

values were evaluated by two-tailed Student t tests and considered

significant if P < 0.05. Patient sample–related statistical methods are

outlined in the text or in Supplementary Materials and Methods.

Results
Direct mAb and TKI effects on the cell line panel

HER2 overexpression in theHER2-amplified SKBR3 andHCC1954

cell lines compared with the HER2-low cell lines, T47D, MCF-7,

CAMA-1, andCAL-51, is illustrated inFig. 1A and has beenquantified

previously by ELISA (24). Total EGFR/HER3/HER4 expression levels

for the cell lines are also shown. Figure 1B highlights the limited direct

effects ofmAb treatments on proliferation of the cell line panel in vitro.

The antiproliferative effects of trastuzumab plus pertuzumab did not

prove to be statistically different to trastuzumab alone in any cell line.

The irreversible pan-HER inhibitors, afatinib andneratinib, weremore

potent inhibitors of proliferation than lapatinib across all cell lines

examined (Fig. 1C). HCC1954 was more resistant to all three TKIs

compared with SKBR3. The HCC1954 cell line has a PI3K mutation

(H1047R) downstream of HER2 that has been associated with innate

Figure 1.

A, Total HER2 and EGFR, HER3, and HER4 expression byWestern blotting in HER2-amplified SKBR3 and HCC1954, and HER2-lowMCF-7, T47D, CAMA-1, and CAL-51

breast cancer cell lines. All samples at 30 mg, except SKBR3 and HCC1954 (2.5 mg). Relative HER2 expression determined by densitometry on triplicate blots.

B, Proliferation for trastuzumab (T), pertuzumab (P), and combination (T þ P) in the cell line panel. All data determined in triplicate � SD. � , P < 0.05 versus

untreated control (100%). C, IC50 values for lapatinib (LAP), afatinib (AFAT), and neratinib (NER) ordered by ascending lapatinib resistance. CAMA-1 IC50 lapatinib

> 10,000 nmol/L and SKBR3 IC50 neratinib < 0.01 nmol/L. All data in triplicate� SD.D, Total HER2 expression byWestern blotting following 48-hour treatment with

2 mmol/L lapatinib, afatinib, or neratinib, 0.2% DMSO, or medium (MED). Blots shown are representative of three independent experiments.

Collins et al.
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resistance to trastuzumab (32). In the HER2-low cell lines examined,

neratinib proves the most potent antiproliferative agent with signif-

icantly lower IC50 values than afatinib, followed by lapatinib (Fig. 1C).

Lapatinib treatment significantly increased total HER2 levels across

the cell line panel, while afatinib and neratinib significantly decreased

total HER2 levels in all cell lines examined (Fig. 1D). Densitometry

analysis is shown in Supplementary Fig. S3. The differential effects of

lapatinib and neratinib are hypothesized to be driven by the greater

induction of HER2 transcription by lapatinib, combined with a higher

level of HER2 endocytosis and lysosomal degradation triggered by

neratinib (33).

Impact of TKIs on HER2 protein levels in clinical samples and

in vitro

Preclinical data suggest that lapatinib increases tumor cell surface

HER2 and alters ADCC response (16–18). To our knowledge,

LPT109096 offers the only dataset available examining patient

tumor HER2 protein levels before and after single-agent lapatinib

treatment. In support of preclinical findings utilizing short-term

exposures, 2 weeks of lapatinib treatment led to more than 50% of

matched samples showing an increase in HER2 and/or EGFR

expression levels (Fig. 2A). A total of 91% (10/11) of samples had

increased HER2 or EGFR after lapatinib treatment. Phosphoryla-

tion of EGFR and HER2 decreased after treatment with the ther-

apies examined (Fig. 2A). In short-term in vitro assays, lapatinib

and trastuzumab treatment of HER2þ breast cancer cell lines,

SKBR3 and HCC1954 (Fig. 2B), confirmed the clinical findings

(Fig. 2A). Lapatinib-induced HER2 increases were maintained on

addition of trastuzumab in vitro (Fig. 2B; additional densitometry

analysis in Supplementary Fig. S4). This was not reflected in the

clinical samples (Fig. 2A), but we did not explore long-term

exposure (2 weeks) to both targeted therapies, as a 48-hour time-

point was used for all assays and TKI pretreatment was utilized to

induce target cell changes.

TKIs alter membrane-bound ECD-HER2 in vitro

To ensure that ADCC relevant membrane HER2 levels, as opposed

to cytoplasmic HER2 levels, are altered following TKI treatment, an

ECD HER2–targeted antibody was used to assess HER2 levels follow-

ing TKI treatment by HCA (Fig. 2C), and by flow cytometry using

fluorescently labelled trastuzumab (Supplementary Table S3). HCA

and flow cytometry results confirmed that the global TKI-related

changes in HER2 detected by Western blotting (Fig. 1D) were

representative of cell membrane ECD HER2 level changes. Although

0.2 and 1 mmol/L resulted in significant changes to HER2, 2 mmol/L

was retained as the treatment concentration for the remainder of the

study because 2 mmol/L neratinib induced the numerically lowest

HER2 values in SKBR3 and MCF-7.

Figure 2.

A, Frequency bar charts showingmatched pre- and posttreatment tumor samples from LPT109096 displaying an increase or decrease in protein levels after 2 weeks

of treatment with trastuzumab, lapatinib, or both. Readouts for each target were not available for every sample leading to the variation in total numbers. The

difference between treatment arms did not reach significance (Fisher exact test). B, Impact of 48-hour treatment with 10 mg/mL trastuzumab (T), 2 mmol/L lapatinib

(L), or the combination (T þ L) on levels of total and phosphorylated (p) HER2/EGFR expression in SKBR3 and HCC1954. Densitometry for HER2 shown. C, High-

content analysis of membrane HER2 expression in SKBR3, HCC1954, T47D, and MCF-7 following 48-hour TKI treatments using an ECD-targeted antibody. Triplicate

data, normalized to untreated control � SD. � , P < 0.05 relative to DMSO control.

