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In 2002, I.B. Weinstein defined the phenomenon of ‘oncogene addiction,’ whereby

cancer cells become excessively dependent on a particular ‘driver’ alteration for their

survival

Cancers with these dependencies exhibit exquisite vulnerability to drugs that inhibit the

drivers, so-called targeted therapies.

The targeted therapies
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Oncogenic Drivers in Lung Adenocarcinoma. 

The past decade has witnessed numerous successes in targeting specific oncogenic drivers in different

human malignancies; most notably non-small-cell-lung-cancer

85% cases of lung cancer are NSCLC

Somatic activating mutations in EGFR were the first driver alterations characterized in NSCLC. These

mutations confer sensitivity to TKIs of EGFR, resulting in high response rates and prolonged PFS



Current molecularly-targeted therapeutics, their associated

targets, and acquired mutations conferring resistance



The issue of resistance is the inevitable barrier that limits the

effectiveness of targeted therapy

Primary Resistance: occurs in 4-10% of newly diagnosed patients, lack of response to

targeted therapy

Responsible mechanisms: - Non-sensitizing alterations within the target

- Genetic alterations outside the target kinase

(MET amplification, NFkB pathway activation;

alterations in genes leading to the induction of

EMT)

Acquired Resistance: disease progression following initial clinical benefit

Responsible mechanisms: - Acquisition of secondary target alterations

- Epithelial-mesenchimal transition (EMT)

-Activation of an alternative signaling pathway or

downstream effector(s)

Cancer survival is driven by genetic diversity and accumulation of mutations, influenced by 
the selective pressures of TKI therapy



Mechanisms of Acquired Resistance in EGFR- and ALK-Positive NSCLC

Treated with TKIs



Advances in oncological therapy by Immunological approaches

Anti-CTLA4 and anti-PD1/PD-L1 monoclonal antobodies that disable negative regulators, or

checkpoint, of the adaptive immune system have resulted in remarkable anti-tumor activity in

multiple tumor types

Yet, eventual resistance remains the norm

https://en.wikipedia.org/wiki/File:11_Hegasy_CTLA4_PD1_Immunotherapy.png
https://en.wikipedia.org/wiki/File:11_Hegasy_CTLA4_PD1_Immunotherapy.png
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(iii) a part icular host  environment . The pharmacological propert ies of 

the therapy, together with intrinsic and acquired physical and molecular 

parameters of cancer cells and extrinsic environmental factors, result  

in the spectrum of clinical responses. Many descript ions of drug resist -

ance in cancer have focused on the binary differences between int rinsic 

and acquired resistance; however, in pract ice, many tumours are or 

become resistant  owing to overlapping combinat ions of these factors. 

We propose that, in defining the fundamental biological principles of 

resistance, a framework can be created for understanding resistance 

both to exist ing and future therapies (Fig. 1a). We believe that  by focus-

ing both cancer and clinical science on addressing each determinant  

separately, the resistance problem can be managed (Fig. 1b). The bio-

logical determinants of resistance are delineated in the next  sect ions.

Tumour burden and growth kinet ics

There is an almost  universal correlat ion between tumour burden and 

curability16. In many tumour types, the size of the tumour (or number 

of cells, in the case of liquid tumours) at  diagnosis is perhaps the most  

frequent ly used variable to est imate prognosis; larger tumours corre-

late with increased metastat ic risk17. This inverse correlat ion between 

size and curability was not  ent irely ant icipated in the infancy of chemo-

therapy. Early mathemat ical models, such as the ‘log kill’ hypothesis, 

proposed that  combining mult iple drugs that  individually kill a loga-

rithmic fract ion of cells over mult iple cycles would permit  sequent ial 

decreases in tumour burden unt il the disease was fully eradicated18. 

This is t rue in tumours that  are highly sensit ive to chemotherapy, such 

as some lymphomas and germ cell tumours, but  does not  hold across 

many other cancer types.

