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Abstract: 

 

The introduction of Trastuzumab (Herceptin®)-based chemotherapy combinations into 

standard clinical practice has revolutionized the treatment of human epidermal growth factor 

receptor 2-positive (HER2+) breast cancer. However, less than 35% of HER2+ breast cancers 

demonstrate initial response to anti-HER2-based combination therapy. Of those patients with 

metastatic disease, who initially respond to treatment, 70% will relapse within a year of 

treatment initiation. These statistics continue to challenge researchers and clinicians towards a 

better understanding of the fundamental mechanisms of Trastuzumab action and the 

development of new treatment options to enhance and/or prolong its therapeutic activity. In 

vitro, histone deacetylase inhibitors (HDACi) have been shown to potentiate the anti-tumour 

effects of HER2-targeted therapies and are being trialed in combination with Trastuzumab for 

the treatment of patients with locally advanced HER2+ breast cancer, with promising success. 

The principal aim of this thesis is to provide important insights into the unique ability of the 

recently FDA-approved HDACi Panobinostat to promote and/or complement the cytostatic 

and/or cytotoxic actions of Trastuzumab, in models of primary and secondary HER2+ breast 

cancer. This thesis is structured around three aims which include:  

(i) Characterise the tumour-intrinsic and extrinsic mechanism(s) of cooperation 

between Trastuzumab and Panobinostat, and their capacity to evoke durable anti-

cancer responses against Trastuzumab-refractory HER2+ disease. 

(ii) Identify molecular and/or immune signatures predictive of therapeutic response 

to Panobinostat and Trastuzumab co-treatment. 

(iii) Establish patient derived breast cancer xenografts to evaluate the potential clinical 

efficacy of the combination therapy 

The work presented demonstrates for the first time the potent and unique ability of 

Panobinostat to augment the cytostatic and cytotoxic actions of Trastuzumab and evoke 

durable, curative anti-cancer responses against established HER2+ breast tumours. In 

Trastuzumab-sensitive HER2+ tumours, the curative activity of the combination therapy was 

not dependent on an intact immune system. Tumour intrinsic mechanism of synergy between 

Panobinostat and Trastuzumab were dominant in this setting. Notably in these tumours the 

combinatorial effects of Panobinostat and anti-HER2 therapy were superior to the tumour 

growth inhibitory effects of conventional chemotherapy and anti-HER2 therapy. More 
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importantly in Trastuzumab-resistant HER2+ tumours, the curative activity of Panobinostat and 

Trastuzumab co-treatment was dependent on an intact immune system. In these tumours, 

Panobinostat positively influenced Trastuzumab-mediated tumour cell clearance by promoting 

NK cell dependent ADCC. These data provide compelling evidence that the combinatorial 

effects of Panobinostat and Trastuzumab can be effective in the relapsed/refractory setting of 

HER2+ breast cancer, a key area of unmet medical need. 
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Breast cancer: 

 

Breast cancer is the most commonly diagnosed cancer amongst women in Australia, with 1 in 8 

women developing the disease in their lifetime (Breast cancer in Australia: an overview, 2012, 

AIHW). Through considerable advances in therapeutic modalities and the advent of early 

detection programs encompassing screening mammography, the five-year survival rate has 

increased from 75% to 89% over the last 15 years (Breast cancer in Australia: an overview, 

2012, AIHW). However, despite these improvements in care and their resultant positive effects 

on survival rates, there still remains the need for further developments particularly in the 

treatment of advanced metastatic disease. 

 

Human breast tissue, in addition to normal adipose and connective tissue, is predominately 

made up of 15-20 lobes radiating from the nipple, interspersed with a system of ducts. It is 

from the epithelial cells lining these breast ducts and lobules that the two most common 

breast cancers arise, ductal and lobular carcinomas. These breast cancers arise from a 

sequence of events commencing with an increase in breast cell number (hyperplasia), followed 

by their transformation into atypical breast cells (atypical hyperplasia), through to the 

emergence of carcinoma in-situ and finally invasive carcinoma. 

 

Breast cancer is a complex heterogeneous disease, encompassing a collection of many 

subtypes that vary in their histopathological and genetic make-up. Expression levels of both 

the hormonal receptors for oestrogen and progesterone, as well the human epidermal growth 

factor receptor-2 (HER2), are utilised to stratify breast tumours into their corresponding 

subtypes. These subtypes include basal-like, triple negative, luminal A and B and HER2 

overexpressing breast cancers. In addition to the level of disease progression at time of 

diagnosis, it is their subtype allocation that ultimately guides clinical management and aids 

prognostic outlook. 

 

The following section will focus on one of these subtypes, namely HER2 over-expressing breast 

cancer. It will discuss the current understanding surrounding the pathogenesis behind this 

subtype, followed by oncological therapies currently employed in clinical practice, as well as 

those under pre-clinical investigation. 
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HER2⁺ breast cancer: 

 

The conceptualisation of HER2 as a potential tumour oncogene was first made in the 1980’s by 

Weinberg et al, followed soon thereafter by its implication in the pathogenesis of a large 

subset of breast cancers (Schechter et al, 1985; King et al, 1985). HER2 amplification has since 

been demonstrated to be an important early event associated with tumourogenesis in the 

HER2⁺ subset of breast cancer (Liu et al, 1992), through which gene expression profiling has 

shown comprises its own unique molecular portrait (Perou et al, 2000). As such the HER2 

subtype of breast cancer was defined, identified by overexpression of the HER2 cell surface 

receptor and commonly associated with amplification of the HER2 gene. It is now known that 

approximately 25% of breast cancers over-express the HER2/Neu oncogene encoding for HER2, 

a trans-membrane receptor with tyrosine kinase activity (Slamon et al, 1989). 

 

In current practice HER2 overexpression is determined through both the quantification of 

HER2 gene amplification and membrane bound HER2 receptor levels (Kallioniemi et al, 1992; 

Venter et al, 1987; Press et al, 2002; Ross et al, 2004). HER2 gene amplification is quantified 

through the use of fluorescence in-situ hybridization (FISH), with HER2 breast cancer defined 

as containing six or more HER2 gene copies per nucleus or a HER2/CEP17 (HER2/Chromosome 

Enumeration Probe 17) ratio of two or more (Wolf et al, 2013). Typically HER2⁺ breast cancers 

display between 25-50 HER2 gene copies (Press et al, 1997). HER2 receptor levels in turn are 

quantified through immunohistochemical (IHC) analysis (Venter et al, 1987). Normal healthy 

breast cells display membrane HER2 receptor levels in the order of approximately 20,000 per 

cell, whereas those classified as having overexpression display levels ranging anywhere 

between moderately positive at 500,000 (IHC 2+) to strongly positive at over two million HER2 

receptors per cell (IHC 3+) (Ross et al, 2004). By definition a breast cancer is deemed positive 

through receptor expression if it is IHC3+, displaying uniform intense membrane staining in ≥ 

30% of invasive tumour cells (Wolf et al, 2013). These levels of HER2 receptor expression are 

typically maintained through disease progression remaining relatively uniform in number 

amongst cells, irrespective of their location within the primary site of origin, or corresponding 

metastatic deposits (Paik et al, 1990; Niehans et al, 1993; Eceles et al, 2001). 

 

HER2 overexpression in breast cancer has been linked to deregulated cell-cycle progression and 

cell survival (Moasser et al, 2014). Thus HER2 overexpression in breast cancer is known to be 

associated with an aggressive disease phenotype and a poor clinical outcome (Millela et al, 
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2004). In a recent prospective cohort analysis conducted by Hennigs et al, the 5-year overall 

survival (OS) in patients diagnosed with HER2⁺ breast cancer undergoing routine care was 

reported to be 85%. This was in comparison to a total of 90.5%, when all 5 molecular subtypes 

of breast cancers were observed in conjunction (Hennigs et al, 2016). This poor outcome was 

surpassed only by triple negative breast cancers, with an observed 5-year OS of 78% (Hennigs 

et al, 2016). Furthermore, at time of diagnosis, approximately 10% of HER2⁺ breast cancers are 

found to have metastasized. The current five year survival for patients with stage IV HER2⁺ 

breast cancer is reported to be 22% (American Cancer Society, 2016). Collectively, such findings 

have highlighted the importance of HER2 as a therapeutic target. 

 

 

The HER2 signaling pathway and its role in tumourogenesis: 

 

The HER2 receptor, also commonly known as ErbB2, is a member of a family of trans-

membrane tyrosine kinases that are predominantly involved in cell growth, differentiation and 

survival (Sliwkowski et al, 2001). Other members of the HER family include HER1 (epidermal 

growth factor receptor (EGFR)), HER3 (erbB3) and HER4 (erbB4) (Kraus et al, 1989; Plowman et 

al, 1993). Each HER receptor, excluding that of HER3, comprises of an extracellular binding 

transmembrane and intracellular located tyrosine kinase domain (Sliwkowski et al, 2001). With 

the exception of HER2, the HER receptors are required to undergo a conformational change in 

their extracellular domain through the binding of their associated ligands, such as TGF-α 

(transforming growth factor alpha), Heregulin and EGF (epidermal growth factor), before 

becoming active (Wallasch et al, 1995; Sliwkowski et al, 2001; Burgess et al, 2003). Once 

activated, they are able to form homo- or hetero-dimers with other members in the HER 

family, of which HER2 is a preferential partner (Garrett et al, 2003; Cho et al, 2003). Since HER2 

exists in a constitutively active form on the cell membrane, independent of ligand 

engagement, it is constantly available to form active dimers with other receptors (Garrett et al, 

2003). Furthermore, the HER2 receptor is known to have the most potent catalytic kinase 

activity and therefore, dimers encompassing HER2 have the greatest signaling potential 

(Tzahar et al, 1996). Upon dimerization with other HER receptor family members, the HER2 

receptor’s tyrosine residues contained within the cytoplasm are trans-phosphorylated, which 

in turn initiate a cascade of intracellular down-stream signaling (Yarden et al, 2001). Signaling 

is predominantly via the activation of two main intracellular pathways, the phosphoinositide-3-

kinase (PI3K)/AKT pathway which regulates cellular survival and the RAS-MAPK pathway which 
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regulates cell cycle progression (Sliwkowski et al, 2001)(Figure 1). Over stimulation of these 

pathways ultimately proceeds to induce increased transcriptional modulation of their 

respective pro-survival and pro-proliferative nuclear genes thereby leading to malignant 

cellular transformation (Sliwkowski et al, 2001; Slamon et al, 1987). 

 

Both the PI3K/AKT and MAPK signaling pathways have been well described, the key impacted 

intracellular substrates in both pathways relating specifically to HER2 mediated signaling will 

be further discussed. The PI3K/AKT pathway is only activated following hetero-dimerization of 

the HER2 receptor with other members in the HER family, in particular HER3, as the HER2 

receptor lacks binding sites for the p85 subunit of PI3K (Soltoff et al, 1994; Alimandi et al, 

1995). Following receptor dimerization and ensuing trans-phosphorylation of the HER 

receptor’s intracellular tyrosine kinases, upstream PI3K subunits are translocated to the 

intracellular membrane, where they become activated through phosphorylation (Yarden et al, 

2001). This in turn results in the activation of AKT, which is then responsible for the 

translocation of the cyclin dependent kinase inhibitor p21 from the cell’s nucleus to within its 

cytoplasm. Under homeostatic conditions nuclear p21 would transcriptionally regulate cell 

cycle progression and survival, however, when translocated to the cytoplasm in increasing 

quantities following AKT over-stimulation, it is known to inhibit apoptosis (Xia et al, 2004). This 

transactivation of other HER family receptors by HER2, in particular HER3, with resultant 

activation of PI3K/AKT signaling has been shown to be a critical tumourogenic function 

mediated by HER2 overexpression. Of greatest importance has been its effect on the activation 

of AKT, which is known to be a crucial step in the activation of multiple signal transduction 

pathways involved in mitigating cellular proliferation, survival, neo-angiogenesis, cellular 

invasiveness and regulation of glucose metabolism, all vital components in malignant cellular 

transformation (Testa et al, 2001; Paez et al, 2003). Furthermore, over-activation of the 

PI3K/AKT pathway has also been shown to result in the altered regulation of p53, which is also 

known to play an important part in controlling cellular apoptosis induction. HER2 mediated 

over-activation of the PI3K/AKT pathway has thus been demonstrated to decrease levels of 

this p53 induced apoptosis (Sabbatini et al, 1999). 

 

Unlike the PI3K/AKT pathway, whose activation requires HER2 receptor hetero-dimerization, 

the MAPK pathway can be stimulated through HER2 homo-dimerization. Oncogenic over-

activation of the MAPK pathway has primarily been associated with deregulated control of cell 

cycle progression at the G₁/S phase and ultimately uncontrolled proliferation (Zhou et al, 2001; 
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Le et al, 2003). Increased MAPK signaling has been demonstrated to impact upon the cell cycle 

checkpoint inhibitor of p27 resulting in its increased phosphorylation and translocation from 

the nucleus, whereby it subsequently undergoes increased degradation through proteolysis 

(Donovan et al, 2001; Lenferink et al, 2001). In addition, oncogenic MAPK signaling can induce 

increased Cyclin D1/cdk4 activity further promoting cell cycle progression (Yang et al, 2004). 

The significance of these effects on Cyclin D1 were demonstrated in MMTV-Neu mice, 

whereby a cyclin D1-null background provided protection against otherwise expected 

mammary tumour formation (Lee et al, 2000). The oncogenic over-activation of this MAPK 

pathway and the PI3K/AKT pathway, primarily through HER2 receptor overexpression, is 

pathognomonic to HER2⁺ breast cancer. However, as will be discussed in the proceeding 

section, over-activation of these pro-survival and proliferative pathways can also be driven by 

further contributory oncogenic mechanisms. 
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Figure 1: HER2 receptor signalling 

Upon dimerization of the HER2 receptor with other HER receptor family members at the cell 

surface, down-stream intracellular signalling is initiated predominantly via the PI3K/AKT/mTOR 

and RAS/MAPK pathways. These pathways act upon the cellular nucleus to regulate cellular 

metabolism, protein synthesis, proliferation and survival; Over-stimulation of these pathways 

results in uninhibited cellular proliferation and inhibition of apoptosis ultimately resulting in 

tumourogenesis. EGFR, Epidermal Growth Factor Receptor; HER, Human Epidermal (Growth 

Factor) Receptor; HRG, Heregulin; PI3K, Phosphatidylinositol-3-Kinase; HSP90, Heat Shock 

Protein-90; PTEN, Phosphatase and Tensin Homolog; RAS, Rat Sarcoma. 
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Activating mutations and molecular mechanisms associated with increased HER2 

signaling: 

 

Although HER2⁺ breast cancer has traditionally been defined by oncogenic HER2 amplification 

resulting in HER2 growth factor receptor overexpression (Slamon et al, 1987), tumourogenesis 

in this subtype is heightened by a number of other factors (Cancer Genome ATLAS Network, 

2012), which will be discussed herein. 

 

Proteolytic cleavage of the extra-cellular domain (ECD) of HER2 can result in the generation of 

a membrane bound phosphorylated p95 segment which constitutive active (Molina et al, 

2001). Mutations in both the extracellular domain as well as intracellular tyrosine kinase 

domains have also been reported to deregulate the signaling activity of HER2 (Siegel et al, 

1999). The most well documented HER2 mutation is deletion of a single 48bp coding exon, 

resulting in the removal of cysteine residues involved in promoting intermolecular disulfide 

bond stabilization. This can lead to increased receptor dimerization and signaling activity 

(Kwong et al, 1998; Siegal et al, 1999). HER2 receptor mutations are however infrequent, 

affecting only 4-9% of HER2 transcripts and are more commonly associated with lobular breast 

cancers (Castiglioni et al, 2006). Interestingly, such mutations have been identified in non-

HER2 overexpressing breast cancers (Paik et al, 2008). This may account for why 9.7% of 

patients enrolled on the (National Surgical Adjuvant Breast and Bowel Project (NSABP) B-31 

trial, which studied the efficacy of adding 52 weeks of Trastuzumab to standard 

Anthracycline/Taxane-based chemotherapy, were observed to benefit from adjuvant 

Trastuzumab therapy, despite their breast cancer not been classified HER2 overexpressing by 

FISH and IHC criteria (Paik et al, 2008). 