TKIs, ADCC, and Breast Cancer
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TKI treatment alters PBMC-mediated ADCC

PBMCs contain a mix of ADCC-capable cell types, including

NK cells and monocytes, and are a commonly used source of

effector cells utilized to examine TKIs and ADCC (16–18). We

have shown previously that a flow cytometry–based ADCC assay

has several advantages over lactate dehydrogenase (LDH)-based

assays when assessing the impact of TKIs on ADCC, proving more

sensitive, reproducible, and unaffected by TKI-related alterations

in LDH levels (16–18, 29). The effects of all three TKIs on ADCC

were assessed in HER2þ SKBR3 and HCC1954, and HER2-low

MCF-7 and T47D at a 5:1 effector:target cell ratio. Additional

PBMC:target cell ratios for each cell line are shown in Supplemen-

tary Fig. S5A and S5B. Lapatinib and neratinib were examined in

CAMA-1 and CAL-51. Lapatinib-treated SKBR3 displayed reduced

trastuzumab- and pertuzumab-mediated ADCC, with afatinib and

neratinib treatment having no significant effect on ADCC (Fig. 3).

In HCC1954, all three TKIs reduced mAb-mediated ADCC and

unlike SKBR3, the individual TKIs did not show variable influence

on ADCC.

For the HER2-low models, lapatinib treatment resulted in control

equivalent mAb-mediated ADCC in three of four HER2-low models

examined and increased ADCC (trastuzumab, pertuzumab, and com-

bination) in the remaining HER2-low cell line, MCF-7 (Fig. 3). When

compared with lapatinib-treated cells, neratinib produced lower tras-

tuzumab-mediated ADCC in three of four HER2-low models and

reduced pertuzumab-mediated ADCC in four of four HER2-low

models. Afatinib followed a similar trend to neratinib in the two cell

lines it was examined (T47D andMCF-7). Interestingly, acrossHER2þ

andHER2-low cell lines, the ADCC response did not correlate directly

with the TKI-altered levels of HER2.

Examining control levels of ADCC in the absence of TKI, there was

no significant difference between the levels of ADCC induced by

trastuzumab, pertuzumab, or the combination of both mAbs in the

HER2þ cell lines (Supplementary Fig. S5C). However, the level of

pertuzumab-mediated ADCCwas lower compared with trastuzumab-

mediated ADCC in all HER2-low cell lines, significantly in MCF-7,

CAMA-1, and CAL-51, indicating pertuzumab is not as powerful an

inducer of ADCC in HER2-low models.

NK cells in early response to neoadjuvant therapy of HER2þ

breast cancer

NK cells are the major immune cell subtype within the PBMC

fraction contributing to ADCC in vitro (34). CIBERSORT analysis of

TRIO-B07 samples showed that an activated NK cell signature was

significantly increased (P¼ 0.03) following 2weeks of targeted therapy

treatment (n¼ 89; Fig. 4A). On breakdown by arm, only the difference

in the trastuzumab arm (n ¼ 26) proved significant (P ¼ 0.04). The

posttreatment samples were then analyzed by pCR to the subsequent

second part of neoadjuvant therapy (TCH, TCHL, or TCL; Fig. 4B).

For trastuzumab/lapatinib-treated patients, the activated NK cell

signature was significantly lower (P ¼ 0.04) for those who went on

to achieve a pCR than for nonresponders. This effect was also

significant (P< 0.01)when the trastuzumab and trastuzumab/lapatinib

arms were combined, but not for the lapatinib-only arm (P ¼ 0.704).

MCP counteranalysis of tumor samples from ICORG 10-05 (n ¼ 8)

showed that one cycle of chemotherapy (TC) plus an HER2-targeted

agent results in a significant increase in NK cell gene signature after

21 days (Fig. 4C). This suggests that the targeted therapy–associated

increase in NK cell gene signature (Fig. 4A) is maintained in the

presence of a TC chemotherapy backbone.

TKIs alter NK cell–mediated ADCC

Figure 4 suggests that NK cellsmay have an early role in response to

neoadjuvant treatment in HER2þ breast cancer. An NK cell–enriched

effector cell population was used to ascertain the impact of TKIs on

direct NK cell cytotoxicity þ/� mAb within the same experiments

(Fig. 5). For SKBR3, lapatinib maintained direct cytotoxicity levels

(Fig. 5A), but reduced mAb-mediated ADCC (Fig. 5B). Afatinib and

neratinib did the opposite, suggesting an induced target cell profile

more conducive to mAb-mediated ADCC. Afatinib and neratinib

produced the same ADCC profile in HCC1954 suggesting that the

irreversible TKIs, neratinib in particular, may have advantages over

lapatinib when trying to maintain an NK cell–mediated ADCC

response to HER2 mAb therapies in HER2þ breast cancer models.

Unlike the PBMC-based assays (Fig. 3), lapatinib did not produce an

increase in mAb-mediated ADCC in MCF-7 (Fig. 5B). There was no

significant benefit for the addition of trastuzumab to pertuzumab for

Figure 3.

Trastuzumab (T)-, pertuzumab (P)-, and trastuzumabþpertuzumab (TþP)-mediatedADCC inSKBR3,HCC1954, T47D,MCF-7, CaL-51 andCAMA-1 following48-hour

TKI (2 mmol/L) treatments. Results shown represent PBMC:target ratios of 5:1. Results of three separate experiments � SD.� , P < 0.05 relative to the 0.2% DMSO

control; †, P < 0.05 relative to lapatinib-treated cells.
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NK cell–mediated ADCC, and pertuzumab-mediated ADCC was

numerically lower than trastuzumab-induced ADCC in MCF-7 and

T47D, but not to a significant degree (P > 0.05; Fig. 5B).

TKI treatment impacts trastuzumab and pertuzumab binding

Trastuzumab and pertuzumab binding was examined in TKI-

treated target cells as a key contributing factor to ADCC efficacy.

Percentage cell number and MFI values were determined for

each treatment. Major TKI-induced changes in mAb binding were

found to be stable for at least 6 hours, from T0 (Western blotting

and HCA equivalent timepoint) through T6 (commencement of

the ADCC assays; Supplementary Tables S1–S4; Supplementary

Fig. S6). Figure 6A represents the percentage of cells staining

positive for mAbs when exposed to trastuzumab and pertuzumab

Figure 4.