To more accurately model cancer growth, the Goldie–Coldman 

hypothesis was proposed19. This model, which was informed by seminal  

microbiology experiments20, accounts for tumour size and also incor-

porates the emergence of resistance. According to this hypothesis, the 

probability that  a cancer contains drug-resistant  clones depends on the 

mutat ion rate and the size of the tumour 19. In fact , given a cer tain muta-

t ion rate, size becomes the key determinant  in predict ing the presence 

of drug-resistant  mutat ions. Mult iple concepts have stemmed from 

this model, including the not ion that  alt ernat ing non-cross-resistant  

combinat ions of chemotherapy, rather than administering all therapies 

at  once (which is often limit ed by toxicity), is superior in prevent ing 

drug resistance as compared to sequent ial therapies. Alternat ion of 

therapy sequences would allow the tumour to be exposed to a greater 

number of total drugs by an earlier t ime point . This hypothesis has not  

been uniformly borne out  in clinical pract ice, suggest ing that  there are 

addit ional complexit ies that  need to be considered21.

Moreover, although tumour size is a crit ical determinant  of resist-

ance, the rate of tumour growth and the changes in growth kinet ics that  

are induced by therapy also have a cr it ical role in responses to therapy 

and resistance. Tumour growth kinet ics are highly variable, ranging 

from indolent  to aggressive. Although tumours with low rates of growth 

are often associated with long survival, they are typically incurable with 

cytotoxic chemotherapy or even with targeted therapies. By cont rast , 

tumours that  grow at  higher speeds can be exquisitely sensit ive to 

chemotherapy. There is also a direct  relat ionship between growth rate 

and tumour size, which explains, for example, the frequency of interval 

cancer cases in screening programs.

The model that  perhaps best  explains the growth of cancer and its 

regression after therapy is the Norton–Simon hypothesis22. This model, 

which applies to most  solid tumours, is based on Gompertzian growth 

curves. According to the model, tumours grow in a sigmoidal manner— 

exponent ial ly faster  at  low t umour  burdens and subsequent ly 

Fig. 1 | A framework for understanding drug resistance. a, Biological 

determinants of drug resistance. Tumours are heterogeneous and are situated 

in a milieu that compr ises the basement membrane, vasculature, immune cells 

and tumour microenvironment , among other component s. Changes in the 

physical parameters, genome and surrounding environment of the tumour 

dr ive drug resistance. b, St andard of care and emerging approaches to 

managing the biological determinants of resistance. The determinants of 

resist ance can be targeted by a number of clinical diagnost ic and therapeut ic 

st rategies.

Biological determinants of resistance



Biological determinants of resistance

-Tumour burden and growth kinetics. There is an almost universal correlation between tumour burden

and curability. The rate of tumour growth and the changes in growth kinetics that are induced by

therapy also have a critical role in responses to therapy and resistance

Physical barriers. Cancer cells can create spatial gradients within tumours that prevent adequate blood

flow, thereby creating a pro-tumorigenic hypoxic environment and decreasing the effective exposure of

a tumour to drugs

Immune system and tumour microenvironment. The tumour microenvironment may mediate resistance

by several mechanisms - preventing immune clearance of tumour cells, hindering drug absorption,

stimulating paracrine growth factors to signal cancer cell growth. Immunosuppressive cancer

microenvironment (immune deserts) are now recognized as a major impediment to checkpoint

inhibitors

Undruggable genomic drivers. Some of the most formidable oncogenes and tumour suppressor genes

remain undruggable, including MYC, RAS, and TP53

Selective therapeutic pressure. Under targeted therapies, changes may be divided into early adaptive

responses or - after prolonged exposure - acquired resistance. Phenotypic changes may occur that

result in the evolution of treated tumours into new histological types.

Tumour heterogeneity.



Heterogeneity and Policlonal Resistance

Cancer diagnosis is commonly based on a biopsy (1) that contains only a small fraction of tumour and may

thus not be representative of all the subclones. The first line treatment can be successful in eliminating

dominant clones (2), but resistant clones are selected and drive disease progression (3). Metastases can

develop from primary tumour cells, or from clones that survive the initial therapy. Therefore, the clonal

composition of metastatic lesions may be completely different from that of the primary tumour sample, and

treatments based on the initial diagnostic sample may be suboptimal for the treatment of metastatic disease

Currently, heterogeneity is evaluated by genomic sequencing of either archived tumour samples at diagnosis

or a subsequent biopsied tumour sample at recurrence.