 

Up regulation of HER3 receptor expression can lead to increased HER3-HER2 dimerization, 

which can also be a contributing factor to the tumourogenic induction of HER2⁺ breast cancer 

(Lemoine et al, 1992; Holbro et al, 2003). Such hetero-dimeric receptors contain six docking 

sites for the catalytic p85 regulatory subunits of PI3K and are therefore, potent activators of 

PI3K/AKT signaling (Hellyer et al, 1998; Alimandi et al, 1995; Holbro et al, 2003). Indeed HER2-

HER3 heterodimers have been suggested to be the most active in the HER2 family (Sliwkowski 

et al, 1994; Kim et al, 1998; Berger et al, 2004). The role of HER3 in driving the 

development/progression of HER2⁺ breast cancer has been demonstrated in human breast 

cancer xenografts and immune competent transgenic mice in which receptor neutralization or 

genetic ablation of the HER3 receptor, respectively, significantly attenuate the growth of HER2 
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overexpressing mammary tumours (Garrett eta l, 2013; Vaught et al, 2012). Furthermore, 

elevated levels of HER3-HER2 heterodimer expression in human breast cancer has been 

suggested to correlate with significantly worse clinical outcomes (Hellyer et al, 1998). 

 

Oestrogen receptor (ER) overexpression is commonly associated with HER2+ disease. It has 

been demonstrated to complement HER2 receptor signaling, via a complex crosstalk of 

signaling events (Saji et al, 2012; Adams et al, 2007). Oestrogen receptor alpha (ER-α), has 

even been reported to activate the PI3K/AKT and MAPK pathways. In turn, HER2 signaling is 

capable of phosphorylating the ER and thus even in the absence of oestrodial, initiate the 

activation of ER associated genes (Saji et al, 2012). Furthermore, ER over-expression has also 

been linked with Bcl-2 over-expression, a well-documented inhibitor of apoptosis through its 

known effects on the maintenance of mitochondrial stability (Saji et al, 2012). Impairment of 

apoptosis is a hallmark of cancer and thus deregulated expression of Bcl2 through ER 

overexpression has been implicated as a key contributing factor to HER2⁺ breast cancer 

tumourogenesis (Adams et al, 2007). 

 

The generation of supportive vascular structures within tumours to support their growth 

through the provision of oxygen and nutrients is dependent on the production of vascular 

endothelial growth factor (VEGF) (Laughner et al, 2001; Loureiro et al, 2005; Li et al, 2005). 

Increased intra-tumoural levels of VEGF have been linked to HER2 overexpression (Izumi et al, 

2002) through the excessive activation of AKT and down-stream factors such as hypoxia 

inducible factor 1α (HIF-1α) resulting in increased VEGF transcription (Spangenberg et al, 

2006). Indeed an established crosstalk between the VEGF receptor pathway and HER2 has 

been shown (Slamon et al, 2008). This pre-clinical understanding has provided a basis for the 

investigation of angiogenesis inhibitors in combination with anti-HER2 therapy, the most 

effective in early phase clinical trials being Bevacizumab. Bevacizumab, a mAb which 

attenuates the activation of the VEGF receptor by binding its ligand VEGF-A, has since been 

shown to therapeutically combine with anti-HER2 therapy, further implicating the contribution 

of oncogenically heightened VEGF levels to HER2⁺ breast cancer tumourogenesis (Pegram et al, 

2009). This evidence arose from a phase II study examining the therapeutic benefits of 

Trastuzumab in combination with Bevacizumab in women with metastatic HER2⁺ breast 

cancer, which had progressed on traditional lines of chemotherapy. The researchers 

demonstrated objective clinical responses in 48% of patients, with a further 30% displaying 

stable disease. This resulted in a documented clinical benefit rate of 60% and a median overall 

survival of 43.8 months (Pegram et al, 2009). 
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Therapeutic strategies for targeting HER2: 

Trastuzumab: 

 

Trastuzumab is a humanized IgG1 monoclonal antibody that selectively binds to and antagonizes 

HER2 receptor signalling (Herceptin®, Genetech Inc., CA).  It has also been identified to stimulate 

the anti-cancer activity of the innate immune system through the interaction of its constant Fc 

domain with Fc receptors expressed on the surface of immune cells, such as natural killer cells and 

macrophages (Bianchini et al, 2011). Trastuzumab was FDA approved in 1998 for the treatment of 

HER2⁺ metastatic breast cancer and later in 2006 as an adjuvant treatment in early stage HER2⁺ 

breast cancer. This was based on evidence from clinical trials demonstrating a documented 12-

34% response rate in HER2⁺ breast cancer patients following Trastuzumab monotherapy with a 

median extended survival of nine months (Arteaga et al, 2012). Furthermore, when combined with 

conventional adjuvant chemotherapy, the addition of Trastuzumab led to a significant increase in 

overall survival (odds ratio (OR) = 0.79), disease free survival (OR = 0.69), loco-regional recurrence 

(OR = 0.53) and distant recurrence (OR = 0.62) (Arteaga et al, 2012; Loi et al, 2011). The following 

section will discuss the different mechanisms of actions by which Trastuzumab can mediate its 

anti-cancer functions. 

 

Mechanism of Action: 

Inhibition of HER2 signaling: 

 

Trastuzumab selectively binds to domain IV of the extracellular region of the HER2/Neu 

receptor (Clynes et al, 2000; Yakes et al, 2002; Molina et al, 2001), preventing its ability to 

dimerize with other HER family members and ultimately shutting down its capacity to deliver 

intracellular growth and survival signals to the cancer cell. This abrogation of HER2 oncogenic 

signalling results in the inhibition of proliferation, induction of apoptosis and subsequent death 

of targeted cancer cells (Clynes et al, 2000; Yakes et al, 2001). 

 

The anti-proliferative effects of Trastuzumab are in part linked to its ability to attenuate AKT-

mediated cytoplasmic translocation of the cell cycle regulators p21 and p27 (Xia et al, 2004; 

Lane et al, 2001). Binding of HER2 by Trastuzumab has been shown to increase p27 expression 
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levels and increase p27-CDK2 (Cyclin-Dependent kinase-2) interactions, resulting in decreased 

CDK2 activity and an observed G₁ phase cell-cycle arrest (Le et al, 2005; Lane et al, 2001). 

Further studies have observed that Trastuzumab can also down-regulate the activity of cyclin 

D1, a key regulator of CDK kinases, which can limit G₁/S phase transition (Xia et al, 2004). 

 

Trastuzumab is commonly administered with chemotherapy, such as the taxane Docetaxel, 

and radiation therapy, which can cause cell death through the induction of DNA damage 

(Pietras et al, 1994; Pietras et al, 1999). In opposition, HER2 signaling has been implicated in 

promoting DNA repair, by slowing cells through the S phase of cell cycle through its down-

stream effects on the induction of p21 levels, a key regulator of G₁-S phase transition (Pietras 

et al, 1998). Trastuzumab, through its effects on attenuating p21, has been shown to 

counteract this oncogenic counter-mechanism of DNA repair, in the process resensitising 

HER2⁺ cells to the effects of cytotoxic and radiation therapy (Yarden et al, 2012). 

 

Exposure of HER2 overexpressing cell lines to Trastuzumab in vitro has additionally been 

demonstrated to reduce HER2 receptor expression levels (Sliwkowski et al, 1994; Bianchini et 

al, 2014) through the induction of receptor internalization and degradation (Cuello et al, 2001), 

as well as through its effects on down-modulation of HSP90, a key chaperone protein of HER2. 

A small component of the uncontrolled signaling via HER2 has also been linked to p95ᴱᴿᴮᴮ², a 

HER2 receptor which has undergone proteolytic cleavage of its extracellular domain (ECD), 

creating an intracellular catalytically active fragment (Yarden et al, 2012; Esteva et al, 2002, 

Scaltriti et al, 2007). Trastuzumab has been suggested to attenuate the levels of HER2 ECD 

cleavage and in turn decrease the level of constitutively activated p95ᴱᴿᴮᴮ² by stabilizing bound 

HER2 receptors (Molina et al, 2001; Yarden et al, 2012). However, Trastuzumab is unable to 

affect p95ᴱᴿᴮᴮ² phosphorylation once the HER2 receptor has already undergone cleavage. In 

line with this, in a phase II trial examining Trastuzumab in combination with Docetaxel, a 

standard chemotherapeutic combined with Trastuzumab, decreased serum levels of the HER2 

ECD were observed, which correlated with improved therapy response rates in patients 

(Spector et al, 2009; Esteva et al, 2002), indicating that Trastuzumab was likely acting to inhibit 

ECD domain cleavage and therefore, p95ᴱᴿᴮᴮ² formation (Spector et al, 2009; Esteva et al, 

2002). 

In addition to its effects on cell cycle progression, Trastuzumab can also sensitize cells to 

chemotherapy induced apoptosis through the attenuation of pro-survival mitochondrial 

protein expression (Spector et al, 2009). Through the disruption of downstream pro-survival 
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signaling, Trastuzumab has been shown to down-regulate Mcl1 and Bcl2 mRNA levels, thereby 

decreasing the production of their corresponding pro-mitochondrial stabilizing proteins of 

Mcl1 and Bcl2 (Henson et al, 2006). Furthermore, an attenuation of Survivin protein levels has 

also been demonstrated, thought to be due to a similar mechanism (Spector et al, 2009). 

These are critical findings, as not only is the balance of mitochondrial proteins shifted in favour 

of apoptosis via the intrinsic death pathway through these actions of Trastuzumab, but 

overexpression of these pro-survival proteins, in particular Bcl2, is commonly associated with 

HER2⁺ breast cancer and implicated in their inherent resistance to cytotoxic therapies (Spector 

et al, 2009). 

 

Immune engagement: 

 

Analysis of the immune microenvironment of HER2 over-expressing breast tumours has 

identified a strong correlation between tumour-associated immune-infiltration and long-term 

therapeutic benefits (Loi et al, 2011). Indeed, the translational analysis of biopsies collected 

from multiple clinical trials, including that of the (Finland Herceptin) FinHER study have 

demonstrated an important link between the immune contexture of breast tumours and 

improved complete pathological response as well as a decreased risk of relapse (Denkert et al; 

Loi et al, 2011). 

 

In congruence with these correlations a growing body of evidence since Trastuzumab’s 

inception has shed light on the exact nature of Trastuzumab’s engagement of both the innate 

and adaptive immune compartments. These immunological effects have been linked to 

antibody dependent cellular cytotoxicity (ADCC), complement-dependent cytotoxicity, 

phagocytosis of mAb-opsonized target cells and priming of helper and cytotoxic T-cells 

(Bianchini et al, 2014). The following section will describe the means by which Trastuzumab is 

able to engage and harness immunological mechanisms to drive its anti-tumour effects. 
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Figure 2: Trastuzumab mediated ADCC 

Trastuzumab bound to HER2 overexpressing breast cancer cells is able to engage the Fc 

receptors (FcR) of immune effector cells, such as natural killer (NK) cells through its Fc gamma 

tail. Upon FcR engagement, these immune effector cells are able to mediate antibody 

dependent cellular cytotoxicity (ADCC) of the engaged tumour cells, through the release of 

cytotoxic granules. These engaged immune effector cells also release IFN-ƴ and tumour-

necrosis factor (TNF) further acting to initiate an adaptive immune response. 
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Engagement of host innate immune defenses: 

 

A component of Trastuzumab’s immune mediated effects is attributed to antibody dependent 

cellular cytotoxicity (Clynes et al, 2000); the triggering of immune-mediated cell death by the 

activation of antibody-binding Fc-receptors (FCR) on immune cells (Figure 2) (Clynes et al, 

2000). Notably, Trastuzumab is a humanized IgG1 antibody, the likes of which have been 

shown to bind all four mouse FcRs. Human IgG1 antibodies possess similar reactivity against 

both human and mouse innate effector cells (including NK cells, macrophages and 

polymorphonuclear leukocytes) and induce potent ADCC in both human and mouse in vitro 

assay systems (Overdijk et al, 2012). Compared with human IgG2 and IgG3, IgG1 has proven to 

be the most potent human isotype in mouse models of cancer, capable of evoking a response 

profile similar to that of mouse IgG2a, the most potent IgG in mice (Overdijk et al, 2012). Upon 

Fc-receptor (FcR) engagement by Trastuzumab, these immune effector cells proceed to release 

cytotoxic granules containing both Perforin and serine proteases known as Granzymes that 

enter the target cell, triggering immune-mediated tumour cell destruction (Bianchini et al, 

2014). Indeed clinical trials have demonstrated that patients displaying FcγRIIIA 

polymorphisms on NK cells have a better therapeutic response to Trastuzumab, further 

supporting the importance of ADCC and in particular NK cell mediated ADCC in Trastuzumab’s 

mechanism of action (Tamura et al, 2011; Musolino et al, 2008). 

 

The significance of ADCC and its probability of being the likely dominant mechanism behind 

Trastuzumab’s immunological response has been observed in both the pre-clinical and clinical 

setting (Clynes et al, 2000; Barok et al, 2007; Kohrt et al, 2012). Barok et al demonstrated that 

a HER2⁺ breast cancer cell line, JIMT-1, which was inherently resistant to the cytostatic and 

apoptotic effects of Trastuzumab in vitro, was still responsive to the growth-inhibitory effects 

of Trastuzumab in vivo (Barok et al, 2007). To demonstrate that this effect was linked to the 

ADCC activity of Trastuzumab, mice bearing JIMT-1 tumours were treated with only the FAb 

fragment of Trastuzumab (Barok et al, 2007). In these mice the JIMT-1 tumours continued to 

grow in a similar manner to the control treated tumours, highlighting the importance of the Fc-

domain of Trastuzumab in mediating its anti-tumour effects. In another study, mice deficient 

of Fc receptors were also shown to be incapable of supporting the anti-tumour actions of 

Trastuzumab against previously responsive HER2⁺ tumours (Clynes et al, 2000; Bianchini et al, 

2014). Based on these observations both groups concluded that their findings demonstrated 

that Trastuzumab’s ability to engage FcR positive immune cells through its Fc-gamma tail was 
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pivotal to its observed effects against HER2⁺ tumours in vivo (Barok et al, 2007). In addition to 

these studies Kute et al also showed that breast cancer cell lines which had been made 

resistant to Trastuzumab in vitro through prolonged drug exposure were still sensitive to the 

anti-tumour effects of Trastuzumab in vivo (Kute et al, 2009). Notably the level of control of 

these tumours by Trastuzumab was comparable to that against the parental line (Kute et al, 

2009). While these studies support a role for the ADCC activity of Trastuzumab in controlling 

HER2⁺ breast cancer, its level of contribution to the therapeutic mechanism of action of 

Trastuzumab remains unclear. 

 

NK cells express the cell surface receptor CD16 (also known as FcγRIIIA) which engages the 

conserved Fc region of Trastuzumab. When Trastuzumab recognises and binds to specific 

antigens expressed on HER2⁺ cells, the CD16 receptor on NK cells recognises the antibody, 

resulting in its activation and killing of the target cell (Maelig et al, 2016). As such their 

frequency and activation status within HER2⁺ tumours at the time of treatment 

commencement has been shown to have a strong correlation with the effectiveness of 

Trastuzumab therapy (Cooley et al, 1999). This important association was further 

demonstrated in a study examining pre- and post-operative patient tumour samples that had 

been exposed to Docetaxel, with or without Trastuzumab; a 4 fold higher level of NK cells 

present within tumours that had been exposed to Trastuzumab (Arnould L et al, 2006). 