A, Activated NK cell gene signature fractions (CIBERSORT) frommatched pre- and posttreatment [2 weeks of trastuzumab (H), lapatinib (L), or both] TRIO-B07 tumor

samples overall, and by treatment arm B, Posttreatment samples from A broken down by pCR, partial response (PR), or nonresponse (NR) to subsequent docetaxel/

carboplatin (TC)H, TCL, or TCHL therapy.C,MCP counteranalysis of NK cell gene signature levels in ICORG 10-05 patient samples (n¼ 8) by pretreatment and after one

cycle of therapy (TCH/TCL/TCHL). Each individual sample examined showed an increase in NK cell score on-treatment. P < 0.05 is significant and corrected.

Figure 5.

A, Direct NK cell cytotoxicity against HER2þ (SKBR3 and HCC1954) and HER2-low (MCF-7 and T47D) cell lines following treatment with lapatinib, afatinib, and

neratinib (2 mmol/L) for 48 hours. Three ratios of NK cells (NK) to target cells were examined. B, NK cell–mediated ADCC induced by trastuzumab (T), pertuzumab

(P), or trastuzumab plus pertuzumab (TþP) following treatment with lapatinib, afatinib, or neratinib (2 mmol/L) for 48 hours. Three ratios of NK cells to target cells

were examined with the 1:1 ratio shown for SKBR3, HCC1954, and MCF-7. Only the 0.5:1 ratio was available for the T47D cell line due to sensitivity to direct NK cell

cytotoxicity. � , P < 0.05 is significant versus DMSO-treated control, †, P < 0.05 significant relative to lapatinib-treated cells.
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simultaneously following TKI treatment. More than 97% of SKBR3

and HCC1954 cells bound trastuzumab and the TKIs did not impact

this. However, lapatinib significantly increased the number of cells

cobinding pertuzumab, while afatinib and neratinib reduced the

number of cells cobinding pertuzumab. These results were consistent

when eachmAbwas examined individually (Supplementary Table S1).

Lapatinib can induce a noncanonical ligand binding HER2/HER3

dimer (subdomain II available), while neratinib induces an HER2/

HER3 dimer that does not bind ligand (subdomain II not available),

further reducing HER2 available for pertuzumab binding (35).

Decreased levels of HER2 (Figs. 1D and 2C) and increased levels

of EGFR or HER3 (Fig. 6B) could also reduce the number of

pertuzumab binding sites available through the formation of ligand-

induced or ligand-independent heterodimers (36, 37). HER2 sub-

domain IV was available to bind trastuzumab whether HER2 was

homo- or heterodimerized, so trastuzumab binding was not impact-

ed in the same way as pertuzumab (36, 38).

Pertuzumab exposure did not produce a positive cell population

for T47D and MCF-7 (Supplementary Table S1), but measurable

MFI values confirmed low level binding (Supplementary Tables S3

and S4). This was consistent with the reduced pertuzumab-

mediated ADCC in MCF-7 and T47D (Fig. 3; Supplementary

Fig. S5C). Therefore, T47D and MCF-7 cells only show unlabeled

and trastuzumab-stained cell populations (Fig. 6A). Lapatinib

increased the number of trastuzumab-positive MCF-7 cells by

18.1% and T47D cells by 8.9%. Afatinib and neratinib reduced the

percentage trastuzumab-positive cells significantly in both cell lines,

concomitant with HER2 levels.

MFI values are a measure of binding intensity within the % positive

cell populations. The MFI values associated with (Fig. 6A; Supple-

mentary Table S3) change in concordance with the HER2 levels

following TKI exposure, as measured by HCA (Fig. 2) and Western

blotting (Fig. 1D), for all four cell lines.

TKIs alter levels of HER2 dimerization partners

Protein levels of pHER2/pHER3, the most potent heterodimer

oncogenic driver, and EGFR, HER3, and HER4 were examined to

confirm TKI activity and assess levels of HER2 heterodimer partners

with potential for impacting pertuzumab binding. All three TKIs

significantly reduced pHER3 and pHER2 activity in all cell lines

(Fig. 6B). The TKIs also altered the total levels of HER family

members, particularly EGFR and HER3 (Fig. 6B). Densitometry

analysis is shown in Supplementary Fig. S7. Lapatinib increased EGFR

(in SKBR3,HCC1954, andMCF-7) andHER3 (in SKBR3,MCF-7, and

T47D) protein levels. Afatinib treatment increased protein levels of

EGFR (in SKBR3 and HCC1954) and HER3 (in SKBR3, MCF-7, and

T47D), while neratinib increased EGFR (in HCC1954) and HER3 (in

SKBR3, MCF-7, and T47D) expression. All changes were significant.

These increases in total HER3were not associated with increased levels

of phosphorylated HER3, but may have implications for pertuzumab

binding through increased availability of HER2 dimerization partners

TKIs alter proteins associated with regulation of NK cell

cytotoxicity

As a preliminary study of potential mediators of TKI-induced

changes in NK cell cytotoxicity, total levels of MHC class I, HLA-E,

MCF-7 T47D

pHER2

EGFR

pHER3

HER3

HER4

MHC Class I

α-Tubulin α-Tubulin α-Tubulin

α-Tubulin

α-Tubulin

HLA-E

PD-L1

C

A SKBR3 HCC1954

pHER2

EGFR

pHER3

HER3

B
M        D          L        A        N M D         L        A        N

M        D          L        A        N M        D          L        A        N

MCF-7 T47D

MHC Class I

PD-L1

HLA-E

E

M     D      L      A     N M     D     L      A     N

SKBR3 HCC1954

MHC Class I

PD-L1

HLA-E

D

M    D     L     A     N M    D     L     A     N

Figure 6.

A, The average percentage cell number staining positive for trastuzumab (T), pertuzumab (P), trastuzumab and pertuzumab (TþP), or those remaining unlabeled

immediately after pretreatment (T0)with TKIs (2mmol/L) for 48hours. Results show the averageof three independent experiments. Original data for coexposure and

each individualmAb� SD andP values can be found in Supplementary Table S1.B,pHER2, HER3, pHER3, andEGFR expression following treatmentwithmedium (M),

DMSO (D), or 2 mmol/L lapatinib (L), afatinib (A), or neratinib (N). All samples at 30 mg.C. MHC class I, HLA-E, and PD-L1 expression byWestern blotting in all cell lines

examined in this study. All samples at 30 mg. MHC class I, HLA-E, and PD-L1 expression levels following treatment with TKIs (2 mmol/L for 48 hours) in SKBR3 and

HCC1954 (D) and MCF-7 and T47D (E). All blots were carried out in triplicate.
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and PD-L1were examined. These proteins are three ofmany target cell

proteins associated with regulation of NK cell cytotoxicity (39).