This approach has serious limitations, as subclonal driver mutations are missed, nevertheless are sufficient to

drive resistance to targeted therapies



EGFR is a transmembrane growth factor receptor for epidermal growth factor (EGF)

soluble factor

It is a member of the ErbB family of receptors, which includes four closely related receptor

tyrosine kinases: EGFR (ErbB-1), HER2/neu (ErbB-2), HER3 (ErbB-3) and HER4 (ErbB-

4). Mutations in EGFR that result in its constitutive activation are believed to be an

important contributor to the tumorigenesis of many cancer types

EGF ligand and its receptor was discovered by Stanley Cohen of Vanderbilt University.

Cohen shared the 1986 Nobel Prize in Medicine with Rita Levi-Montalcini for their

discovery of growth factors

EPIDERMAL-GROWTH FACTOR RECEPTOR

(EGFR)



EGFR Activating Mutations in Cancer

Sensitizing mutations in the EGFR tyrosine kinase (TK) domain occur in about 15-18% of

NSCLC patients

The most common activating mutations are:

- in frame deletion of exon 19

- single-point mutation of exon 21 (Leu858Arg)

Together these mutations account for more than 80% of known activating mutations of

the receptor

Patients receiving EGFR TKIs (according to ASCO, ESMO, and NCCN guidelines) have

longer progressive free survival (PFS) than those receiving platinum-based

chemotherapy as first-line of treatment

Most patients develop progressive disease within 1 year of treatment



Mechanisms of acquired resistance to EGFR TKIs in NSCLC

Distribution of acquired resistance

Molecular Cancer (2018) 17:38





Different Generations of EGFR TKIs



Efficacy of Third-Generation EGFR TKIs in EGFR T790M-

Positive NSCLC Patients

Third generation TKIs have been designed to target both EGFR with activating mutations

and T790M resistance mutation in NSCLC patients



Main mechanisms involved in acquired resistance to 

EGFR-TKIs and the associated targetable drugs



Combination therapy to overcome resistance

Vertical pathway:

Cetuximab (a chimeric MAb to EGFR) in combination with Afatinib for patients who have

progressed after receiving EGFR TKI therapy and Chemotherapy

Horizontal pathway:

Bypass signaling pathway activation is an important acquired resistance mechanism of

EGFR TKIs; thus the combination of EGFR inhibitor and inhibitors for the bypass signaling

pathway has been investigated as a new strategy.

Unfortunately current results are preliminary and immature.

On October 30, 2018, the FDA approved pembrolizumab in combination with

chemotherapy for first-line treatment of metastatic squamous NSCLC



CONCLUSIONS

EGFR TKIs are currently the standard first-line treatment of patients with advanced

NSCLC harboring EGFR activating mutations

After acquiring resistance to first-line EGFR TKI therapy, based on the mechanism of

resistance, subsequent treatment can be chosen

Continuation of EGFR TKI therapy is suitable for selected patients with asymptomatic

progression and/or oligoprogression

Repeat tumor biopsy to detect the EGFR T790M mutation is the current standard of care,

and osimertinib has been approved for patients with acquired EGFR T790M-mutant

disease

Liquid biopsy is an alternative method to detect plasma EGFR T790M mutation and to

identify patients suitable for osimertinib therapy

More recently, the management of NSCLC patients has advanced by the approval of

immunological approach



The discovery of anaplastic lymphoma kinase (ALK) dates back to 1994 when a chromosomal

rearrangement was described in anaplastic large-cell lymphoma (Morris SW et al., Science

1994)

Subsequent work over the next two decades identified ALK fusion proteins as the oncogenic

driver in numerous different malignancies (salient example of the paradigm of “oncogene

addiction”)

ALK encode a highly conserved receptor tyrosine kinase within the insulin receptor superfamily

In adult human ALK expression is limited to the nervous system, testis, and small intestines. It is

activated by the ligand Augmentor a and b (FAM150)

With the advent of next-generation sequencing (NGS)-based diagnostics, more than 20 different