 

In addition to its ADCC functions, Trastuzumab can also function to bridge the gap between 

tumour cells and NK cells. Although monoclonal antibodies such as Trastuzumab serve to 

initiate and maintain the bond between these effector immune cells, it is this concomitant 

interaction through the NKG2D receptor that is pivotal to a more potent induction of 

degranulation resulting in tumour cell death (Deguine et al, 2012). An example of this process 

in action was observed in HER2⁺ tumour cells exposed to Lenalidomide in conjunction with 

Trastuzumab which saw an up-regulation of NKG2D receptors on treated tumour cells 

correlating with increased NK cell activation and tumour cell clearance (Wu et al, 2011). 

 

Further to these findings, the strong correlation between NK cells and the observed 

therapeutic effects of Trastuzumab were demonstrated by Lu et al who showed that an 

agonist of Toll-like receptor 2 (TLR2), known to activate NK cells, was able to result in a 

significant increase in the immune-mediated clearance of HER2⁺ tumour cells which had been 

co-treated with Trastuzumab (Lu et al, 2011). This influential role that NK cells play was further 
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validated by Yamauchi et al, whom through an understanding that E-cadherin is a known 

inhibitory ligand of the killer cell lectin-like receptor G1 (KLRG1) present on the surface of NK 

cells, demonstrated a correlation between tumour levels of E-cadherin and the effectiveness 

of Trastuzumab (Yamauchi et al, 2011). In conjunction, these findings suggest an important 

role for NK cells, particularly through ADCC, in mediating the anti-cancer immunological effects 

of Trastuzumab. 

 

NK cells also play an important role in shaping both the innate and adaptive immune 

responses. This is primarily achieved through the secretion of inflammatory cytokines and 

chemokines following their activation. Interferon gamma (IFN-γ) is one of the best 

characterised cytokines that is produced by NK cells however other interleukins such as IL-10, 

TNF-α and further cytokines have also been characterised (Pegram et al, 2011 and Maelig et al, 

2016). As these cytokines play an integral part in the recruitment of further immune cells, they 

can also act as a potential biomarker of Trastuzumab induced immunological responses (Vivier 

et al, 2011). 

 

The role of the adaptive immune system: 

 

The adaptive immune system has additionally been described to play a considerable part in the 

known anti-cancer effects of Trastuzumab, through both direct and indirect stimulation. 

Trastuzumab alone and in combination with other chemotherapeutics can induce the 

production of tumour cell debris which can be taken up by antigen presenting cells (APCs) 

which then undergo a process of cellular maturation resulting in the subsequent presentation 

of these antigens via MHC class II molecules to CD4⁺ and CD8⁺ T cells (Bianchini et al, 2014). 

This cross presentation of tumour specific antigens to T cells, which particularly results in the 

activation of CD4⁺ T cells, is an important mechanism by which Trastuzumab treatment leads 

to stimulation of the adaptive immune system. Although having no direct effect upon tumour 

cells, antigen presenting cells (APCs) play a large role in mounting a host’s immune response 

against HER2⁺ tumours following treatment with Trastuzumab (Bianchini et al, 2014). 

 

In addition to stimulating CD4⁺ T lymphocytes, APC’s are also known to further promote the 

anti-tumour response mediated by NK cells. Upon the uptake of tumour antigens, APCs have 

been demonstrated to release cytokines resulting in the direct stimulation of NK cells. 

Furthermore following Trastuzumab-mediated stimulation via ADCC, these activated NK cells 
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can in turn also secrete cytokines, such as interferon-γ, impacting on APCs leading to their 

reverse stimulation and up-regulation of their antigen processing machinery, thereby further 

promoting the activity of cytotoxic T lymphocytes (Lee et al, 2011). This feedback loop is 

known as the ‘cross-talk’ between APCs and NK cells and can be extremely effective at 

engaging a rapid and sustained anti-tumour response capable of having a profound effect on 

established tumours (Lee et al, 2011). 

 

Similar to innate immune effector cells, APCs also display Fc-gamma receptors on their outer 

cell membranes. These Fc-gamma receptors are able to engage the Fc domain of both 

complexes of Trastuzumab and Trastuzumab bound directly to tumour cells (opsonized), 

resulting in the uptake of tumour antigens. This method of antigen uptake by APCs initiates 

their maturation (as shown by the induction of assessor molecules such as CD40 and CD86) 

resulting in further stimulatory signals being relayed to CD4⁺ T-lymphocytes through primarily 

the presentation of MHC class II molecules (Chen et al, 2013). 

 

Further to these findings has been the demonstration of the important contribution that CD8⁺ 

T cells and Type I and II interferon-mediated adaptive immune responses play in the anti-

tumour activity of Trastuzumab (Stagg et al, 2011). Stagg et al first identified that a CD8-

dependant anti-tumour immune response was required by Trastuzumab following an observed 

attenuation of anti-tumour effects with the depletion of CD8⁺ cells in vivo. In a follow-up paper 

they went on to elaborate that this response was both Type I and II interferon mediated. This 

important reliance on the adaptive immune system was further strengthened by their 

demonstration of resistance to tumour rechallenges within previously treated tumour-free 

mice. Through these findings they argued that they were able to both clearly demonstrate 

Trastuzumab’s engagement of the adaptive immune system and furthermore show the 

development of immune memory through the prevention of disease recurrence. 

 

Furthermore in these pre-clinical models of HER2⁺ breast cancer, Stagg et al went on to 

demonstrate that increased levels of IFN-ƴ present within a tumour microenvironment 

correlated with an increased anti-tumour response. This correlation was explained through 

interferon-gammas impact upon PD-L1 and MHC class II expression on the surface of HER2⁺ 

tumour cells, thereby increasing their susceptibility to immune-mediated killing. They 

confirmed these findings through the co-administration of anti-PD-1 and anti-CD137 

antibodies. The co-administration of these antibodies respectively inhibited both IFN-γ-
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activated T cells and CD8⁺ T cells, thereby highlighting their significance in Trastuzumab’s 

engagement of adaptive immunity. These pre-clinical findings importantly correlated with 

observations to come out the NeoSphere trial, whereby increased circulating blood levels of 

interferon-gamma correlated with a greater chance of a pathological complete response (pCR) 

to Trastuzumab therapy (Gianni et al, 2012). 

 

Importantly Park et al through their work with Trastuzumab were also able to draw similar 

conclusions to Stagg et al while further extending on these findings. Park et al found that 

innate immune responses alone were insufficient in driving the anti-tumour immune 

responses of Trastuzumab thereby concluding that the contribution of adaptive immune 

responses was also required. They performed these analyses within Rag1⁻′⁻ knockout mice 

that are known to be deficient of T cells and B cells. Within these mice they witnessed an 

absent therapeutic effect by Trastuzumab against a tumour line that had previously otherwise 

been responsive to Trastuzumab. They linked this finding to their lack of B cells and T cells 

(Park et al, 2010). Further to this, similar to Stagg et al they were also able to demonstrate the 

establishment of immune memory in tumour free mice previously treated with Trastuzumab, 

observed through the rejection of tumour cell rechallenges (Park et al, 2010). 

Trastuzumab resistance: 

 

Therapy resistance is typically defined as any progression of disease whilst on therapy, and can 

be either primary (inherent), whereby cancers do not display any initial response or secondary 

(acquired), whereby cancers show disease progression following a period of initial response. 

Despite the initial excitement surrounding the inception of Trastuzumab, there has only been a 

documented 12-34% response rate to Trastuzumab monotherapy entailing a median extended 

survival of nine months, by which time most patients develop an acquired resistance with 

resultant disease progression (Loi et al, 2011; Arteaga et al, 2012). This indicates that 

approximately 70% of HER2 over-expressing breast cancers display inherent resistance to 

Trastuzumab monotherapy (Narayan et al, 2009; Arteaga et al, 2012). These statistics continue 

to challenge researchers and clinicians towards a better understanding of the fundamental 

mechanisms of trastuzumab action and development of new treatment options to enhance 

and/or prolong its therapeutic activity.  Known mechanisms of both inherent and acquired 

resistance to Trastuzumab will be discussed in this section. 
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Mutations in the HER2 receptor and at the cellular surface: 

 

The development of mutations within the HER2 receptor has been proposed as one potential 

mechanism of resistance to Trastuzumab therapy. Such changes in the HER2 receptor or 

surrounding extracellular membrane while rare and yet to be shown to have clinical 

significance may limit Trastuzumab binding of its target (Zito et al, 2008; Ross et al, 2013). 

Examples of these changes that can alter the signaling status of HER2 are discussed. 

 

A truncated form of the HER2 receptor formed through proteolytic cleavage of its ECD, known 

as p95ᴱᴿᴮᴮ², has been detected in some HER2 overexpressing breast cancers (Anido et al, 2006). 

This p95ᴱᴿᴮᴮ² receptor comprises of only an intra-cytosolic signalling domain, which has been 

observed to be often constitutively active due to its constant availability to form active dimers 

with other HER family members. In such cases, Trastuzumab is ineffective (Scaltriti et al, 2007). 

Lapatinib that targets the intracellular tyrosine kinase domain of HER2, which will be discussed 

later, was shown to be effective against such HER2 overexpressing cancers (Scaltriti et al, 

2010). 

 

A splice variant in exon 16 of the HER2 receptor has also been identified. This mutation 

enhances the capacity of the HER2 receptor to form stable hetero-dimers with other HER 

family members as well as interferes with Trastuzumab’s engagement (Kwong et al, 1998). 

However, this alternate splicing variant occurs relatively infrequently in the clinical setting and 

thus has not been shown to be a major cause of Trastuzumab resistance (Zito et al, 2008). 

 

In addition to oncogenic alterations of the HER2 receptor, changes at the cellular membrane 

have also been shown to be associated with Trastuzumab resistance. Mucin-4 (MUC4), a 

membrane associated glycoprotein, known to be present on the surface of mammary 

epithelial cells, can disrupt Trastuzumab’s ability to engage HER2 (Nagy et al, 2005; Price-

Schiavi et al, 2002) and thus overexpression of MUC4 which results in attenuation of HER2 

receptor engagement, has been linked with a poorer prognosis in HER2⁺ disease (Tamada et al, 

2006). In pre-clinical models of Trastuzumab resistance, high MUC4 expression levels were 

found to be inversely proportional to HER2 receptor engagement. In accordance with this 

observation, MUC4 knockdown was effective in reestablishing tumour cell response to 

Trastuzumab (Nagy et al, 2005). Analyses conducted in the MCF-7 cell line by Carraway et al 

demostrated that MUC4, through its interaction with the HER2 receptor, was able to increase 
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HER2 phosphorylation thereby inducing increased HER2 signalling (Carraway et al, 2001). 

Further to this MUC4 has been observed to stabilize interactions between HER2 and in 

particular HER3, restricting Trastuzumab’s ability to disrupt HER2 receptor hetero-

dimerization, resulting in increased HER2/HER3 signaling activity (Funes et al, 2006). 

 

Over-expression of other HER family members and growth receptors: 

 

HER2⁺ breast cancer by definition is associated with oncogenically over-expressed levels of 

HER2. However, many HER2⁺ breast cancers also concurrently overexpress other HER family 

members, such as EGFR and HER3, further contributing to HER2 receptor hetero-dimerization 

and activation (Ritter et al, 2007; Narayan et al, 2009; Vu et al, 2014; Agus et al, 2002). 

Although HER2 is the preferential dimerization partner for all HER family receptors, 

overexpressed EGFR and HER3 receptors also have the capacity to form functional dimers 

without HER2. These hetero-dimers cannot be disrupted by Trastuzumab and in view of this 

understanding concurrent EGFR and HER3 receptor co-expression has been linked with further 

contributing to HER2 tumourogenesis and a mechanism of cellular resistance to Trastuzumab. 

In work described by Narayan et al, HER2⁺ breast cancer cells subjected to prolonged 

Trastuzumab exposure in vitro have been shown to up-regulate their EGFR and HER3 

receptors, with these heightened levels correlating with Trastuzumab resistance (Narayan et 

al, 2009). However, these same heavily Trastuzumab pre-treated lines displaying heightened 

EGFR and HER3 receptor levels, have only been seen to partially respond to EGFR and HER3 

targeted therapies in vitro (Narayan et al, 2009). The conclusion drawn for these partial 

therapeutic responses was that in addition to EGFR and HER3 receptor up-regulation, 

additional reprograming was occurring within the intracellular signalling pathways of HER2⁺ 

breast cancer cells, further contributing to resistance (Narayan et al, 2009). 

 

The insulin-like growth factor 1 receptor (IGF-1R), which also mediates its effects through the 

PI3K/AKT and MAPK pathways, is often concurrently overexpressed in HER2⁺ breast cancer (Lu 

et al, 2001; Nahta et al, 2005). Enhanced signalling via IGF-1R has been linked to increased p27 

degradation, known to interfere with Trastuzumab’s ability to mediate cell cycle arrest and 

thereby contributing to Trastuzumab resistance within HER2⁺ breast cancer cells (Lu et al, 

2001). In addition to initiating its own pro-survival signalling, IGF-1R can also form hetero-

dimers with HER2, inducing the intracellular phosphorylation of HER2 and thus activation of its 

intracellular pathways (Huang et al, 2010). In accordance with these observations, concurrent 
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treatment of HER2⁺ cell lines that co-overexpress IGF-1R with inhibitors of IGF-1R has been 

demonstrated to restore their sensitivity to Trastuzumab (Nahta et al, 2005). 

 

Hormone receptor co-overexpression particularly that of the oestrogen receptor (ER) is often 

coupled with HER2+ disease. This ER overexpression has been further linked to Bcl2 

overexpression, a documented inhibitor of apoptosis through its effect on maintenance of 

mitochondrial stability (Saji et al, 2012). Impairment of apoptosis is a hallmark of cancer and 

therefore, over-expression of Bcl2, as well as other Bcl2 family members, has been implicated 

as a key mechanism of resistance to therapy and as a result poor prognostic marker (Adams et 

al, 2007). Recent molecular profiling techniques have also demonstrated a complex crosstalk 

between HER2 and ER receptors, the two main implicated hormonal drivers of breast cancer 

(Saji et al, 2012). Furthermore, even in the absence of oestrodial, HER2 down-stream signaling 

has been shown to cause phosphorylation of ER, with resultant activation of ER associated 

genes (Saji et al, 2012). 

 

Aberrant PI3K/AKT and MAPK signalling: 

 

HER2⁺ breast cancers have a strong associated reliance on disinhibited signaling via the 

PI3K/AKT and MAPK pathways and certainly one common element that is similar amongst 

inherent and acquired resistance to Trastuzumab is persistent signaling via these pathways 

despite antagonization of the HER2 receptor (Arteaga et al, 2003; Berns et al, 2007) (Figure 3).  

 

PI3 kinase is an important upstream activator of the PI3K/AKT signaling pathway. It functions 

to phosphorylate inositol lipids to phosphatidylinositol-3,4,5-trisphosphate which in turn 

activate AKT. PIK3CA gene mutations, encoding for gain of function mutations in one of the 

two PI3K subunits, have been reported in 20-40% of HER2⁺ breast cancers making them the 

most commonly mutated oncogene in breast cancer (O’Brien et al, 2010; Jensen et al, 2012; 

Cizkova et al, 2013; Chakrabarty et al, 2010). Patients displaying these PI3KCA mutated genes 

have been observed to respond significantly worse to Trastuzumab containing regimens 

compared to patients harboring wild-type PIK3CA (Cizkova et al, 2013; Jenson et al, 2012; Dave 

et al 2011). Given the frequency of these PIK3CA mutations and the upstream location of their 

corresponding oncogenically overactive PI3 kinases, PIK3CA mutations remain a significant 

cause of resistance to Trastuzumab therapy. 
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Phosphatase and Tensin homolog (PTEN) is another important regulator of PI3K/AKT signaling. 