HCC1954 was the only cell line displaying high expression of PD-

L1, SKBR3 displayed lower levels ofMHCclass I than all other cell lines

examined, with HLA-E expression present for all study cell lines

(Fig. 6C). Lapatinib treatment significantly reduced MHC class I

expression in SKBR3, and lapatinib and afatinib did the same in

HCC1954 (Fig. 6D). HLA-E expression was significantly reduced

following neratinib treatment in HCC1954 only. For the HER2-low

cell lines, afatinib and neratinib reduced MHC class I and PD-L1

expression significantly in T47D (Fig. 6E). Reduced trastuzumab-

mediated ADCC (Fig. 5) was associated with reduced MHC class I

expression in SKBR3,HCC1954, andT47D, but not inMCF-7 (Fig. 6D

and E). Densitometry for Fig. 6D and E is presented in Supplementary

Fig. S8.

Discussion
Our results suggest that NK cells are key mediators of the early

antitumor immune response in neoadjuvant treatment ofHER2þ breast

cancer, and HER2 antigen levels and antibody load are not the only

factors dictating the ADCC response to trastuzumab and pertuzumab

following TKI treatment. Compelling evidence for the contribution of

an immune response to the efficacy of trastuzumabhas beenprovidedby

in vitro and in vivo studies (6, 9, 10). ADCC-capable therapeutic mAbs

may be considered a form of passive immunotherapy, tagging antigen-

positive tumor cells and priming the immune response directly through

engagement of FcR-positive immune cells, and indirectly by sensitizing

the tumors to chemotherapy through the inhibition of oncogenic

signaling pathways resulting in the release of damage-associatedmolec-

ular patterns (40). Recent clinical results reporting greater efficacy of

margetuximab, an ADCC-enhanced HER2-targeting mAb, over tras-

tuzumab lend support to the relevance of ADCC in clinical mAb

response (7). It has also been reported that impaired ADCC capacity

leads to reduced trastuzumab efficacy in patients (8).

Strategies for enhancing the immune response to ADCC-capable

antibodies are therefore desirable. Altering tumor cell–related factors,

such as HER2 antigen levels, is a potential method and is supported by

previous preclinical work (16–18, 29). Using the only database avail-

able, we have shown that the lapatinib-induced changes in HER2 and

EGFR observed in vitro are potentially relevant in patient samples

(Fig. 2A).

Despite increased HER2 levels, we observed reduced trastuzumab-

mediated ADCC in lapatinib-pretreated SKBR3 and HCC1954 cells

using PBMCs or NK cells. Increased ECD-HER2 shedding (41) is

unlikely to be responsible for reduced ADCC on the basis of the HCA

(Fig. 2C), flow cytometry (Supplementary Table S3), and binding

assay (Fig. 6A) results. We believe that this work does not contradict

previous findings which show lapatinib increases trastuzumab-

mediated ADCC (16–18), but provides a perspective on enduring

target cell populations, rather than those that have died. The in vitro

model we used to assess ADCC is robust, employing excess mAb

(10 mg/mL), pretreatment with TKIs to avoid direct influence of

solvent or TKI on effector cells, and a flow cytometry–based system

for single cell–based analysis. The assay measures the proportion of

intact cells that are dead or dying due toADCCor direct cytotoxicity at

a particular timepoint. More traditional methods, like LDH release

assays, rely on an indirect measurement of a cytosolic factor that is

released in to themedium. Such cumulative assays do not report on the

status of remaining target cells and in the case of LDH, are impacted by

the presence of TKIs (29).

While the magnitude of the ADCC response to pertuzumab alone

was similar to trastuzumab alone inHER2þmodels (Figs. 3 and 5), the

addition of pertuzumab to trastuzumab did not enhance ADCC, most

likely because of previously reported saturation of the ADCC response

in the presence of extreme HER2 overexpression (14). Results also

show that pertuzumab-induced ADCC is not equivalent to trastuzu-

mab-mediated ADCC in HER2-low models and pertuzumab binding

is more susceptible to TKI-induced changes (Fig. 6; Supplementary

Fig. S5C). This is potentially due to pertuzumab targeting HER2

subdomain II, which is involved in HER family dimerization (14),

and pertuzumab having a lower affinity for HER2 compared with

trastuzumab (42).

It has been shown that perioperative lapatinib can result in tumor

clearance within 11 days (EPHOS-B; ref. 43). A similar effect with

chemotherapy and trastuzumab or lapatinib was observed within

20 days for ICORG 10-05 (44). We report a significantly reduced

activated NK cell signature associated with a pCR to trastuzumab and

trastuzumab/lapatinib treatment in the TRIO-B07 dataset within

2 weeks. On the basis of data reported for ICORG 10-05 and

EPHOS-B, this could indicate the resolution of an active antitumor

immune response involving NK cells and trastuzumab that is induced,

but is incomplete or ineffective in nonresponders, and does not occur

in the presence of lapatinib only (Fig. 4). Direct investigation of

treatment-related changes in NK cell subpopulations within HER2þ

tumors is warranted.

Our data suggest that HER2 antigen level changes in HER2þ cells

have minimal impact on an optimal ADCC response that is facilitated

by gross HER2 overexpression and excess antibody, in which case

regulatory factors other than HER2 antigen levels can play a role.

Potential mediators exist within the suite of target cell proteins

involved in NK cell activation [e.g., MHC class I, HLA-E (NKG2A

receptor), and CD155] and inhibition [e.g., HLA-E (NKG2C receptor)

and PD-L1; refs. 39, 45]. Key NK cell–regulating proteins, MHC class I

and HLA-E, are altered by TKI treatment (Fig. 6). These changes

suggest that a more in-depth investigation of NK cell–regulating

proteins altered by TKIs is required, given the changes in NK cell–

mediated ADCC and direct cytotoxicity observed (Fig. 5). It is most

likely the balance in expression of a number of these regulators, rather

than a lone regulator, that is guiding NK cell response in these assays.