ALK fusion partner genes have been reported

Targeting ALK Receptor Tyrosin Kinase

Precision medicine in lung cancer: where we are

Cancer Discovery 2017; 7(2):1-19



ALK rearrangements in cancer

Anaplastic Large Cell Lymphoma

Inflammatory Myofibroblastic Tumor

Diffuse Large B-cell Lymphoma

Renal Cell Carcinoma

Renal Medullary Carcinoma



ALK Inhibitors

Preclinical studies have established that EML4-ALK is an oncogenic unit

Transgenic mice expressing EML4-ALK develop several adenocarcinoma nodules in their

lung soon after birth

Although originally developed as a potent MET inhibitor, crizotinib was the first ALK-directed

TKI to enter the clinic

Two phase III trials showed that crizotinib was superior to first- and second-line

chemotherapy in advanced ALK-rearranged NSCLC (response rate from 60% to 74%)

Thus two second generation of ALK inibitors, ceritinib and alectinib, were approved for

crizotinib-pre-treated ALK-rearranged NSCLC

The second generation of ALK inhibitors are more potent than crizotinib, can overcome

crizotinib-resistant ALK-mutations

Despite initial responses, patients treated with ALK TKIs progress within 1 to 2 years due to

acquired resistance



Experimental systems and approaches used for the 

identification of ALK TKI resistance mechanisms



There are two major classes of ALK TKI resistant mechanisms:

-ALK-dependent mechanisms that include ALK secondary resistance mutations or

amplifications (dependency on ALK persists)

-ALK-independent mechanisms that include the activation of bypass tracks and 

lineage changes (dependency on ALK escape)

Mechanisms of resistance to ALK TKIs



ALK-dependent resistance

Unlike in EGFR-mutant NSCLC, where the T790M gatekeeper mutation is the predominant, a much

broader spectrum of non-target mutations has been identified in ALK-positive NSCLC treated with ALK TKIs

The difference in spectrum of resistance mutations may be attributable to the genetic mechanism of

oncogene activation (gene rearrangements involving ALK versus activating point mutations within the

EGFR kinase domain)



ALK-independent resistance

Bypass signaling pathways activated:

EGFR activation

Neuregulin-1 (NRG1) overexpression

MET amplification

Direct reactivation of downstream

effector proteins (MEK)

PIK3CA mutations

Phenotypic changes:

Epithelial-to-mesenchimal transition

(EMT)

Histologic change



ALK TKIs currently available and being developed

Approved for II 
or III-line ALK+ 
metastatic
NSCLC

Distinct ALK inhibitors:

1. possess different potencies against

resistant ALK mutations

2. differ in target kinase selectivity

3. give rise to a different spectrum of

ALK resistance mutations

Critical need for repeat biopsies to guide

therapeutic strategies.

The detection of a particular ALK

resistance mutation may inform the

choice of the next ALK TKI



Treatment after progression on an ALK TKI



CONCLUSIONS

ALK is an established therapeutic target in lung cancer and several other

hematologic and solid malignancies

Several ALK inhibitors have entered the clinic, and to date, three have become

standard therapies for advanced ALK-positive lung cancer

Despite the remarkable responses seen with ALK inhibitors, patients invariably

relapse due to acquired resistance

Therefore developing strategies to overcome or prevent resistance is an urgent

priority



Globally, colorectal cancer (CRC) is the second most common cancer in women

(614, 000 cases per year) and the third most common in men (746, 000 cases per

year).

The incidence rates are higher in more developed countries (737,000 cases per

year) than in less developed ones (624, 000 cases per year).

However, mortality is higher in the latter (52% of total deaths), which indicates poor

survival.

In 2015, the GLOBOCAN online analysis tool has predicted 61, 228 new CRC cases

for Asia. Accordingly, 25, 816 of these cases are associated with people who are less

than 65 years old.

Colorectal Cancer 



Treatment option of Colorectal Cancer

• Chemotherapy: 5-FU + leucovorin

Capecitabine (oral form of 5-FU)

FOLFOX: 5-FU + leucovorin + oxaliplatin

FOLFIRI: 5-FU + leucovorin + irinotecan

• Antiangiogenic therapy:  Bevacizumab (anti-VEGF)

• Anti-EGFR therapy  (Cetuximab or Panitumumab MoAbs – Erlotinib/Gefitinib TKi)