Loss of PTEN in HER2⁺ patient tumours has been shown to correlate with poorer responses to 

Trastuzumab (Berns et al, 2007; Nagata et al, 2004). HER2⁺ cell lines that have been made 

resistant to Trastuzumab through prolonged low dose drug exposure have also demonstrated 

an associated loss of PTEN compared to their pre-treated parental lines (Chan et al, 2005). This 

loss in PTEN can cause deregulated PI3K/AKT signaling and thereby resistance to Trastuzumab 

mediated growth inhibition and apoptosis induction (Nagata et al, 2004) Consistent with these 

findings, the administration of a PI3K inhibitor in vitro to tumour cells harbouring mutations in 

PTEN was able to resensitise them to Trastuzumab mediated growth arrest (Chan et al, 2005). 

 

Src kinases primarily function to regulate adhesion and integrin signaling and their over-

activity has been associated with mitigating tumour cell migration and metastasis (Tan et al, 

2005). However, Src kinases are also an important secondary intracellular messenger of HER2 

and known to inversely interact with its catalytic domain via activation of tyr877 (Ishizawar et 

al, 2006; Xu et al, 2007). Furthermore, through their direct actions upon HER2, Src kinases 

have also been shown to enhance HER2’s dimerization potential with HER3 (Xu et al, 2007). In 

addition, following oncogenic over-activation of Src kinases, aberrant signaling via the Src 

family kinase (SFK) pathway has been proposed to impact upon and inhibit PTEN, further 

contributing to uncontrolled PI3K/AKT signaling (Liang et al, 2010). And thus their oncogenic 

over-activity has been associated with resistance to Trastuzumab (Kim et al, 1995; Liang et al, 

2011; Rexer et al, 2011). Consistent with these findings, the addition of a Src inhibitor to these 

cell lines has been shown to overcome resistance to Trastuzumab (Zhang et al, 2011). 

 

The anti-proliferative effects of Trastuzumab have been described to be largely mediated 

through cell-cycle arrest during the G₁ phase, explained through Trastuzumab’s downstream 

attenuation of cyclin-dependent kinase 2 (CDK2) levels acting upon p27 to increase its 

respective half-life and activity (Lane et al, 2000). It is through its increased activation of this 

check point inhibitor that Trastuzumab is able to promote its anti-proliferative effects. In view 

of this understanding, initially responsive HER2⁺ cell lines that have subsequently gone on to 

acquire resistance to Trastuzumab have been shown to display decreased levels of this 

checkpoint inhibitor (Nahta et al, 2004). Nahta et al went on to further strengthen this 

association between p27 levels and Trastuzumab’s ability to induce cell cycle arrest through 

the ectopic re-expression of p27 in Trastuzumab non-responsive cells, which resensitized them 

to Trastuzumab therapy (Nahta et al, 2004). Because p27 expression levels are impacted upon 
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by a number of pro-survival receptor pathways, including that of HER2, EGFR and IGF-IR, 

resistance associated with low levels of p27 could account from aberrant signaling at any 

deregulated point in either of these pathways (Nahta et al, 2004). For this reason attenuated 

p27 levels at present serve more to reflect intrinsic aberrant signaling and are therefore, used 

more as a marker of likely resistance to Trastuzumab therapy. 
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Figure 3: Mechanisms of cellular resistance to Trastuzumab 

Resistance to Trastuzumab by HER2⁺ breast cancer, despite blockade of HER2 receptor 

dimerization has been reported to be resultant of multiple oncogenic cellular adaptions; 

PIK3CA gene mutations, resulting in gain of function mutations to the PI3K subunits; Loss of 

Phosphatase and Tensin Homolog (PTEN), an important regulator of PI3K/AKT signalling; Over-

activity of Src kinases, inhibiting PTEN resulting in more profound PI3K/AKT signalling and 

directly acting on HER2 increasing it dimerization capacity with HER family members; The 

presence of Mucin-4 (MUC4) on the cellular surface, preventing the ability of Trastuzumab to 

inhibit HER2 dimerization; The presence of p95, a truncated constitutively active Her2 receptor 

unable to be bound by Trastuzumab. 
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Immune tolerance: 

 

The development of a tolerance to anti-tumour immune responses is a common problem 

observed in both tumourogenesis and resistance to therapies, and can be particularly evident 

with an immune-reliant therapy like Trastuzumab. HER2⁺ breast cancer cells are known to 

develop various strategies to evade the anti-tumour effects mediated by the immune system. 

One such evasion strategy relates in particular to NK cells, whereby HER2⁺ cells have been 

shown to express increased levels of inhibitory HLA on their surface, preventing pivotal NK cell 

mediated ADCC (Mamessier et al, 2011). 

 

An emerging area of extreme interest at present in the oncological scientific community is that 

of the role of increased tumour membrane expression of the programmed cell death protein 1 

(PD-L1) targeted at the inhibitory receptor of PD-1 on immune cells. Its overexpression on the 

surface of tumour cells has been demonstrated across many cancer types and thought to be an 

important strategy by which tumour cells evade their host’s immune system. Increased PD-L1 

expression has also been shown to correlate with an increased resistance to Trastuzumab. This 

is of particular significance in HER2 over-expressing breast cancers, as increased PD-L1 

expression has been shown to be linked to an oncogenically overactive PI3K-AKT pathway; 

with more than 25% of HER2⁺ breast cancers displaying increased PD-L1 levels (Crane et al, 

2008). Over-activeness of this pathway responsible for PD-L1 expression has been linked to 

mutations at various points in the PI3K/AKT pathway. One group went on to verify this 

important link by demonstrating that a loss of PTEN, a potent tumour suppressor gene 

commonly associated with HER2⁺ breast cancer, inversely resulted in hyper-activation of the 

PI3K-AKT pathway, which then had a direct effect on the up-regulation of PD-L1 (Parsa et al, 

2007). Indeed, Stagg et al were able to show that the addition of anti-PD-1 to anti-HER2 mAb 

and anti-CD137 therapy (a co-stimulatory molecule expressed on activated NK cells), increased 

the effectiveness of anti-HER2 mAb in a syngeneic mouse model of HER2⁺ disease. They also 

observed a co-treatment mediated effect on IFN-γ-activated T cells and CD8⁺ cells, 

respectively; further strengthening the role of PD-L1 in immune evasion and its mechanism in 

mediating resistance to anti-HER2 therapies. These findings also highlighted the importance of 

host adaptive immune defenses to the anti-tumour effects of Trastuzumab (Stagg et al, 2011). 

Kohrt et al extended on these findings by demonstrating the enhanced NK cell mediated ADCC 

effects of Trastuzumab when co-administered with anti-CD137 antibody therapy (Kohrt et al, 

2012).  
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More recently, anti-PD-1 has been successfully combined with anti-CTLA-4 (anti-cytotoxic T 

lymphocyte antigen-4) a further promising immune targeted agent. Within syngeneic models 

of ErbB2 overexpressing mammary tumours, the two agents were shown to synergize in their 

ability to re-stimulate immune-mediated anti-tumour mechanisms capable of enhancing the 

actions of Trastuzumab (Arteaga et al, 2014). In light of these impressive findings, targeting 

PD-1 will continue to be under further investigation while attempting to improve upon the 

known functions of Trastuzumab. 

Therapeutic strategies to overcome/bypass Trastuzumab resistance: 

Therapies targeted at the HER2 receptor: 

 

The concept of HER2 oncogene addiction has long been hypothesised as being the key driving 

force behind HER2+ breast cancers, resulting in the HER2 receptor being an attractive 

therapeutic target (Sharma et al, 2007). The emergence of Lapatinib, a dual HER1-HER2 

tyrosine kinase inhibitor (TKI), and Pertuzumab, a HER2 dimerization inhibitor, have further 

cemented this idea, through their observed single agent and combined effects with 

Trastuzumab. Their success has provided a rational approach for combined targeting of 

different elements of the HER2 signaling pathway to enhance the effects of Trastuzumab as 

well as overcome Trastuzumab resistance. Given the significant impact that Lapatinib and 

Pertuzumab have had in advancing HER2⁺ breast cancer management, coupled with their 

recent FDA approval both agents will be further discussed, particularly in relation to their 

known therapeutic mechanisms and clinical responses when combined with Trastuzumab. 

 

Lapatinib: 

 

Lapatinib is a reversible tyrosine kinase inhibitor (TKI) shown to act upon the receptor tyrosine 

kinases of both HER2 and EGFR (Konecny et al, 2006). Through its tyrosine kinase inhibition, 

Lapatinib is able to prevent HER2 receptor phosphorylation, creating inactive HER2 receptors 

unable to promote PI3K/AKT and MAPK signaling (Konecny et al, 2006). These inactivated 

HER2 receptors accumulate on the cell membrane and are able to be engaged by Trastuzumab, 

further promoting antibody dependent cellular cytotoxicity (Scaltriti et al; Maruyama et al). 

Similar mechanisms of action have also been observed in HER2⁺ gastric cancers and 

oesophageal cancers concurrently treated with Trastuzumab and Lapatinib, with Lapatinib 
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observed to also have a strong anti-proliferative effect as a single agent (Shiraishi et al; 

Mimura et al). 

 

Support for combining Lapatinib with Trastuzumab initially arose from early phase clinical trials 

demonstrating that despite disease progression on regimens containing Trastuzumab, 

improved progression-free survival (PFS) was achieved with Trastuzumab’s substitution with 

Lapatinib (Geyer et al, 2006). These intriguing results lead to a study examining the combined 

effects of Trastuzumab and Lapatinib in Trastuzumab resistant metastatic breast cancer 

patients. The NeoALTTO trial which examined Trastuzumab and Lapatinib in conjunction with 

chemotherapy in HER2⁺ breast cancer demonstrated a pathological complete response (pCR) 

of 47% in the dual HER2-targeted treatment group, as opposed to 28% and 20%, respectively 

when either agent was used alone (Baselga et al, 2012). This study highlighted for the first time 

the superior benefit of combining both agents, as opposed to simply substituting Trastuzumab 

with Lapatinib. Additionally, through the demonstration of significantly increased levels of pCR 

through combined targeting of HER2, this landmark trial put further strength behind the 

concept of HER2 oncogene addiction encountered in HER2+ breast cancer (Blackwell et al, 

2007). These pre-clinical and clinical findings strongly supported Lapatinib’s introduction into 

clinical practice with FDA approval for its use in metastatic HER2⁺ breast cancer granted in 

2006 (Geyer et al, 2006). 

 

In addition to Lapatinib, there are a variety of other novel tyrosine kinase inhibitors (TKI) under 

current investigation in early and late phase trials. These are predominantly irreversible broad-

spectrum TKIs, with Neratinib showing the greatest promise. A phase III trial of Neratinib is 

currently underway following promising results from a phase II trial of patients with HER2⁺ 

metastatic breast cancer, whereby 24% of patients demonstrated a response despite 

progressing on Trastuzumab (Burstein et al, 2010). 

 

Pertuzumab: 

 

Unlike Trastuzumab that binds the domain IV of the extracellular portion of HER2, Pertuzumab 

is a humanized monoclonal antibody that has been engineered to target a different epitope in 

the extracellular domain of HER2, namely domain II. Pertuzumab’s engagement of its target 

can inhibit ligand induced hetero-dimerization of HER2 with HER3 and EGFR, inhibiting an 

otherwise resultant PI3K/AKT signaling (Senhur et al, 2012; Jhaveri et al, 2014; Franklin et al, 
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2004; Agus et al, 2002). In addition Pertuzumab is a mAb and therefore also able to engage 

host immune defenses in a similar manner to that of Trastuzumab (Senhur et al, 2012). In pre-

clinical studies, these known mechanistic actions of Pertuzumab translated to combined 

therapeutic responses with Trastuzumab when investigated against HER2⁺ cell lines both in 

vitro and in vivo (Marty et al, 2005; Baselega et al, 2009). Consistent with these pre-clinical 

findings, the NeoSphere trial observed a doubling of the pCR when Pertuzumab was combined 

with Trastuzumab, with 39% of patients demonstrating a pCR, versus only 19% and 22% 

respectively in the monotherapy groups (Gianni et al, 2012). In view of these positive findings, 

Pertuzumab has since been approved for use in combination with Trastuzumab and 

chemotherapy in the treatment of metastatic HER2⁺ breast cancer. 

 

Trastuzumab Emtansine (T-DM1): 

 

Trastuzumab Emtansine, also known as Ado-Trastuzumab Emtansine, is an antibody-drug 

conjugate of Trastuzumab linked to the microtubule polymerization inhibitor emtansine (DM1) 

(Metzger-Filho et al, 2017). In addition to mediating inhibition of HER2 dimerization and 

contributing to an ADCC response similar to that of Trastuzumab, T-DM1 also functions 

through the induction of drug induced cellular lysis. This occurs following the complexes 

internalization, mediating the release of its chemotherapeutic conjugate emtansine (Lewis 

Phillips et al, 2008; Metzger-Filho et al, 2017). Unlike when Trastuzumab is combined with a 

taxane, T-DM1 enables the targeted delivery of a powerful cytotoxic agent, increasing its 

therapeutic index, while minimizing off-target effects (Metzger-Filho et al, 2017). In 2013 T-

DM1 was FDA approved for clinical use following its successful trial in patients with metastatic 

HER2⁺ breast cancer that had become refractory to the standard of care regime involving 

Trastuzumab and chemotherapy (Verma et al, 2012). 

 

HER3 targeted monoclonal antibodies: 

 

In view of the contribution of EGFR and HER3 receptors in promoting tumourogenesis in HER2 

over-expressing breast cancer, a concerted effort has been put into examining the effects of 

co-targeting these receptors. The major focus has centred on the HER3 receptor, due to its 

common concurrent overexpression in HER2⁺ breast cancer and resultant signaling potency 

that can ensue following dimerization with HER2. And as such a range of HER3 inhibitors are 
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currently being investigated in early phase clinical trials. Firstly, the HER3 neutralizing 

antibodies U3-1287, MM-121 and LJM716, which have been shown to antagonize the HER3 

receptor, through both ligand dependent and ligand independent mechanisms, ultimately 

resulting in HER3 receptor internalization (Schoeberi et al, 2010; Sheng et al, 2010). Pre-

clinically U3-1287 has been demonstrated to even synergize with Trastuzumab and Lapatinib 

against HER2⁺ breast tumour xenografts (Garrett et al, 2013). LJM716 has been shown to 

inhibit the growth of HER2⁺ mammary xenografts as a monotherapy and also combine with 

PI3K inhibitors, the effects of which have been explained by its unique ability to abrogate HER2 

dimerization with HER3 in a ligand independent manner (Garrett et al, 2013). Another HER3 

targeted antibody, RG7116, through the addition of a functional Fc domain, has been 

demonstrated to mediate ADCC responses, similar to that of Trastuzumab (Mirschberger et al, 

2013). 

 

Inhibitors specifically targeting EGFR have not been explored to any great depth against HER2⁺ 

breast cancer. Although more recently an IgG1 antibody targeting both the EGFR and HER3 

receptors was examined against HER2⁺ breast cancer. MEHD7945A functions by binding both 

receptors with high affinity preventing ligand induced downstream signaling via their 

associated intracellular signaling pathways but also harnesses the ability to mediate an ADCC 

response (Schaefer et al, 2011). 

Novel, non-HER2 receptor targeted therapies: 

 

There are a multitude of other novel therapies currently under examination in early phase 

trials for the treatment of metastatic HER2+ breast cancer. The most promising classes of 

agents currently under investigation are irreversible tyrosine kinase inhibitors, HSP90 

inhibitors, PI3K pathway inhibitors and other HER family receptor inhibitors (Arteaga et al, 

2012). 