From a purely immunologic view point, afatinib and neratinib

pretreatment may prove more beneficial to the mAb ADCC response

than lapatinib by maintaining the localized NK cell–mediated ADCC

response inHER2þ tumors (Fig. 5), with the added benefit of increased

pan-HER inhibitory antiproliferative activity (Fig. 1C). Neratinib and

afatinib improved the antiproliferative effects of trastuzumab com-

bined with pertuzumab in ligand-activated HER2þ cell line models

in vitro (46). Combinations of neratinib or afatinib with trastuzumab/

pertuzumab could be considered as next-generation approaches to

neoadjuvant studies like neoALTTO and EPHOS-B (43, 47). Tucatinib

is an HER2-specific TKI recently approved in combination with

trastuzumab and capecitabine for the treatment of metastatic HER2þ

breast cancer (48). As tucatinib is a reversible TKI, it could be expected

to behave like lapatinib in our assays, but this remains to be

determined.

Of the three TKIs studied, lapatinib in combination with trastu-

zumab provided the optimal ADCC response in HER2-low breast

cancer models. Although HER2 levels were increased in all HER2-low

cell lines, lapatinib pretreatment did not increase trastuzumab-

mediated ADCC levels compared with control in three of four cell

lines (Fig. 3) and increased ADCC in one cell line only (MCF-7) when

PBMCs, but not NK cells (Fig. 5), were used as effector cells. As the

TKIs, ADCC, and Breast Cancer
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effector cell type used was the only difference between the MCF-7

assays, further investigation in to the immune cell types contributing to

ADCC in PBMCs is required.

Clinical evidence to support the use of HER family–targeted TKIs

outside HER2þ disease is limited. Afatinib has not shown efficacy in

HER2-low/ERþ or triple-negative breast cancer (49, 50). Neratinib did

not show benefit in combination with chemotherapy in triple-negative

breast cancer, but may have value in HER2-low/HER2-mutated can-

cers (15, 51). However, lapatinib may be worth further study in the

HER2-low setting in combination with HER2-targeting antibody–drug

conjugates, T-DM1 or DS8201, where increased cell surface HER2

levels may be an advantage for antibody–drug conjugate loading.

Immune checkpoint inhibitors are being trialed in all breast cancer

subtypes and could potentially enhance the activity of existing anti-

body therapies through reactivation of checkpoint-inhibited ADCC-

capable immune cells. The anti–PD-1 therapy, pembrolizumab, has

been shown to improve outcomes for advanced trastuzumab-resistant,

PD-L1þ HER2þ breast cancers receiving trastuzumab (52).

Our results show that TKIs differentially alter tumor cell phenotype,

which can impact NK cell–mediated response to coadministered

antibody therapies. The immune cell milieu (Figs. 3 and 5), the ADCC

capacity of effector cells (29), and the expression of immune regulatory

proteins on the surface of tumor cells (Fig. 6; ref. 53) may all have a

bearing on this response. Other factors not addressed in this study,

such as HER family ligand expression, extended TIL profile of the

tumor microenvironment, or varying immune modulating properties

of concomitant chemotherapy regimens, will also influence TKI

impact on NK cell–mediated mAb-induced ADCC.
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conduct of the study. W.M. Gallagher reports grants from the Irish Cancer Society

during the conduct of the study. V. Espina reports grants from GlaxoSmithKline

during the conduct of the study, personal fees from TheraLink Technologies outside

the submitted work, as well as having patent 9086414 issued, licensed, and with

royalties paid from TheraLink Technologies and a patent 9029076 issued, licensed,

and with royalties paid from TheraLink Technologies. L. Liotta is a consultant for

AvantDiagnostics, is an inventor of issued patents related to c-ERBB2 andmethods of

tissue and cellular analysis employed as part of the proteomic methods used to obtain

data in this study. K.J. O’Byrne reports grants fromScience Foundation Ireland during

the conduct of the study, personal fees and other fromBoehringer-Ingelheim, Bristol-

Myers Squibb, and MSD, personal fees from Roche, AstraZeneca, Lilly Oncology,

Pfizer, Novartis, Teva, Janssen, and from Netara, and other from Carp Pharmaceu-

ticals, Carpe Vitae Pharmaceuticals, and DGC diagnostics outside the submitted

work. N. O’Donovan reports grants from Science Foundation Ireland, the Irish

Cancer Society, the Irish Research Council, the Cancer Clinical Research Trust, The

Caroline Foundation, Roche, GSK, and Boehringer Ingelheim during the conduct of

the study, and grants from Breast Cancer Now and Eisai outside the submitted work,

as well as having a patent forWO2020011770A1 [a method of predicting response to

treatment in cancer patients (pending)]. J. Crown reports grants from Science

Foundation Ireland, The Health Research Board, the Irish Research Council, and

Roche Products (Ireland) Ltd., nonfinancial support from Roche/Genentech during

the conduct of the study, grants and personal fees from Puma Biotechnology, Inc.,

Roche, Boehringer Ingelheim, and Eisai, personal fees fromGenomicHealth, personal

fees and nonfinancial support from Pfizer, MSD Oncology, and Novartis, personal

fees and other from Oncomark Limited, personal fees from G1 Therapeutics, and

nonfinancial support from AbbVie and AstraZeneca outside the submitted work, as

well as having a patent forWO2020011770A1 pending. No disclosures were reported

by the other authors.

Authors’ Contributions

D.M. Collins: Conceptualization, resources, data curation, formal analysis, super-

vision, funding acquisition, investigation, visualization, methodology, writing-

original draft, project administration, writing-review and editing. S.F. Madden:

Conceptualization, resources, data curation, formal analysis, supervision, investiga-

tion, visualization, methodology, writing-review and editing. N. Gaynor: Data

curation, formal analysis, investigation, methodology, writing-review and editing.