The importance of KRAS and BRAF mutations for treatment 

decisions in candidates for the combination of chemotherapy 

and target therapies

BRAF is mutated in about 15% of colorectal cancer patients

KRAS is mutated in about 50% of colorectal cancer patients



A number of highly specific and highly potent MEK1/2 inhibitors

have been developed and evaluated in clinical studies

Only one MEK inhibitor, trametinib, has gained FDA approval for

clinical use over the past decade

Most of the others agents exhibited only limited efficacy as

single-agent therapies and failed to demonstrate substantial

clinical activity in most tumour types in which they were studied

Such a lack of response to inhibition of a pathway that is

activated in cancer probably results from activation of a

secondary pathway that supports cancer cell viability in the

presence of the inhibitory drug

Overcoming KRAS and BRAF mutations: the clinical 

development of MEK inhibitors



In this work the authors found that MEK inhibition, by selumetinib, results in

MYC-dependent transcriptional upregulation of ERBB3, which is responsible

for intrinsic drug resistance



HER3 is the only member of the ErbB receptor family that cannot form a homodimer and lacks the

intracellular kinase activity

The C-terminal region of HER3 contains six consensus phosphotyrosine sites which bind the SH2

domain of p85, the regulatory subunit of PI3K

The heterodimer HER-2/HER-3 is the major activator of PI3K/Akt pathway, and is considered an

oncogenic unit

HER3 tyrosine-kinase receptor is strongly involved in the 

mechanisms of cancer drug resistance

The overexpression of HER3 correlates

with:

•Resistance to Tamoxifen in hormone-

dependent BC

•Limph node metastases and shorter time

to progression in CRC

•Resistance to the EGFR inhibitor

Gefitinib in SCCHN

•Resistance to Cetuximab in CRC

(increased Hrg expression)

• Resistance to Trastuzumab in HER2-

overexpressin BC



Targeting HER3 as an Anticancer Therapy

Many HER3 inhibitors have been developed and a number of them are in early clinical

development

A principal technical challenge of targeting HER3 is that, unlike other HER family members,

HER3 lacks enzymatic catalytic activity. Its function cannot be inhibited by ATP binding site

inhibitor TKIs



The anti-HER3 U3 1287 antibody inhibits cell 

proliferation of patient-derived colon cancer cells
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PARPs is an enzyme that plays an important role in various cellular processes, including modulation 

of chromatin structure, transcription, replication, recombination, and DNA repair. 

The inhibition of one of these events, by drugs, causes cleavage of PARP.

The results indicate that U3 1287 antibody induces growth arrest at G1 of the cell cycle.



The treatment with U3 antibody inhibits the PI3K survival 

pathway but induces the phosphorylation of ERK as a 

compensatory mechanism
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The MEK-inhibitor Trametinib inhibits MAPK but activates 

the HER3-dependent PI3K survival pathway as 

compensatory mechanism
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The combination therapy with U3 antibody and Trametinib 

abolishes both PI3K and MAPK pathways and induces cell 

death
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HER3 and p-HER3 expression correlates with disease-free survival



Conclusions

• HER3 is strongly involved in the mechanisms of resistance to chemotherapy in colon

cancer cells

• The anti-HER3 U3 1287 antibody inhibits cell proliferation, induces growth arrest, and

inhibits the PI3K survival pathway in colon cancer cells, but induces the phosphorylation

of ERK as a compensatory mechanism

• The MEK-inhibitor Trametinib inhibits ERK activity, but induces the phosphorylation of

HER3 and activates the HER3-dependent PI3K survival pathway

• The combination therapy with U3 antibody and Trametinib completely abolishes PI3K

and MAPK pathways and induces a complete inhibition of cell viability

• Both total- and pHER3 expression correlate with DFS

Bon et al., Oncotarget 2016



Current Standard of Care for HER2-positive Advanced Breast Cancer

HER2+ ABC

Taxane + trastuzumab + pertuzumabFirst-line

T-DM1Second-line

Capecitabine/lapatinib

Trastuzumab/vinorelbine

Trastuzumab/lapatinib

Trastuzumab/other agents

Third and

more advanced lines

Trastuzumab has dramatically changed the therapeutic landscape of ErbB2+ advanced breast cancer