 

HSP90 inhibitors: 

 

Heat shock protein 90 (HSP90) is a key chaperone protein of intracellular HER2, as well as 

other oncogenically overexpressed proteins pivotal in its signal transduction pathways. 

Through its chaperone function, HSP90 maintains the stability and thereby prevents the 
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proteasomal degradation of its client proteins. HSP90 inhibitors, such as Tanespimycin/17-AAG 

have been shown to selectively target HSP90 within cancer cells (Lu et al, 2012; Saini et al, 

2011). In pre-clinical analyses, the targeted inhibition of HSP90 within HER2⁺ cells has been 

shown to increase degradation of HER2, contributing to inhibition of deregulated HER2 

signalling and thus enhancing the actions of Trastuzumab (Raja et al, 2008; Saini et al, 2011). 

Several HSP90 inhibitors are currently under investigation in early phase trials, however only a 

few are showing promise clinically in combination with Trastuzumab (Saini et al, 2011). 

 

PI3K pathway inhibitors: 

 

Another promising class of emerging agents to offer therapeutic potential against HER2⁺ breast 

cancer are inhibitors directed at the PI3K pathway. They can be categorized into four main 

groups: PI3K inhibitors, dual PI3K-mTOR inhibitors, mTOR inhibitors and AKT inhibitors. They 

are all in early phase trials and appear to be having only modest anti-tumour effects when 

used alone. Further trials involving their co-administration with conventional therapeutic 

regimes as well as dual anti-HER2 targeted therapies are currently underway (Dienstmann et 

al, 2011; Saini et al, 2011). Pre-clinically such combinations have been examined in 

HER2/PIK3CA mutant tumour models, which are resistant to Trastuzumab in combination with 

Lapatinib or Pertuzumab (Hanker et al, 2013). In these models the pan-PI3K inhibitor BKM120 

was shown to partially inhibit tumour growth. 

 

In addition to their therapeutic analysis, the study of PI3K pathway inhibitors has been able to 

unearth additional potential mechanisms that could further contribute to the actions of 

conventional treatment strategies. Wang et al were able to demonstrate a combined anti-

tumour activity following the addition of an AKT-inhibitor, in this case Triciribine, to 

conventional Trastuzumab therapy. This combined effect was explained through an observed 

Triciribine mediated release of interferon-γ drawing in CD4⁺ and CD8⁺ T cells into the tumour 

microenvironment resulting in a stronger anti-tumour response (Wang et al, 2008). Notably 

the researchers also observed an increase in interleukin 2 and 12 levels and further went on to 

show that the addition of anti-CTLA4 resulted in an even greater release of interferon-γ with 

stronger anti-tumour immune responses (Wang et al, 2008). 
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Histone acetylases and deacetylases and their role in cancer biology: 

 

Cancer has long been considered a disease arising from the accumulation of genetic defects 

within cells, commonly associated with the overexpression of oncogenes or the loss of function 

of tumour suppressor genes (Hanahan et al, 2000). Advances in our understanding of tumour 

biology have further elucidated that in addition to these existing chromosomal abnormalities, 

oncogenically altered regulation in expression of these genes also plays a significant role in 

driving tumourogenesis (Lund et al, 2004). 

 

A group of enzymes shown to be critical in this epigenetic regulation are histone 

acetyltransferases (HATs) and histone deacetylases (HDACs) (Roth et al, 2001; Thiagalingam et 

al, 2003). HATs and HDACs primarily act upon histones, the structural units that DNA is 

wrapped around, modifying their structure and thereby that of their DNA-containing 

chromatin. These structural modifications lead to the transformation of chromatin between an 

open or closed form, resulting in altered gene expression (Roth et al, 2001; Thiagalingam et al, 

2003). HAT’s primarily act through adding acetyl groups to histones, through this process 

unravelling the associated chromatin, resulting in an increased propensity for gene expression. 

Whereas HDACs have an opposing effect of removing acetyl groups from histones, thereby 

decreasing gene expression through chromatin compression (Roth et al, 2001). In addition to 

modifying DNA associated histone proteins, HATs and HDACs are also known to act directly 

upon the acetyl residues of non-histone substrates pivotal to tumourogenesis, thereby altering 

their function and/or stability and inactivating their tumourogenic potential. There have now 

been numerous HDACs identified in humans, with their further subdivision into four main 

classes, determined by their similarity to yeast HDACs, their cellular localization and known 

activity (Thiagalingam et al, 2003). 

 

One proposed mechanism by which tumour cells obtain a growth and survival advantage, is 

through their acquired alterations in the activity of individual or groups of these regulating 

enzymes, thereby silencing tumour suppressor genes and/or over-expressing oncogenes. For 

instance, individual HDAC’s have now been reported to be over-expressed in a variety of 

cancers, including breast cancer (Yamashita et al, 2005). Not only has their over-expression 

been implicated, but also their association with malignant protein complexes known to drive 

tumourogenesis. A well-documented example of this has been the repression of important 

tumour suppressor and reporter genes through the recruitment of HDAC-containing repressor 
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complexes by oncogenic fusion proteins, such as the AML1-ETO fusion protein (Lin et al, 2001). 

This understanding of the profound impact of deregulated HDACs on the promotion of 

tumourogenesis has seen the targeted inhibition of these overactive HDACs; an inhibition 

shown to be capable of inducing the reinvigoration of cell cycle arrest and/or apoptosis within 

effected tumour cells. And so the rationale subsequent development of inhibitors of histone 

deacetylases has been undertaken. Following an introduction focusing on the different known 

classes of HDACi, a discussion highlighting their known anti-cancer actions will be undertaken. 

 

Classes of known HDACs: 

 

HDACs are composed of a family of enzymes that primarily function by removing acetyl groups 

from N-acetyl lysine amino acids on histones. HDACs can be further subdivided into those that 

contain a zinc-dependent active site (Class I, II and IV) and those that act through a NAD⁺-

dependent mechanism of action (Class III, also commonly referred to as the sirtuins) (Clawson 

et al, 2016). Furthermore, they are separated into four main classes largely dependent on their 

homology to yeast HDACs, subcellular localisation either within the cellular nucleus or 

cytoplasm and enzymatic activity (defined by the number of their deacetylase domains) 

(Bolden et al, 2006). The four main classes are: (i) Class I (includes HDAC 1, HDAC2, HDAC3, 

HDAC8) which are homologous to the yeast protein RPD3 and localised in the cellular nucleus; 

(ii) Class IIa (includes HDAC4, HDAC5, HDAC7, HDAC9) and Class IIb (HDAC6, HDAC10) which 

are both found in the cellular cytoplasm and known to be homologous to the yeast protein 

Hda1; (iii)  Class III (consistent of the Sirtuins) and Class IV (HDAC11) which shares similarities 

to Classes I and II however are unique in their function and localisation (Bolden et al, 2006). 

Importantly, these HDACs primarily function to catalyse chromatin remodelling required in the 

transcriptional regulation of gene expression, but have since been shown to also act on non-

histone substrates commonly found to drive tumourogenesis (Johnstone et al, 2003). 

Following their discovery and implication in tumourogenesis, a variety of inhibitors of HDACs 

have since been isolated and developed. These have included both targeted and broader 

acting pan-HDAC inhibitors. Panobinostat, one such pan-HDAC inhibitors, has since gone on to 

demonstrate many favourable anti-cancer actions and recently received FDA approval for the 

treatment of multiple myeloma. Given these positive findings, its ability to expand upon the 

actions of Trastuzumab against HER2⁺ breast cancer was assessed within this research project. 

Prior to discussing the rationale for undertaking a study into this therapeutic combination, the 

anti-cancer activities HDACi will be discussed. 
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Anti-cancer activity of histone deacetylase inhibitors (HDACi): 

 

Following extensive pre-clinical investigation, HDACi have since emerged as a promising new 

class of anti-cancer drugs. They have been observed to initiate anti-cancer effects through a 

multitude of biological and immune-mediated mechanisms, and have been particularly 

successful against haematological malignancies including leukaemia, lymphomas and multiple 

myeloma (Marks et al, 2005; Lindemann et al, 2004). A variety of HDACi are now in clinical 

development and displaying promising early signs, which has led to the recent FDA approval of 

Vorinostat in combination with Bortezomib and Dexamethasone for the treatment of 

cutaneous T-cell lymphoma, Romidepsin in the treatment of peripheral T-cell lymphoma and in 

2015 FDA approval of Panobinostat in the treatment of multiple myeloma. 

 

The pre-clinical analysis of the anti-cancer actions of HDACi have shown them to mediate 

tumour-cell selective killing through the induction and/or sensitization of apoptosis at low 

nano-molar drug concentrations (Dokmanovic et al, 2005; Drummond et al, 2005; Kelly et al, 

2005). This induction of cancer cell death has been demonstrated to be mediated through 

both intrinsic and extrinsic cellular pathways of apoptosis (Dokmanovic et al, 2005). In addition 

to their ability to induce apoptosis, HDACi have also been observed to have direct cytotoxic 

effects against tumour cells, accordingly displaying all the hallmarks of favourable anti-cancer 

agents (Dokmanovic et al, 2005). 

 

One important mechanism by which HDACi have been demonstrated to activate the extrinsic 

pathway of apoptosis has been through their transcriptional up-regulation of receptors in the 

TNF family (Kwon et al, 2001; Glick et al 1999; Insinga et al, 2005). One such example is the 

ability of HDACi to induce the expression of both TRAIL and FAS receptors in AML cells, 

resulting in the induction of downstream caspase-mediated cell death (Nebbioso et al, 2005). 

Indeed, the transduction of HDACi sensitive cell lines with the FLICE inhibitory protein (FLIP) or 

FADD, known to impact upon blockade of this extrinsic pathway of apoptosis, attenuated drug 

induced apoptosis (Kwon et al, 2002; Sutheesophon et al, 2005). However, despite these 

observations, activation of the extrinsic pathway of apoptosis appears not to be the dominant 

process by which tumour cells undergo HDAC-mediated cell death and certainly its mechanistic 

importance varies between cancer cell types. 
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Apoptosis mediated via the mitochondrial (intrinsic) death pathway has in turn been proposed 

as the major pathway by which tumour cells are eliminated by HDACi (Zhang et al 2004; Ruefli 

et al, 2001; Peart et al, 2003). This has been strengthened by findings both in vitro and in vivo 

whereby HDACi mediated tumour cell apoptosis was significantly abrogated by the over-

expression of the pro-survival mitochondrial stability proteins Bcl2 and Bcl-Xι, known to play a 

critical role in regulating the intrinsic pathway of apoptosis (Peart et al, 2003). It has been 

proposed that the main mechanism by which HDACi mediate favourable pro-apoptotic effects 

through the intrinsic cell death pathway is via the transcriptional regulation of mitochondrial 

membrane stability proteins. By altering the expression of these mitochondrial membrane 

stability proteins within tumour cells, they are able to shift their balance from pro-survival to 

more pro-apoptotic in nature, in turn reducing their apoptotic threshold (Bolden et al, 2006). 

These modifications have been thought to be primarily mediated via both transcriptional and 

post-translational activation of pro-apoptotic BH3-only proteins; pre-clinically verified through 

observations of Bid cleavage and phosphorylation of Bad and Bim within tumour cells 

undergoing HDACi mediated apoptosis (Willis et al, 2005; Rosatto et al, 2003). 

 

In addition to these death inducing activities, HDACi have also been implicated in mediating 

their anti-cancer effects via the induction of cell-cycle arrest. HER2⁺ breast cancer cells 

exposed to HDACi have been observed to arrest at the G₁/S phase (Huang et al, 2011; Tate et 

al, 2012). This G₁/S phase arrest has been explained by drug induced attenuation of ERBB2 and 

ERBB3 expression, impacting upon HER2 mediated PI3K/AKT signalling (Huang et al, 2011). This 

has been further shown downstream to induce p21 expression, impacting upon cyclin D, 

leading to the loss of CDK2 and CDK4 (Richon et al, 2000; Gabrielli et al, 2002). HDACi 

mediated induction of cell cycle arrest has been observed with nearly all HDACi and is an 

important mechanism by which these drugs mediate their anti-tumour effects (Johnstone et 

al, 2002). 

 

HDACi have also been demonstrated to have potent anti-angiogenic effects, a particularly 

important hallmark when considering their use in solid malignancies. This effect has been 

primarily explained by their epigenetic regulation of pro-angiogenic gene expression and 

through their effects on suppressing the differentiation of endothelial progenitor cells 

(Sasakawa et al, 2003; Michaelis et al, 2004). Importantly they have been shown to decrease 

the expression of important pro-angiogenic factors such as that of vascular endothelial growth 

factor (VEGF) (Sasakawa et al, 2003). 
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Interestingly, HDACi have also been found to enhance immune-mediated killing of tumour cells 

by increasing their immunogenicity via the up-regulation of MHC class I and II proteins, as well 

as co-stimulatory adhesion molecules, such as CD40 and CD80 (Magner et al, 2000; Kroesen et 

al, 2014). Additionally, HDACi have also been shown to increase both MICA and MICB 

expression on the surface of tumour cells, key activating molecules and targets of the NKG2D 

immune receptor present on NK cells as well as some subsets of T cells (Armeanu et al, 2005; 

Skov et al, 2005). In parallel with these findings, HDACi are also known to mediate their 

immunological effects indirectly through alterations in the expression of immune-mediating 

cytokines, such as IFN-ƴ, interleukin-1 (IL-1) and tumour necrosis factor-α (TNF-α), thereby 

stimulating the immune system to mediate a more potent anti-tumour response (Reddy et al, 

2004). One explanation put forward for this phenomenon has been that these alterations in 

cytokine levels are resultant of known changes in acetylation and thereby transcriptional 

regulation of immune regulatory factors, in particular signal transducer and activator of 

transcription 1 (STAT1) and nuclear factor-κβ (NF-κβ) (Nusinzon et al, 2003; Chen et al, 2001). 

Additionally, HDACi have been shown to potentiate the actions of currently employed 

immunotherapies. Terranova-Barberio et al showed that the HDACi Vorinostat up-regulated 

PD-L1 and HLA-DR on tumour cells, thereby significantly enhancing their response to PD-1 and 

CTLA-4 blockade (Terranova-Barberio et al, 2017). Furthermore, Cao et al were able to 

demonstrate within a model of melanoma that HDACi could inhibit the apoptosis of CD4⁺ T 

cells present within tumours, in turn enhancing their anti-tumour immune responses (Cao et 

al, 2015). In view of these findings, it is evident that HDACi engagement of the immune system 

is an important component by which they are able to mediate their anti-cancer effects. 

 

HDACi, have however also been shown in certain instances to negatively impact upon 

immunogenically driven tumour cell clearance (Schmudde et al, 2010; Fiegler et al, 2013; 

Kroesen et al, 2014). This has included impacting upon the differentiation and maturation of 

dendritic cells, interfering with their antigen uptake and otherwise resultant immune 

responses following stimulation with Toll-like receptor ligands (Song et al, 2009; Nencioni et al, 

2007). Furthermore, HDACi have been found to negatively impact upon host anti-cancer 

immune responses through the down-regulation of immune activating ligands such as the NK 

cell activating ligand B7-H6. Loss of B7-H6 expression can limit the activation of the NKp30 

receptor on NK cells, thereby inhibiting their degranulation (Ogbomo et al, 2007; Fiegler et al, 

2013). In addition, HDACi have also been demonstrated to negatively alter adaptive immune 

responses. This has been largely resultant from their suppression of both macrophages and 
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dendritic cells, inducing their expression of co-stimulatory molecules such as MHC-I and II, and 

their release of pro-inflammatory cytokines (Banchereau et al, 1998; Medzhitov et al, 2008). 