D. AlSultan: Data curation, formal analysis, investigation, methodology, writing-

review and editing. M. Le Gal: Data curation, formal analysis, investigation, meth-

odology, writing-review and editing. A.J. Eustace: Resources, formal analysis, super-

vision, investigation, methodology, writing-review and editing. K. Gately: Concep-

tualization, resources, formal analysis, supervision, investigation, methodology,

writing-review and editing. C. Hughes: Conceptualization, formal analysis, investi-

gation, methodology. A. Davies: Conceptualization, supervision, methodology,

writing-review and editing. T. Mahgoub: Resources, investigation, methodology,

writing-review and editing. J. Ballot: Resources, investigation, methodology.

S. Toomey: Resources, supervision, investigation, methodology, writing-review and

editing. D. O’Connor: Resources, investigation, methodology. W.M. Gallagher:

Resources, supervision, methodology, writing-review and editing. F.A. Holmes:

Resources, data curation, methodology, writing-review and editing. V. Espina:

Conceptualization, resources, data curation, methodology, writing-review and edit-

ing. L. Liotta: Conceptualization, data curation, methodology, writing-review and

editing. B.T. Hennessy: Conceptualization, resources, supervision, methodology,

writing-review and editing. K.J. O’Byrne: Conceptualization, supervision, method-

ology, writing-review and editing. M. Hasmann: Conceptualization, resources,

supervision, visualization, methodology, writing-review and editing.

B. Bossenmaier: Conceptualization, resources, supervision, investigation, visualiza-

tion, methodology, writing-review and editing. N. O’Donovan: Conceptualization,

resources, supervision, funding acquisition, methodology, project administration,

writing-review and editing. J. Crown: Conceptualization, resources, supervision,

funding acquisition, visualization, writing-review and editing.

Acknowledgments
This work was supported by The Caroline Foundation, the Cancer Clinical

Research Trust (CHY12210), the Irish Research Council Enterprise Partnership

Scheme; the Health Research Board (CSA/2007/11), the Science Foundation Ire-

land-funded Molecular Therapeutics for Cancer Ireland (08/SRC/B1410), the Irish

Cancer Society Collaborative Cancer Research Centre BREAST-PREDICT

(CCRC13GAL), and Roche Products Ireland Ltd. We wish to acknowledge Roche

for providing pertuzumab.

The costs of publication of this article were defrayed in part by the payment of page

charges. This article must therefore be hereby marked advertisement in accordance

with 18 U.S.C. Section 1734 solely to indicate this fact.

Received July 6, 2020; revised September 18, 2020; accepted October 22, 2020;

published first October 29, 2020.

References
1. Wolff AC, Hammond MEH, Hicks DG, Dowsett M, McShane LM, Allison KH,

et al. Recommendations for human epidermal growth factor receptor 2 testing in

breast cancer: American Society of Clinical Oncology/College of American

Pathologists clinical practice guideline update. Arch Pathol Lab Med 2014;

138:241–56.

2. Moja L, Tagliabue L, Balduzzi S, Parmelli E, Pistotti V, Guarneri V, et al.

Trastuzumab containing regimens for early breast cancer. Cochrane Database

Syst Rev 2012;4:CD006243.

3. Slamon DJ, Leyland-Jones B, Shak S, Fuchs H, Paton V, Bajamonde A, et al.

Use of chemotherapy plus a monoclonal antibody against HER2 for

Collins et al.

Clin Cancer Res; 27(3) February 1, 2021 CLINICAL CANCER RESEARCH816

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
lin

c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/2

7
/3

/8
0
7
/2

0
6
6
4
1
3
/8

0
7
.p

d
f b

y
 g

u
e
s
t o

n
 2

7
 A

u
g

u
s
t 2

0
2
2



metastatic breast cancer that overexpresses HER2. N Engl J Med 2001;344:

783–92.

4. Gullo G, De Giorgi A, O’Donovan N, Fennelly D, Walshe J, Ballot J, et al. Long-

term outcome of patients (PTS) with Her2-positive (Her2þ) metastatic breast

cancer (MBC) who achieved a complete response (Cr) after antiher2 therapy

(Her2Tx). Ann Oncol 2014;25:376P.

5. Vu T, Claret FX. Trastuzumab: updated mechanisms of action and resistance in

breast cancer. Front Oncol 2012;2:62.

6. Clynes RA, Towers TL, Presta LG, Ravetch JV. Inhibitory Fc receptors modulate

in vivo cytotoxicity against tumor targets. Nat Med 2000;6:443–6.

7. RugoHS, Im S-Ah,Wright GLS, Escriva-de-Romani S, DeLaurentiisM, Cortes J,

et al. SOPHIA primary analysis: a phase 3 (P3) study of margetuximab (M) þ

chemotherapy (C) versus trastuzumab (T) þ C in patients (pts) with HER2þ

metastatic (met) breast cancer (MBC) after prior anti-HER2 therapies (Tx).

J Clin Oncol 2019;37:1000.

8. Pivot X, Pegram M, Cortes J, L€uftner D, Lyman GH, Curigliano G, et al. Three-

year follow-up from a phase 3 study of SB3 (a trastuzumab biosimilar) versus

reference trastuzumab in the neoadjuvant setting for human epidermal growth

factor receptor 2-positive breast cancer. Eur J Cancer 2019;120:1–9.

9. Arnould L, Gelly M, Penault-Llorca F, Benoit L, Bonnetain F, Migeon C,

et al. Trastuzumab-based treatment of HER2-positive breast cancer: an

antibody-dependent cellular cytotoxicity mechanism? Br J Cancer 2006;

94:259–67.

10. Varchetta S, Gibelli N, Oliviero B, Nardini E, Gennari R, Gatti G, et al. Elements

related to heterogeneity of antibody-dependent cell cytotoxicity in patients

under trastuzumab therapy for primary operable breast cancer overexpressing

Her2. Cancer Res 2007;67:11991–9.

11. Lee-Hoeflich ST, Crocker L, Yao E, Pham T, Munroe X, Hoeflich KP, et al. A

central role for HER3 inHER2-amplified breast cancer: implications for targeted

therapy. Cancer Res 2008;68:5878–87.

12. Hurvitz SA, Gelmon KA, Tolaney SM. Optimal management of early and

advanced HER2 breast cancer. Am Soc Clin Oncol Educ Book 2017;37:76–92.

13. Scott AM, Wolchok JD, Old LJ. Antibody therapy of cancer. Nat Rev Cancer

2012;12:278–87.