The subsequent approval of three additional anti-ErbB2 agents- lapatinib, pertuzumab, and trastuzumab

emtansine (T-DM1) -converted ErbB2+ advanced breast cancer into a highly treatable disease, with more

favorable long-term outcomes



EMILIA trial

THERESA trial

CLEOPATRA trial

Unfortunately, evidence on T-DM1 efficacy following trastuzumab/pertuzumab-containing regimens is still

limited. None of the patients included in the T-DM1 pivotal trials had received previous pertuzumab, so

prospective evidence is lacking

A retrospective study by Dzimitrowicz et al showed lower response rate to T-DM1 in pertuzumab-pretreated

patients compared to the rates observed in pivotal trials

In a recent retrospective study Vici et al showed that patients receiving T-DM1 as second-line after

trastuzumab/pertuzumab had significantly shorter PFS and OS compared with pertuzumab-naïve patients

Current Standard of Care for HER2-positive Advanced Breast Cancer



Known mechanisms of resistance to HER2-targeted therapy



T-DM1 efficacy following dual ErbB2 blockade by trastuzumab/pertuzumab?

Study design

MULTICENTRIC RETROSPECTIVE STUDY

555 ErbB2+ advanced breast cancer patients

INVESTIGATION OF ERBB2 BIOLOGY in vitro

through sequential treatments

Are we  adopting the optimal sequence of administration of HER2 targeting drugs in current use?



Trastuzumab/pertuzumab-pretreatment significantly affects both median overall

survival (mOS) and median progression-free survival to second-line T-DM1 (mPFS2).

Median Overall Survival (months)

Treatment sequences
Number 

of patients
Overall TP ER or PgR+ HRs-

Group 1: First-line without pertuzumab/ T-

DM1 as second-line 
194 74 (52-97) 74 (49-100) 96 (39-152) 62 (45-79)

Group 2: First-line without pertuzumab/ T-

DM1 as third-line or beyond
148 91 (71-112) 94 (62-127) 71 (55-88)

102 (76-

128)

Group 3: First-line with pertuzumab/ T-

DM1 as second-line
177 52 (41-64) 67 (37-96) N.R. 36 (28-44)

Group 4: First-line with pertuzumab/ T-

DM1 as third-line or beyond
11 N.R. N.R. N.R. N.R.

Group 5: First-line with T-DM1 25 N.R. N.R. N.R. 22 (14-30)

p – value overall - < 0.0001 0.07 0.88 < 0.0001

p – value group 1 vs group 3 - 0.001 - - -

p – value group 2 vs group 4 - 0.99 - - -

Bon et al., under revision
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Generation of ErbB2+ cell lines resistant to trastuzumab, pertuzumab, and

trastuzumab/pertuzumab combinaton
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ErbB2+ breast cancer cell lines

Bon et al., under revision
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Trastuzumab+pertuzumab-resistant cell lines exhibit higher invasive capability

compared to trastuzumab-resistant cells and induction of ERKs phosphorylation
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Patient 1 90% 90% 2+ 70% amplified 90% 90% 0 0% -

Patient 2 90% 40% 2+ 30% amplified 90% 60% 1+ 30% -

Patient 3 46% 0% 2+ 100% amplified 75% 18% 1+ 15% amplified

Patient 4 88% 42% 3+ 100% - 99% 1% 1+ 60% amplified

Trastuzumab + pertuzumab combination determines ErbB2 downregulation in vivo.
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Conclusions

Our multicentric retrospective study involving 555 ErbB2+ advanced breast cancer patients

revealed that mOS of patients who received second-line T-DM1 was significantly lower if they

were trastuzumab/pertuzumab-pretreated, compared to pertuzumab-naïve patients (52 and

74 months, respectively, p=0.001).

T-DM1 efficacy is markedly reduced in trastuzumab/pertuzumab-resistant cell lines compared

to trastuzumab-resistant ones;

We found a marked reduction of ErbB2 in TP-cells compared to T-cell. This data was

confirmed in vivo by IHC analysis.

Our data indicate a marked nuclear translocation of ErbB2 in TP-cells. Nuclear ErbB2 is

phosphorylated, suggesting its active involvement in transcriptional control mechanisms

Our data support the hypothesis that prior exposure to trastuzumab/pertuzumab reduces the

amount of ErbB2 available at the plasma membrane for T-DM1.

Moreover, TP-cell lines show a marked induction of ERKs phosphorylation, suggesting a pro-

proliferative advantage conferred by prolonged exposure to the combined treatment.