This effect was witnessed with both Vorinostat and the pan-HDACi TSA, resulting in the 

diminished production of the pro-inflammatory cytokines IL-6, IL-12 and TNF-α in vivo by 

treated murine bone marrow derived macrophages and dendritic cells (Roger et al, 2011). A 

similar outcome was also reported in human macrophages and dendritic cells upon the 

administration of both Panobinostat and Givinostat to healthy human subjects (Reddy et al, 

2008), in this case suggested to be mediated through decreased NF-B and type 1 interferon 

signalling. Interestingly, HDACi have been shown to also impact upon the viability and function 

of CD4⁺ T cells, inhibiting their NF-B nuclear translocation and disabling their otherwise 

resultant anti-tumour immunity (Moreira et al, 2003). Schmudde et al went on to further 

demonstrate that this observation differed between naïve and activated immune cell subsets. 

They showed that Vorinostat could alter the proliferation and activation status of naïve PBMC 

and T cells, but not IL-2 pre-activated PBMCs or previously primed T cells. However, 

interestingly this immunosuppressive effect of Vorinostat was absent against NK cells which 

had already been activated with IL-2 prior to its administration (Schmudde et al, 2010), 

highlighting the importance of appropriate timing of treatments. Although these findings are 

evidence of HDACi negatively impacting upon immune cell recognition and/or activation 

responses, it must be noted that HDACi have predominantly been found to mediate enhanced 

anti-tumour immune responses. Importantly, these findings have been highly dependent upon 

their timing of administration with other chemotherapeutics (Kroesen et al, 2014; Fiegler et al, 

2013). 

 

In addition to their actions on the acetylation of histones and observed immunogenic effects, 

HDACi have also been shown to mediate their anti-cancer effects through the direct 

acetylation of non-histone intracellular proteins. Important examples of this include the direct 

acetylation of STAT1 and p53, thereby interfering with their resultant downstream target gene 

activation (Fuino et al, 2003; Luo et al, 2000; Gu et al, 1997). In addition to affecting the 

downstream transcriptional activation of pro-apoptotic genes such as Puma and Noxa, the 

direct hyper-acetylation of p53 has also been shown to result in a transcriptional-independent 

induction of the intrinsic pathway of apoptosis through the disruption of its binding ability to 

pro-survival proteins, such as Bax and Bcl2 (Luo et al, 2000). Another prime example of direct 

acetylation of non-histone substrates by HDACi is the direct acetylation of the key chaperone 

protein HSP90, which is known to be over-expressed in many malignancies and an important 
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component of tumourogenesis. Acetylation of HSP90, can inhibit its ability to act as a 

chaperone to important client proteins like HER2, AKT and Bcl2, resulting in their release and 

resultant proteasomal degradation thereby attenuating HER2 pathway signalling (Bali et al, 

2005; George et al, 2005; Rahmani et al, 2003). HDACi have also been shown to directly hyper-

acetylate oestrogen receptors (ER), in particular ERα, commonly implicated in a subset of 

breast cancers, in the process abrogating its sensitivity to ligand mediated activation resulting 

in attenuation of its tumourogenic potential (Gryder et al, 2013). 

 

Through these observed actions upon the acetylation of histones and non-histone substrates, 

HDACi have emerged as potent anti-cancer agents. Their actions have included drug induced 

arrest of cellular proliferation, apoptosis induction and the engagement of host immune 

mechanisms; in the process demonstrating remarkable tumour specificity. A tumour specificity 

attributed to the significant alterations that exist within the epigenetic landscape of 

transformed cells; deregulated epigenetic changes acting to facilitate and sustain 

tumourogenesis. Consequentially, through their ability to target these aberrant tumourogenic 

epigenetic states, HDACi have cemented themselves as an important class of anti-cancer 

agents that have since translated to promising responses within clinical trials, particularly 

against haematological malignancies. As a result, this has led to their recent FDA approval in 

the treatment of multiple myeloma. Panobinostat, one such promising HDACi, was combined 

with Trastuzumab in this research study and will now be described in the proceeding section. 

 

 

 Panobinostat: 

 

Panobinostat (LBH589) is a pan-HDACi of classes I, II and IV histone deacetylases and a 

member of the HDACi family (Lane et al, 2009). It has been shown to regulate cell-cycle 

progression and activate both intrinsic and extrinsic cellular apoptotic pathways (Shrump et al, 

2009; George et al, 2005; Pei et al, 2004). Its pre-clinical work-up has been predominantly 

focused around haematological malignancies, in particular multiple myeloma, cutaneous T-cell 

lymphoma and acute myeloid leukaemia, whereby it has demonstrated potent activity at low 

nano molar concentrations (Bolden et al, 2006). At present Panobinostat is being investigated 

in both phase I and II clinical trials against ALL, AML and myelodysplastic syndrome (MDS), with 

the most promising effects observed in patients with refractory cutaneous T cell lymphoma 
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and multiple myeloma (Prince et al, 2009; Dickinson et al, 2009; Mottamal et al, 2016). In 2015 

Panobinostat was FDA approved in the treatment of multiple myeloma. 

 

Recent investigation has also centred on solid malignancies, including breast cancer, in the 

process encountering promising pre-clinical therapeutic outcomes (Floris et al, 2009; Cain et al 

2013; Tate et al, 2012). Against triple negative breast cancers, Panobinostat has been found to 

mediate therapeutic effects through an induction of cell-cycle arrest at the G₂/M phase (Tate 

et al, 2012) and in HER2+ and HER2- breast cancers induce tumour cell specific apoptosis 

(Unpublished, P.W. Atadja, Novartis). Interestingly, when examined against osteosarcoma cells 

in vitro, Panobinostat was observed to mediate terminal cellular differentiation and initiate the 

induction of senescence (Cain et al, 2013). Further to these findings, Panobinostat has also 

been shown to synergize with the dual EGFR/ErbB2 tyrosine kinase inhibitor Lapatinib against 

colorectal cancer cells (Labonte et al, 2011). A similar level of synergy was also observed with 

the combination of Panobinostat and Lapatinib against mutant EGFR over-expressing lung 

cancer cell lines (Edwards et al, 2007). These promising anti-cancer activities are now being 

replicated in early phase trials, with limited drug-associated toxicities. In light of these 

favourable therapeutic observations against solid malignancies, there is support to pursue the 

combination of Panobinostat with conventional therapy against HER2⁺ breast cancer. 

 

Rationale for combining HDACi with Trastuzumab against HER2⁺ breast 

cancer: 

 

HDACi have the potential to synergistically augment the anti-tumour activity of Trastuzumab 

and/or benefit from its anti-tumour actions (Figure 4). Interestingly, HDACi have been reported 

to activate cell cycle checkpoints, through the induction of p21 and p27, through which 

Trastuzumab can mediate its anti-proliferative effects (Bali et al, 2005; Fuino et al, 2003; Tate 

et al, 2012). Further to this, HDACi can disrupt the chaperone activity of heat shock protein 

(HSP)-90 that supports the stability of a range of cellular proteins including HER2 and AKT, 

which often exist in a constitutively active form in HER2+ breast cancers and are key drivers of 

tumourogenesis (George et al, 2005; Rahmani et al, 2003; Bali et al, 2005). In addition to this 

proteasomal degradation of HER2, HDACi have also been shown to deplete HER2 mRNA and 

thereby associated protein levels (Fuino et al, 2003). HDACi have also been shown to disrupt 

erbB2/erbB3 receptor interactions, attenuating PI3K/AKT signaling and in the process 
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resensitizing previously resistant cells to Trastuzumab therapy (Huang et al, 2009; Huang et al, 

2011). 

 

In addition to their intrinsic effects on tumour cells, HDACi may affect neoplastic growth and 

survival by regulating host immune responses, as demonstrated through their ability to 

increase both the immunogenicity of tumour cells as well as the activity of already present 

immune mechanisms by promoting the release of immune stimulatory cytokines (Magner et 

al, 2000; Reddy et al, 2004). Since innate and adaptive immune cells have been shown to 

contribute to the anti-tumour effects of Trastuzumab therapy (Stagg et al, 2008), such 

immunological consequences of HDACi therapy may help override intrinsic mechanisms of 

resistance to Trastuzumab. 

 

In turn, Trastuzumab houses the potential to re-sensitize cells to the anti-cancer effects of 

HDACi. HDACi by predominantly mediating their anti-cancer effects through the activation of 

the intrinsic pathway of apoptosis, are known to be ineffective against cell lines overexpressing 

the pro-survival mitochondrial stability proteins of Bcl2 and BcL-Xι (Luo et al, 2000; Bolden et 

al, 2006). Millela and colleagues however showed that Trastuzumab was able to down-

regulate Bcl2 expression, thereby creating an opportunity to resensitise cells to HDACi 

mediated apoptosis induction (Millela et al, 2004). 

 

Such findings, including the observation that the HER2+ subset of breast cancer is sensitive to 

the death-inducing actions of Panobinostat (Unpublished, P.W. Atadja, Novartis), have 

provided a strong rationale for examining the combined therapeutic impact of these two anti-

cancer agents on HER2+ breast cancer. To date, research examining the combination of HDACi 

and agents targeted at the HER2 receptor, such as Trastuzumab and Lapatinib, have been 

studied in breast, colorectal and lung cancer. However, this work particularly in breast cancer, 

has only been conducted in vitro and primarily focused around the ability of the agents to 

mediate synergistic apoptosis induction in Trastuzumab sensitive cell lines, primarily 

demonstrated through attenuation of oncogenic PI3k/AKT signaling (Bali et al, 2005; Labonte 

et al, 2011; Edwards et al, 2007). Given these promising findings in vitro, coupled with the 

known engagement of immune effector mechanisms by both agents, it is therefore important 

to further explore the combination of these two agents and potential mechanisms of synergy 

in mouse models of breast cancer. 
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Figure 4: Rationale for combining Trastuzumab and HDACi 

HDACi house the ability to enhance and even overcome intrinsic mechanisms of resistance to 

Trastuzumab. This has been demonstrated through both their inhibition of oncogenically 

overactive histone deacetylases and by directly affecting non-histone protein substrates. These 

effects include increasing cell-cycle check point regulators such as p21 and p27, altering 

mitochondrial stability proteins in favour of apoptosis, direct effects on the chaperone activity 

of HSP90 for HER2 and AKT, resulting in their increased proteasomal degradation with 

resultant inhibitory effects on PI3K/AKT signalling. 
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Pre-clinical breast cancer mouse models: 

 

Our analysis examining the combined therapeutic effects between Trastuzumab and the HDACi 

Panobinostat focused on exploring the two agents both in vitro and in vivo. In order to for see 

their potential interactions within patients, work was particularly concentrated in pre-clinical 

mouse tumour models. This work was primarily undertaken in traditional mouse tumour 

models, encompassing the use of tumour cell lines and transgenic mice. To further expand on 

findings within these models, we undertook the creation of patient derived breast tumour 

xenografts (PDTXs) which we could then incorporate into our study. A discussion of the range 

of pre-clinical mouse models available to oncological researchers will now be undertaken. 

 

Over a period of many decades, pre-clinical mouse tumour models have served as invaluable 

resources for the study of both the biology of cancer and efficacy of novel targeted therapies. 

They have been indispensable model systems that bridge the gap between early pre-clinical 

analyses conducted in vitro with human clinical trials. Albeit distinct from human beings, these 

mammals share many similarities, both in their genetic make-up and physiology of complex 

biological systems. And thus although entailing their own ethical concerns, have offered a 

multitude of appealing characteristics as research tools, including their relatively small size, 

breeding efficiency and ease of housing. Pre-clinical mouse tumour models have since 

expanded the study of the complex interaction between cancer and its surrounding local and 

systemic environment and importantly permitted the detailed pre-clinical evaluation of the 

therapeutic efficacy of novel treatment strategies. 

 

Mouse models are now reported to be employed in approximately 65% of oncological studies 

published in top tier research journals (Gengenbacher et al, 2017). With the passing of time, 

researchers have continued to improve upon these mouse tumour models, ultimately 

increasing their translational predictive power. The following section will discuss the types of 

mouse models of cancer currently available to researchers, with an emphasis on patient 

derived tumour xenografts (PDTXs). 
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Tumour cell line derived mouse models: 

 

Since their initial inception in the 1960’s, tumour cell line derived mouse tumour models have 

been an important research tool utilised in the study of cancer (Rygaard et al, 1969; Suggitt et 

al, 2005). Currently they are still the most commonly utilised mouse tumour models, with a 

recent review by Gengenbacher et al reporting their use in approximately 80% of pertinent 

oncology articles incorporating mouse models over the reviewed period of 2016 

(Gengenbacher et al, 2017). The model’s creation hinges on the transplantation of a tumour 

cell line expanded in vitro, into a chosen tissue compartment within a recipient mouse, 

permitting its continued propagation often to form a solid tumour. The model can be further 

subdivided into two main categories, those incorporating the transplantation of mouse cells 

into inbred mice (syngeneic allograft) and those encompassing the xenotransplantation of 

human cells into immunocompromised mice (xenograft). Tumour cell transplantation is 

performed through injection either subcutaneously (ectopically), reciprocally into the organ of 

origin (orthotopically) or systemically through intravenous or intraperitoneal injection. 

 

As testament to their continued use, these mouse tumour models have many associated 

benefits. They are relatively cost-effective research tools, permitting the timely analysis of 

both cancer biology and novel therapeutic strategies within a predictable tumour model 

associated with uniform tumour growth rates. And in the case of mouse cell line derived 

models importantly permit the interrogation of immune cell interactions with tumour cells. 

However, it must be noted that these immune interactions are not always translatable to 

human cancers given the differences that exist between mouse and human immunology 

(Mestas et al, 2004). Human proteins importantly differ from their mouse counterparts, in 

both structure and at times function (Zitvogel et al, 2016). This can significantly impact upon 

interactions between xenografted human tumour cells and murine effector immune cells. For 

instance murine NK cells may not be able to recognise a human NK activation receptor 

expressed on the surface of a human tumour cell. 

 

Although invaluable, tumour cell line derived mouse models are known to have many 

limitations. And as such findings associated with their application, particularly when 

investigating therapeutic strategies, frequently do not translate to human trials. There have 

been many explanations put forward for this discordance in addition to the altered 

interactions that can exist between human tumour cells and murine immune cells. Firstly these 
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models arise from highly passaged, often genetically altered clonal population of tumour cells, 

thereby not truly recapitulating the genetic diversity and heterogeneity associated with human 

cancers. Secondly, owing to their non-autochthonous growth and lack of concurrent human 

stromal cells, do not accurately represent the complex microenvironment architecture present 

within human cancers, encompassing an otherwise complex network of vascular and lymphatic 

structures. Furthermore, the use of immunocompromised mice in the context of 

xenotransplantation does not permit for a complete evaluation of the immune system’s 

impact on both tumourogenesis and therapeutic effectiveness. 

 

Environmentally induced mouse models: 

 

Environmentally induced mouse models, also commonly referred to as carcinogen bioassays, 

have typically been utilized to study the carcinogenic potential and associated pathogenesis of 

environmental factors, permitting an observation into all stages of carcinogenesis 

(Gengenbacher et al, 2017). These models have been crucial, in addition to epidemiological 

studies, in linking certain types of radiation, chemicals and pathogens to carcinogenesis. Two 

successful examples have been a urethane-induced lung carcinoma model, crucial in 

identifying important modifier alleles of lung carcinoma (Liu et al, 2006) and a model 

encompassing the combined administration of a choline-deficient and high-fat diet, identifying 

a critical link between NK/cytotoxic T cells and hepatocellular carcinoma (Wolf et al, 2014). 

Although doing well to mimic both phenotypic and genetic cancer phenotypes, these models 

are however infrequently used in cancer research given their associated technical challenges 

and long periods of latency with unpredictable penetrance. 