14. Scheuer W, Friess T, Burtscher H, Bossenmaier B, Endl J, HasmannM. Strongly

enhanced antitumor activity of trastuzumab and pertuzumab combination

treatment on HER2-positive human xenograft tumor models. Cancer Res

2009;69:9330–6.

15. CollinsDM,ConlonNT,Kannan S,VermaCS, Eli LD, LalaniAS, et al. Preclinical

characteristics of the irreversible Pan-HER kinase inhibitor neratinib compared

with lapatinib: implications for the treatment of HER2-positive and HER2-

mutated breast cancer. Cancers 2019;11:737.

16. Scaltriti M, Verma C, Guzman M, Jimenez J, Parra JL, Pedersen K, et al.

Lapatinib, a HER2 tyrosine kinase inhibitor, induces stabilization and accumu-

lation of HER2 and potentiates trastuzumab-dependent cell cytotoxicity.

Oncogene 2009;28:803–14.

17. Maruyama T, Mimura K, Izawa S, Inoue A, Shiba S, Watanabe M, et al.

Lapatinib enhances herceptin-mediated antibody-dependent cellular cyto-

toxicity by up-regulation of cell surface HER2 expression. Anticancer Res

2011;31:2999–3005.

18. Mimura K, Kono K,Maruyama T,WatanabeM, Izawa S, Shiba S, et al. Lapatinib

inhibits receptor phosphorylation and cell growth and enhances antibody-

dependent cellular cytotoxicity of EGFR- and HER2-overexpressing esophageal

cancer cell lines. Int J Cancer 2011;129:2408–16.

19. Salgado R, Denkert C, Campbell C, Savas P, Nuciforo P, Aura C, et al. Tumor-

infiltrating lymphocytes and associations with pathological complete response

and event-free survival in HER2-positive early-stage breast cancer treated with

lapatinib and trastuzumab: a secondary analysis of the NeoALTTO trial.

JAMA Oncol 2015;1:448–54.

20. Geyer CE, Forster J, Lindquist D, Chan S, Romieu CG, Pienkowski T, et al.

Lapatinib plus capecitabine for HER2-positive advanced breast cancer. N Engl J

Med 2006;355:2733–43.

21. Geuna E, Montemurro F, Aglietta M, Valabrega G. Potential of afatinib in the

treatment of patients with HER2-positive breast cancer. Breast Cancer 2012;4:

131–7.

22. FDA. Neratinib drug label Available from: https://www.accessdata.fda.gov/

drugsatfda_docs/label/2017/208051s000lbl.pdf.

23. Varga Z, Noske A, Ramach C, Padberg B,MochH. Assessment ofHER2 status in

breast cancer: overall positivity rate and accuracy by fluorescence in situ

hybridization and immunohistochemistry in a single institution over 12 years:

a quality control study. BMC Cancer 2013;13:615.

24. Collins DM, O’Donovan N, McGowan PM, O’Sullivan F, Duffy MJ, Crown J.

Trastuzumab induces antibody-dependent cell-mediated cytotoxicity (ADCC)

in HER-2-non-amplified breast cancer cell lines. Ann Oncol 2012;23:1788–95.

25. Neve RM, Chin K, Fridlyand J, Yeh J, Baehner FL, Fevr T, et al. A collection of

breast cancer cell lines for the study of functionally distinct cancer subtypes.

Cancer Cell 2006;10:515–27.

26. Lehmann BD, Bauer JA, Chen Xi, Sanders ME, Chakravarthy AB, Shyr Yu, et al.

Identification of human triple-negative breast cancer subtypes and preclinical

models for selection of targeted therapies. J Clin Invest 2011;121:2750–67.

27. Berthois Y, Katzenellenbogen JA, Katzenellenbogen BS. Phenol red in tissue

culture media is a weak estrogen: implications concerning the study of estrogen-

responsive cells in culture. Proc Natl Acad Sci U S A 1986;83:2496–500.

28. Martin A, Clynes M. Comparison of 5 microplate colorimetric assays for in vitro

cytotoxicity testing and cell proliferation assays. Cytotechnology 1993;11:49–58.

29. Collins DM, Gately K, Hughes C, Edwards C, Davies A, Madden SF, et al.

Tyrosine kinase inhibitors as modulators of trastuzumab-mediated antibody-

dependent cell-mediated cytotoxicity in breast cancer cell lines. Cell Immunol

2017;319:35–42.

30. Collins D, O’Donovan N, Walsh N, Gately K, Edwards C, Davies A, et al. The

effects of lapatinib and neratinib on HER2 protein levels in breast cancer cell

lines. J Clin Oncol 2012;30:637.

31. Holmes FA, Espina V, Liotta LA, Nagarwala YM, Danso M, McIntyre KJ, et al.

Pathologic complete response after preoperative anti-HER2 therapy correlates

with alterations in PTEN, FOXO, phosphorylated Stat5, and autophagy protein

signaling. BMC Res Notes 2013;6:507.

32. O’BrienNA, BrowneBC,ChowL,WangY,GintherC,Arboleda J, et al. Activated

phosphoinositide 3-kinase/AKT signaling confers resistance to trastuzumab but

not lapatinib. Mol Cancer Ther 2010;9:1489–502.

33. Zhang Y, Zhang J, Liu C, Du S, Feng Lu, Luan X, et al. Neratinib induces ErbB2

ubiquitylation and endocytic degradation via HSP90 dissociation in breast

cancer cells. Cancer Lett 2016;382:176–85.

34. Kute T, Stehle JR, Ornelles D,Walker N, Delbono O, Vaughn JP. Understanding

key assay parameters that affect measurements of trastuzumab-mediated ADCC

against Her2 positive breast cancer cells. Oncoimmunology 2012;1:810–21.

35. Claus J, Patel G, Autore F, ColombaA,WeitsmanG, SolimanTN, et al. Inhibitor-

induced HER2-HER3 heterodimerisation promotes proliferation through a

novel dimer interface. Elife 2018;7:e32271.

36. Junttila TT, Akita RW, Parsons K, Fields C, Lewis Phillips GD, Friedman LS, et al.

Ligand-independent HER2/HER3/PI3K complex is disrupted by trastuzumab

and is effectively inhibited by the PI3K inhibitor GDC-0941. Cancer Cell 2009;

15:429–40.