 

Genetically engineered mouse models: 

 

Having been first pioneered in the early 1980’s, genetically engineered mouse (GEM) models 

offer many benefits. Through the manipulation of the mouse genome, genes can be 

inactivated or introduced, either systemically or in a tissue selective manner, allowing for the 

study of their specific biological processes. In cancer research this has primarily focused on the 

incorporation of tumour oncogenes or inactivation of tumour suppressor genes. This has 

resulted in the generation of reproducible tumours accurately representing the molecular and 

phenotypical characteristics of the human cancers they are modeled upon; Furthermore 
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displaying the complex tissue remodeling and stromal incorporation associated with cancer, 

importantly within an immunocompetent host. As a result, observations involving therapeutic 

interventions targeted against these established tumours have routinely been shown to 

correlate with subsequent human trial results. For instance, therapeutic findings within both 

standard of care and novel targeted approaches observed in a Kras-driven GEM model of non-

small cell lung carcinoma (NSCLC) were shown to accurately predict subsequent human clinical 

responses (Singh et al, 2010).  

 

Due to their reliance on focused genetic alterations, GEMs have however had difficulty truly 

recapitulating human disease reliant on multiple simultaneous driver mutations. This problem 

has in part been overcome by interbreeding multiple strains of GEMs as well as through the 

incorporation of non-germline chimeric strains (Martins et al, 2006; Zhou et al, 2010). 

Furthermore, due their often large multifocal primary tumour burden, resulting in the need to 

euthanase the mouse, an inability to study metastasis has commonly arisen. A potential 

solution to this problem has been the surgical removal of primary tumours and even the 

creation of GEM model allografts through the orthotopic transplantation of tumour fragments 

to juvenile mice (Day et al, 2014). Certainly with evolving developments in targeted genetic 

manipulation and novel immunotherapies, GEMs are proving to be invaluable pre-clinical 

research tools. 

 

Patient derived tumour xenografts: 

 

An unfortunately high failure rate in the translation of observed pre-clinical therapeutic 

responses into actual clinical efficacy, has seen an increased demand for more accurate 

representative pre-clinical tumour models; models that in particular reflect the true intra-

tumoural heterogeneity inherent within human cancers. No more has this concern been 

evident than within solid tumours such as breast cancer, well known to comprise of 

heterogeneous sub-populations of tumour cells. Although first described in 1969 by Rygaard 

and Povlsen, patient derived tumours xenografts (PDTX) have re-emerged in recent years as an 

important research tool potentially capable of addressing these concerns (Rygaard et al, 1969; 

Huynh et al, 2015; Pavlakis et al, 2016). 

 

At the core of the PDTX model has been the xenotransplantation of a fresh section of tumour 

representative of the true heterogeneity of human cancer, in conjunction with its supportive 
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stromal environment (Rygaard et al, 1969). Through this process aiming to circumvent the 

common problem associated with tumour cell line models whereby an often genetically 

altered clonal population of cells is transplanted. Dependent on the malignancy under 

investigation, PDTX creation has traditionally been undertaken through the transplantation of 

a representative suspension of tumour cells or segment of solid tumour, either instilled 

subcutaneously or the preferable option of orthotopically (Rygaard et al, 1969; Wang et al, 

1992; Fu et al, 1991). 

 

The ability of these models to arise has centred on the evolution of increasingly 

immunocompromised strains of mice capable of permitting engraftment of human tumours.  

And indeed the establishment of the first PDTX model was closely linked with the introduction 

of the athymic nu/nu mouse (Rygaard et al, 1969). Since then the development of more highly 

immunocompromised strains of mice has progressed and with it the rate of successful PDTX 

engraftment. A variety of immunocompromised strains of mice are now in current use in PDTX 

models. These include nude, severe combined immune-deficient (SCID), non-obese diabetic 

(NOD) SCID and NOD SCID IL2ry⁻′⁻ (interleukin-2 receptor gamma knockout) mice. 

 

Importantly the use of these highly immunocompromised mice has enabled these PDTXs to be 

biologically stable, retaining the genetic, molecular and histomorphological features of the 

original tumours following initial establishment and upon subsequent in vivo passaging (Shah 

et al, 2012; Roth et al, 2014; Ni et al, 2016; Zhang et al, 2013; Geralda et al, 2014). In light of 

this histopathological correlation, therapeutic responses observed in PDTXs have since been 

demonstrated to accurately correlate with drug responses in clinical trials (Huynh et al, 2015; 

Pavlakis et al, 2016). The following section will discuss the various types of PDTXs currently 

available to researchers with a particular focus on breast cancer, including techniques 

employed to aid their establishment, their known benefits and limitations and current 

applications in the pre-clinical and clinical space. 

 

Breast cancer PDTX models currently employed: 

 

Breast cancer PDTX models have been successfully created from the xenotransplantation of a 

range of human breast cancer specimens, including from primary breast tumours, loco-

regionally involved lymph nodes (LN) and even metastatic deposits (De rose et al, 2011; Zhang 

et al, 2013; Ni et al, 2016). Researchers in the field have successfully incorporated these PDTX 
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models into the study of cancer biology and the investigation of novel targeted therapies 

(Zhang et al, 2013; Melaney et al, 2014; Ni et al, 2016).   

 

Most commonly these PDTX models have been created from the xenotransplantation of fresh 

tumour segments obtained from patients at the time of their therapeutic excisional biopsies 

(De rose et al, 2011; Zhang et al, 2013). However, cells obtained at the time of therapeutic 

drainage of malignant pleural and ascitic effusion have also been known to be used. In order to 

facilitate establishment, these obtained tumour samples have been transplanted both 

subcutaneously or the preferred option of orthotopically either into the mammary tissue or 

corresponding respective organ of mice, the latter more specifically known as a patient derived 

orthotopic xenotransplantation (PDOX). 

 

Primary breast tumour specimens and associated tumour containing loco-regional LNs have 

commonly been obtained at the time of primary breast tumour resection and accompanying 

sentinel lymph node biopsy (SLNBx) and/or axillary lymph node clearance (ALNC) (De rose et 

al, 2011; Zhang et al, 2013). Following clearance from the institutional human ethics 

committee and consent from the affected patient, this has been a common and relatively 

straight forward process of tissue obtainment. 

 

The collection of metastatic deposits for xenotransplantation has however traditionally 

remained a challenge for researchers. One common technique previously employed has been 

the collection of fluid containing malignant cells from therapeutic pleural and ascitic taps. 

Indeed many cell lines commonly in use today, including the AU565 and SkBr3 HER2⁺ tumour 

cell lines, were obtained through such a technique. However, the preferred method of tissue 

collection, owing to its accompanying stromal compartment, has been the collection of solid 

metastatic deposits from excisional biopsies. These have included the collection of tissue 

segments from liver, lung and brain breast cancer metastases (Ni et al, 2016). Recently Ni et al 

were able to successfully orthotopically xenotransplant human HER2⁺ breast cancer brain 

metastases into the brains of NSG mice (Ni et al, 2016). They proceeded to utilise their newly 

created models to demonstrate the effectiveness of a novel combination of a PI3K and 

mTORC1 inhibitor (Ni et al, 2016) within 3 out of 5 of their established PDOXs. Given that 

therapies often have difficulty crossing the blood-brain barrier, this orthotopic 

xenotransplantation of tumour segments was a crucial component in demonstrating their 

therapeutic capacity. Furthermore through the genomic analysis of responding and non-
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responding PDOXs, Ni et al were able to identify important therapeutic biomarkers correlating 

with response and mutations in DNA-repair genes responsible for therapy resistance (Ni et al, 

2016). Their findings highlighted the crucial patient relevant information that can be obtained 

through the use of PDOXs, thus importantly enabling the development of precision medicine 

for cancer. 

 

Extending on the establishment of primary and metastatic breast cancer PDTX models has 

been the creation of PDTXs bearing matched primary and metastatic deposits. This important 

development has arisen from the challenge commonly encountered with the treatment of 

breast cancer, that of metastases. Their dissemination to often difficult to reach locations by 

current surgical techniques, coupled with their tumourogenic differentiation has made them 

appealing models to access. Although a concerted effort has been made towards the 

establishment of these matched primary and metastatic PDTXs, the process has been fraught 

with difficulty, particularly owing to the challenge of obtaining simultaneous samples in a safe 

and ethical manner. A program developed to circumvent these constraints has since been 

successfully undertaken here at the Peter MacCallum Cancer institute. The CASCADE program, 

orchestrated by Alsop et al, was able to obtain matched primary and metastatic deposits from 

individual patients through the extraction of tumour segments at autopsy immediately 

following a patient’s death (Alsop et al, 2017). The success of the program hinged on patients 

being consented a few months prior to their passing and the service being operational 24 

hours a day. Ultimately the researchers were able to obtain matched primary and metastatic 

deposits, often from previously unobtainable locations for further molecular and genetic 

analysis and testing of novel therapeutic strategies. 

 

Ectopic vs orthotopic implantation: 

 

An important milestone in the evolution of PDTX models has been a progressive shift from 

xenotransplantation of fresh tissue into the subcutaneous tissue (ectopic) of mice, instead to 

within their corresponding murine organs (orthotopic) (Hoffman RM et al, 2015). The first 

PDTX model was described in 1969 by Rygaard and Povlsen who successfully xenotransplanted 

cells from a human colon carcinoma biopsy subcutaneously into an athymic nude mouse 

(Rygaard et al, 1969). It was not until 1982, that Wang et al were able to successfully 

orthotopically xenotransplant colon cancer through the injection of a suspension of colon 

carcinoma cells in the descending colon of a nude mouse (Wang et al, 1982). Then in 1991, Fu 
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et al optimized this model further by orthotopically xenotransplanting histologically intact 

colon cancer segments, importantly consisting of intact surrounding stromal tissue (Fu et al, 

1991). Importantly these advances in the PDTX model were associated with a more relevant 

recapitulation of human disease, as witnessed through local tumour advancement and 

metastasis (Wang et al, 1982; Fu et al, 1991). Furthermore the rate of primary tumour growth 

and location of metastatic deposits within the patient-derived orthotopic xenograft models 

(PDOX) also commonly reflected that observed in their corresponding patients of origin (Wang 

et al, 1992; Furukawa et al, 1993; Fu et al, 1993). 

 

In PDOX breast cancer models this has been best achieved through the implantation of 

representative primary tumour segments into the mammary fat pads of mice and conversely 

metastatic deposits into their corresponding organ of origin (Zhang et al, 2013). Metastatic 

breast cancer deposits have since been successfully orthotopically transplanted into the liver, 

lungs and even brains of mice (Ni et al, 2016). Importantly the establishment of orthotopically 

implanted PDXs provides an appropriate environment for critical tumour-stromal interactions 

and de novo tumour infiltrating angiogenesis, permitting tumour establishment, metastasis 

and therapeutic engagement. This has been importantly reflected in more accurate 

representations of cancer biology and more reliable translatable therapeutic responses 

(Melaney et al, 2014; Ni et al, 2016). 

 

Oestrogen supplementation in breast cancer PDTXs: 

 

Provided the critical role hormonal receptors, in particular the oestrogen receptor, play in 

driving tumourogenesis exogenous oestrogen supplementation has become an important 

component of breast cancer PDTX establishment. This has not only been demonstrated to 

increase the probability of PDTX engraftment, but also more accurately recapitulate the 

environment from within which the tumour has arisen. Oestrogen supplementation has been 

shown to be critical in the establishment of oestrogen receptor positive breast tumours, but 

interestingly also assisted the establishment of ER- tumours (De Rose et al, 2011). 

 

This exogenous supplementation of oestrogen has been achieved through a variety of means, 

with oestrogen laden drinking water and the surgical implantation of slow-release oestrogen 

pellets being the two most commonly engaged techniques. The implantation of slow-release 

oestrogen pellets has traditionally been considered the preferred method owing to its 
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predicted uniform release of hormone. Many researchers have employed the use of purchased 

certified pre-made oestrogen pellets however those undertaking large volume ongoing 

experiments have also turned to creating their own. Manufacturing oestrogen pellets on site 

has proved to be straight forward, cost-effective and further permitted the dosage regulation. 

 

Advantages and limitations of PDTX models: 

 

In an era where oncological research incorporating pre-clinical mouse tumour models is 

moving from fundamental tumour biology towards targeted therapeutic validation, PDTX 

models are presenting themselves as invaluable tools in the study of human cancer. Their 

success owes to their complex make-up of heterogeneous populations of tumour cells, beyond 

that of cell line derived and GEM mouse models. This complexity importantly allows for a more 

accurate prediction of therapeutic impacts encompassing host responses within patient 

tumours, which has since been demonstrated to successfully translate to human clinical trials 

(De Rose et al, 2011; Melaney et al, 2014; Ni et al, 2016). Furthermore their contained 

heterogeneous clonal populations allow for a more accurate assessment of potential 

mechanisms of drug resistance and thus harness the ability to investigate approaches targeted 

at overcoming resistance coupled with the discovery of associated therapeutic biomarkers. 

 

It is important however to be aware that these PDTX models do have their own associated 

limitations. Their most obvious limitation is their requirement of highly immunocompromised 

hosts to enable successful tumour engraftment. This absence of a functional immune 

compartment inhibits the ability to incorporate any immune contribution into a therapeutic 

response. This is of particular concern given the current trend in oncology towards the 

investigation of immunotherapies. A concerted effort is currently underway to address this 

critical limitation through an attempt to humanize PDTX bearing mice, by reconstituting them 

within human haemopoetic cells (Zitvogel et al, 2016; Shultz et al, 2012; Ito et al, 2012; 

Rongvaux et al, 2014; Morton et al, 2016; Walsh et al, 2017). Although still in their infancy and 

limited by their inability to repopulate complete haematopoietic lineages, if successful this 

would significantly advance the applicability of PDTX models. At present the focus has been on 

the xenotransplantation of human haematopoietic stem cells, peripheral blood mononuclear 

cells or foetal tissue in combination with the genetic integration of human genes into the 

mouse genome encoding for immune receptors and cytokines (Walsh et al, 2017; Morton et al, 

2016; Rongvaux et al, 2014). In 2014, Rongvaux et al successfully integrated a functional 
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human innate immune compartment into Rag2⁻′⁻γc⁻′⁻ mice and went on to further 

demonstrate tumour xenograft infiltration with human macrophages in their model similar to 

that observed in the originating tumour (Rongvaux et al, 2014). They achieved this impressive 

feat through a combination of the injection of human foetal liver CD34+ progenitor cells and 

the knock in of four genes encoding for cytokines important in the development of innate 

immune cells. 

 

Despite PDTX tumour models maintaining the histological features of their originating tumours 

(Cassidy et al, 2015) throughout early in vivo expansion, they have however been shown to 

gradually replace their supportive human stromal tissue with mouse stroma (Tentler et al, 

2012). This has significant implications, particularly for the investigation of therapeutics 

targeted specifically towards the tumour microenvironment. No more was this evident than 

the discordance in results between those seen within PDTX models and those eventually seen 

in clinical trials of the angiogenesis inhibitor Bevacizumab (Hurwitz et al, 2004). As human 

stromal tissue was gradually replaced with mouse stroma, the therapeutic efficacy of this 

species-specific anti-cancer compound was gradually diminished (Hurwitz et al, 2004). 

 

Furthermore, despite the initial xenotransplantation of a heterogeneous population of tumour 

cells, the foreign host is able to exert external selection pressures resulting in the outgrowth of 

more dominant pre-existing clonal populations of tumour cells. Interestingly subsequent 

genomic analysis of established breast cancer PDXs, has demonstrated that they may more 

resemble the metastatic samples from the same patients and that therefore, clonal selection 

pressures may in fact reflect metastatic processes undergone in patients (Ding et al, 2010). 

Similarly successful xenotransplantation has been associated with a worse patient prognosis.  