37. Agus DB, Akita RW, FoxWD, Lewis GD, Higgins B, Pisacane PI, et al. Targeting

ligand-activated ErbB2 signaling inhibits breast and prostate tumor growth.

Cancer Cell 2002;2:127–37.

38. Ghosh R, Narasanna A, Wang SE, Liu S, Chakrabarty A, Balko JM, et al.

Trastuzumab has preferential activity against breast cancers driven by HER2

homodimers. Cancer Res 2011;71:1871–82.

39. Sivori S, Vacca P, Del Zotto G, Munari E, Mingari MC, Moretta L. Human NK

cells: surface receptors, inhibitory checkpoints, and translational applications.

Cell Mol Immunol 2019;16:430–41.

40. Park S, Jiang Z, Mortenson ED, Deng L, Radkevich-Brown O, Yang X, et al. The

therapeutic effect of anti-HER2/neu antibody depends on both innate and

adaptive immunity. Cancer Cell 2010;18:160–70.

41. Vazquez-Martin A, Oliveras-Ferraros C, Cufí S, Del Barco S, Martin-Castillo B,

Menendez JA. Lapatinib, a dualHER1/HER2 tyrosine kinase inhibitor, augments

basal cleavage of HER2 extracellular domain (ECD) to inhibit HER2-driven

cancer cell growth. J Cell Physiol 2011;226:52–7.

42. Li B, Meng Y, Zheng L, Zhang X, Tong Q, Tan W, et al. Bispecific antibody to

ErbB2 overcomes trastuzumab resistance through comprehensive blockade of

ErbB2 heterodimerization. Cancer Res 2013;73:6471–83.

43. Bundred N, Cameron D, Kalaitzaki E, Morley R, Cramer A, Webster-Smith M,

et al. Effects of perioperative lapatinib in early HER2þ breast cancer - the UK

EPHOS-B trial (CRUK/08/002). [abstract]. In: Proceedings of the 38th Annual

CTRC-AACR San Antonio Breast Cancer Symposium: 2015 Dec 8–12; San

Antonio, TX. Philadelphia (PA): AACR; 2016. Abstract nr PD5-06.

44. Toomey S, Eustace AJ, Pritzker LB, Pritzker KPH, Fay J, O’Grady A, et al. RE:

RNA disruption assay as a biomarker of pathological complete response in

neoadjuvant trastuzumab-treated human epidermal growth factor receptor

2-positive breast cancer. J Natl Cancer Inst 2016;108:djw111.

45. He Y, Tian Z. NK cell education via nonclassical MHC and non-MHC ligands.

Cell Mol Immunol 2017;14:321–30.

TKIs, ADCC, and Breast Cancer

AACRJournals.org Clin Cancer Res; 27(3) February 1, 2021 817

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
lin

c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/2

7
/3

/8
0
7
/2

0
6
6
4
1
3
/8

0
7
.p

d
f b

y
 g

u
e
s
t o

n
 2

7
 A

u
g

u
s
t 2

0
2
2

https://www.accessdata.fda.gov/drugsatfda_docs/label/2017/208051s000lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2017/208051s000lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2017/208051s000lbl.pdf


46. Canonici A, Ivers L, Conlon NT, Pedersen K, Gaynor N, Browne BC, et al. HER-

targeted tyrosine kinase inhibitors enhance response to trastuzumab and per-

tuzumab in HER2-positive breast cancer. Invest New Drugs 2019;37:441–51.

47. Huober J, Holmes E, Baselga J, de Azambuja E, Untch M, Fumagalli D, et al.

Survival outcomes of the NeoALTTO study (BIG 1-06): updated results of a

randomised multicenter phase III neoadjuvant clinical trial in patients with

HER2-positive primary breast cancer. Eur J Cancer 2019;118:169–77.

48. Murthy RK, Loi S, Okines A, Paplomata E, Hamilton E, Hurvitz SA, et al.

Tucatinib, trastuzumab, and capecitabine for HER2-positive metastatic breast

cancer. N Engl J Med 2020;382:597–609.

49. Gunzer K, Joly F, Ferrero J-M, Gligorov J, deMont-Serrat H, Uttenreuther-Fischer

M, et al. A phase II study of afatinib, an irreversible ErbB family blocker, added to

letrozole in patients with estrogen receptor-positive hormone-refractorymetastatic

breast cancer progressing on letrozole. Springerplus 2016;5:45.

50. SchulerM, Awada A, Harter P, Canon JL, Possinger K, Schmidt M, et al. A phase

II trial to assess efficacy and safety of afatinib in extensively pretreated patients

with HER2-negative metastatic breast cancer. Breast Cancer Res Treat 2012;134:

1149–59.

51. Park JW, Liu MC, Yee D, DeMichele A, van’t Veer L, Hylton N, et al.

Neratinib plus standard neoadjuvant therapy for high-risk breast cancer:

efficacy results from the I-SPY 2 TRIAL. [abstract]. In: Proceedings of the

105th Annual Meeting of the American Association for Cancer Research;

2014 Apr 5–9; San Diego, CA. Philadelphia (PA): AACR; 2014. Abstract

nr CT227.

52. Loi S, Giobbie-Hurder A, Gombos A, Bachelot T, Hui R, Curigliano G, et al.

Pembrolizumab plus trastuzumab in trastuzumab-resistant, advanced, HER2-

positive breast cancer (PANACEA): a single-arm, multicentre, phase 1b-2 trial.

Lancet Oncol 2019;20:371–82.

53. GaynorN,GuibourdencheM, Browne B,O’Driscoll L, O’BrienN,O’DonovanN,

et al. Alterations to trastuzumab-induced antibody-dependent cell-mediated

cytotoxicity (T-ADCC) in a lapatinib-resistant HER2þ breast cancer cell line

models. Ann Oncol 2017;28:v1–v21.

Clin Cancer Res; 27(3) February 1, 2021 CLINICAL CANCER RESEARCH818

Collins et al.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
lin

c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/2

7
/3

/8
0
7
/2

0
6
6
4
1
3
/8

0
7
.p

d
f b

y
 g

u
e
s
t o

n
 2

7
 A

u
g

u
s
t 2

0
2
2