 

Finally coupled with their superior nature, PDTX models are both time consuming and 

markedly cost intensive. Their accompanying large financial costs relate particularly to the 

procurement of the necessary highly immunocompromised mice and the costs encountered in 

their housing. Owing to their accurate recapitulation of parental tumours, PDTX growth rates 

can be markedly slow. Thus the time required to expand established lines into large cohorts of 

mice can take many months if not years to enable, which can significantly impact upon their 

incorporation into research studies. 

 



69 
 

PDTX engraftment probability and associated growth rates: 

 

PDTX engraftment probability and associated growth rates are reflective of a range of both 

internal and external forces. Importantly they have been demonstrated to reflect the 

aggressiveness of the tumour of origin and their successful establishment has thus been linked 

to a poorer prognosis in their corresponding patients (De Rose et al, 2011; Marangoni et al, 

2007). 

 

External forces impacting on engraftment probability have been predominantly linked to the 

immune competency of the host mouse and the site into which tumour segments are 

implanted (Marangoni et al, 2007). In simple terms, PDTXs have had a greater chance of 

engraftment in highly immunocompromised mice when implanted orthotopically. A pivotal 

paper examining the establishment of human breast cancer PDTXs was published by De rose 

and colleagues from the Huntsman Cancer Institute. Their work particularly focused on the 

establishment of a large number of human breast cancer PDTXs, including multiple subtypes 

from both primary and metastatic deposits, and as such their findings reflected common 

observations seen in the literature. They utilised NODSCID mice as their patient-derived 

tumour recipients and reported a successful establishment in 18/49 samples (37%), with a 

total of 12 separate PDTX lines being successfully continually maintained (De Rose et al, 2011). 

Of these 12 PDTX lines, 5/12 were triple negative and furthermore only 4/12 were from 

primary breast tumours, with the remainder arising from metastatic effusions (De Rose et al, 

2011). These findings confirm and highlight important defining features associated with the 

establishment of breast cancer PDTXs. Firstly, probability of engraftment correlates strongly 

with tumour aggression. This was well demonstrated through the greater proportion of triple 

negative PDTXs engrafting, renowned to be the most aggressive breast cancer subtype (Shah 

et al, 2012). Furthermore this was reflected in the greater probability of metastatic deposits 

engrafting, also known to be more aggressive than their primary breast tumour counterparts 

due to their mutagenic evolution enabling their metastasis. 

 

In addition to their ability to histologically reflect human disease, a defining element 

associated with PDTXs is their propensity to behave in a similar manner to their tumour of 

origin. No better is this concept recapitulated then in their rate of growth. It must be noted  

that this has however been shown to increase with subsequent passaging, thought to be owing 

to the likely clonal outgrowth of subpopulations of tumour cells as also seen in human disease 
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(Eirew et al, 2014; Cassidy et al, 2015). Furthermore external influences stemming from the 

immune-competency of the host in which they are contained has a significant impact not only 

on engraftment but also on the rate of tumour growth. 

 

Verification of successful PDTX establishment: 

 

Following successful establishment of a mass at the location of original tumour engraftment, it 

is critical to determine whether it accurately reflects the original tumour of origin. This is of 

particular importance as there have been multiple studies demonstrating the development of 

differing tumours, in particular lymphomas and even tumours of murine origin. Furthermore 

the possibility of an outgrowth of a clonal subset population may occur, thereby not entirely 

reflecting the tumour of origin. This could have profound impacts, particularly when assessing 

the efficacy of novel therapeutics. In order to demonstrate successful engraftment, sections of 

harvested tumours are delegated towards H&E and IHC staining. IHC analysis of the engrafted 

tumour encompasses both human stromal tissue identification through staining with a human 

pan-cytokeratin and importantly the accompanying level of hormonal and growth factor 

expression, i.e. ER, PR and HER2 receptor levels. The degree of staining and histomorphological 

features of multiple representative sections of the established PDX are then cross-referenced 

to a section obtained from the tumour of origin pre-implantation. Given the high potential of 

transformation of cancer cells, the heterogeneity of breast cancers and selection bias that 

exists in xenograft models this process is required at the time of each subsequent passage and 

prior to the creation of experimental cohorts of tumour bearing mice. 

 

Current and emerging ways in which PDTXs are employed in cancer research: 

 

Due to their accurate representative modelling of human disease, PDTXs have been primarily 

employed pre-clinically to assess novel therapeutics. This work has particularly focused on 

their therapeutic effectiveness, discovery of associated biomarkers and strategies to overcome 

mechanisms of therapeutic resistance. Furthermore their evolving ability to closely mimic 

metastatic disease has further cemented their reliability as representative pre-clinical models 

and thus their potential scope of use. 
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Additionally through their ability to accurately predict clinical outcomes, PDTX models have 

begun to be incorporated into the clinical space. They have since been employed in co-clinical 

trials alongside patients, whereby they have been concurrently utilised to inform clinical 

decision making (Geralda et al, 2014; Byrne et al, 2017). These clinical trial-associated 

xenografts (CTAXs) harbour the ability to predict drug responses in the process identifying 

potential prognostic and predictive biomarkers and even permitting the interrogation of 

therapeutic resistance mechanisms should they emerge. 

 

Furthermore there have been attempts to create cohorts of ‘avatar’ mice, harnessed to screen 

multiple therapeutic combinations simultaneously, permitting the personalization of targeted 

therapies against individual human cancers (Geralda et al, 2014; Melaney et al, 2014; Couzin-

Frankel et al, 2014). This process of personalised medicine, although at present markedly time 

consuming and cost intensive has been envisioned as an exciting and potential new frontier in 

cancer medicine. 
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Chapter Two 

 

Panobinostat Enhances the Curative Activity of Trastuzumab 

against HER2 Overexpressing Breast Cancer 
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Introduction: 

 

Approximately 25-30% of breast cancers over-express the HER2/Neu oncogene, encoding the 

human epidermal growth factor receptor-2 (HER2). HER2 exists in an active form on the 

cellular membrane, constantly available to form active dimers with other Her family receptors, 

following which a network of deregulated downstream signalling is initiated through the 

phosphoinositide-3-kinase (PI3K)/AKT and/or MAPK pathways (Spector et al, 2009). Over-

activation of these pathways disrupts the function of intra-cellular proteins that regulate cell-

cycle progression and apoptosis, promoting tumourogenesis (Harari et al, 2000; Milella et al, 

2004). The development of Trastuzumab (Herceptin®), a humanized monoclonal antibody 

targeting the HER2 receptor, has seen a substantial improvement in the treatment of early 

stage HER2+ breast cancer (Hynes et al, 2005) and has since become a mainstay therapy in the 

management of HER2+ breast cancer (Loi et al, 2011). However, not all patients respond to 

Trastuzumab and many others go on to develop resistance and relapse, thus there remains an 

unmet medical need for new, more robust treatment strategies capable of eradicating this 

subtype of breast cancer (Spector et al, 2009). 

A promising class of anti-cancer agents that house the potential to synergistically augment the 

anti-tumour activity of Trastuzumab and/or benefit from its actions are histone deacetylase 

inhibitors (HDACi). HDACi are known to mediate a multitude of anti-cancer effects including 

the induction of tumour cell apoptosis and inhibition of cellular proliferation (Bolden et al, 

2006). HDACi have also been reported to activate key cell cycle checkpoints, in particular 

through increased ᴘ21 and ᴘ27 expression, through which Trastuzumab can mediate its anti-

proliferative effects (Fuino et al., 2003). Further to this, HDACi can disrupt the chaperone 

activity of heat shock protein (HSP)-90, which has been shown to support the stability of a 

range of cellular proteins including HER2 and AKT (Bali et al, 2005; Fuino et al, 2003; Whitesell 

et al, 2005). These proteins are known to commonly exist in a constitutively active form in 

HER2+ breast cancers acting as key drivers of tumourogenesis (Nahta et al, 2006). In addition 

to their tumour intrinsic effects, HDACi can affect tumour growth and survival through their 

regulation of host immune responses (Bolden et al, 2006). Since innate and adaptive immune 

cells have been shown to contribute to the anti-tumour effects of Trastuzumab therapy (Stagg 

et al, 2008), the ability of HDACi to harness and activate the immune system may also help 

override immune factor-based mechanisms of resistance to Trastuzumab that could otherwise 

interfere with effective immune responses such as ADCC (Bianchini et al, 2014; Christiansen et 
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al, 2011). Such findings have provided a strong rationale for exploring the combined 

therapeutic impact of these two anti-cancer agents against HER2+ breast cancer. 

Consistent with this understanding, the combined effects of HDACi and Trastuzumab have 

since been explored in vitro. The HDACis of SAHA and LAQ824 have both been demonstrated 

in vitro to combine with Trastuzumab against the Trastuzumab sensitive HER2⁺ BT474 and 

SkBr3 breast cancer lines (Bali et al, 2005; Fuino et al, 2003). These combined effects were 

explained through both HDACi mediated induction of growth arrest through the up-regulation 

of key cell-cycle checkpoint inhibitors and enhanced induction of apoptosis through a pro-

apoptotic shift in mitochondrial stability proteins, further enabling Trastuzumab to mediate its 

intrinsic anti-tumour effects (Bali et al, 2005; Fuino et al, 2003). However, despite these 

promising findings, the combination of HDACi and Trastuzumab had yet to be explored in vivo. 

This assessment was of particular importance provided that a large component of 

Trastuzumab’s function is through the engagement of immune effector mechanisms to 

mediate an ADCC anti-tumour response. Furthermore as HDACi house the potential to 

modulate the effector functions of these immune cells and increase the immunogenicity of 

tumour cells, their ability to contribute to these immune mediated mechanisms of 

Trastuzumab would be of critical importance to explore. 

Herein, we examined the combined therapeutic activity of Trastuzumab and the HDACi 

Panobinostat in models of Trastuzumab sensitive and refractory HER2+ breast cancer. For the 

first time we demonstrate that this combination treatment is highly effective at inhibiting the 

growth of established tumours in vivo. Interestingly, Panobinostat was able to augment the 

curative activity of Trastuzumab through two distinct mechanisms. In Trastuzumab sensitive 

HER2⁺ tumours, co-treatment with the two drugs effectively shut down the AKT signalling 

pathway.  Engagement of host innate immune cells ensured the clearance of Trastuzumab 

refractory disease by the combination therapy. 
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Materials and Methods: 

Human cell lines: 

 
The AU565 and BT474 human breast cancer cell lines were obtained from American Type 

Culture Collection (ATCC). Both cell lines were cultured in RPMI-1640 media containing 10% 

foetal bovine serum (FBS), 0.1mM HEPES, 2mM L-Glutamine, with the addition of 0.1mM non-

essential amino acids (NEAA) and 1mM sodium pyruvate and maintained in 37 ⁰C degree 

incubators, 5% carbon dioxide (CO₂). The AU565 passage-variant (AU565ᵖᵛ) cell line was 

derived through multiple passages of the AU565 cell line in vitro. 

 

Retroviral transduction of human cell lines: 

 

Both the AU565ᵖᵛ and BT474 cell lines were retrovirally transduced to overexpress Bcl2, using 

a MSCV-GFP-Bcl2 retroviral vector as described in Lindemann et al (Lindemann et al, 2007). 

Control lines were retrovirally transduced with a MSCV-GFP empty vector (EV). The BT474 line 

was also retrovirally transduced to over express myristolated AKT (MyrAKT) as detailed in 

Wendel et al (Wendel et al, 2004). Briefly, 293T cells were retrovirally transfected with the 

aforementioned retroviral vectors (kindly provided by Prof Ricky Johnstone, PMCC) using a 

CaPO4⁻ precipitation technique (Wendel et al, 2004). The AU565ᵖᵛ and BT474 cells were 

cultured in the 293T supernatant containing the retrovirus for 24-48 hours. Transduction 

efficacy was confirmed by flow cytometric analysis of GFP expression. The GFP⁺ cells were 

sorted using a Fusion 5 cell sorter (BD Bioscience). 

 

Mouse cell lines: 

 

The rHER2⁺ H2N100 and H2N113 cell lines were kindly provided by Professor Mark Smyth 

(PMCC). The lines were derived from spontaneously arisen mammary tumours in MMTV-

rHER2/Neu transgenic mice as described in (Stagg J et al., JEM). Both cell lines were cultured in 

RPMI-1640 media containing 10% FBS, 0.1mM HEPES and 2mM L-Glutamine. The YAC-1 cell 

line was cultured in RPMI-1640 media containing 10% FBS, 0.1mM HEPES and 2nM L-

Glutamine. All cell lines were and maintained in 37 ⁰C degree incubators, 5% carbon dioxide 

(CO₂). 
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In vitro assays: 

Proliferation assays: 

 

Analysis of cell proliferation was undertaken through the use of a ³Thymidine incorporation 

assay. All experiments were conducted in 96 well U-bottom plates. 10³ AU565ᵖᵛ or BT474 cells 

per well were cultured in the presence of either 0-10µg/ml Trastuzumab (Herceptin, 

Genentech) or 10ug/ml control human IgG1 (Enzo Life Sciences) for five days prior to the 

addition of 0.5 µCi ᵌThymidine for a further 16 hours. Levels of incorporated ³Thymidine were 

quantified using β-counter (Perkin Elmer, Waltham, MA, USA). All treatment groups were 

assessed in replicates of 6 wells.  

 

Annexin V⁺/PI⁻ Death assays: 

 

Drug induced cell death was quantitated by flow cytometric analysis of Annexin V and 

Propidium Iodine (PI) staining. BT474 or AU565ᵖᵛ cells (10⁴/well) were plated out in 24 well 

plates and allowed to adhere for a couple of hours. The cells were cultured in complete 

medium (as described above) supplemented with: Panobinostat (0-200nM Panobinostat 

(Novartis, USA)) for 24-48 hours or Trastuzumab (1µg/ml Trastuzumab) for 96 hours. Vehicle 

(DMSO) or control human IgG1 (Enzo Biosciences), respectively, were used as controls.  To 

examine the combined effects of Panobinostat, BT474 or AU565ᵖᵛ cells were cultured for 96 

hours in 1µg/ml Trastuzumab followed by 24 hours of treatment with 20nM Panobinostat. All 

treatment groups were run in duplicate. Following treatment the assay medium and 

trypsinized cells were collected and prepared for staining with an Annexin-V antibody (BD 

PharMingen, CA, USA) and PI and analysed on a LSRII analyser (BD Bioscience, USA). 

 

Western blot analysis: 

 

Tumour cells were treated with Panobinostat, Trastuzumab, Panobinostat + Trastuzumab or 

control agents, as described above. 10µmol/L of the pan-caspase inhibitor QVD (Calbiochem, 

USA), was added to these cultures to eliminate the effects of drug-induced cell death. 24 hours 

post conclusion of treatment the cells were harvested, lysed and centrifuged at 14,000 rpm for 

15 mins. Prior to loading the protein lysates (30µg) onto a 10% SDS-PAGE gel each sample was 

denatured in 3.75% beta-mercaptoethanol. An Abcam 10-245kDa molecular protein ladder 
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was used on all blots (ab116029). Following electrophoresis the resolved proteins were 

transferred to a PVDF membrane (Millipore) for immunoblotting at 4oC in 5% FBS with primary 

antibodies to pHER2 (Tyr1248; Cell signalling, USA), HER2 (Cell Signalling, USA), pAKT (Ser473, 

Cell Signalling, USA), AKT (Cell Signalling, USA), Bcl2 (Cell Signalling, USA) or β-actin (Sigma 

Aldrich, USA) for 24 hours. Membranes were then washed three times in PBS containing 5% 

FBS prior to being exposed to HRP-conjugated secondary antibodies (DAKO, Denmark) for 1 

hour. The washed membranes were subsequently developed using enhanced 

chemiluminescence (ECL, Amersham; Lumiligh, Roche, USA). Images were developed in the 

dark room onto Kodak film using standard film cassettes, with exposure times of between 10-

45 seconds in duration. 

 

In vivo assay systems: 

Mice: 

 

Six-eight week old female SCID and Balb/c mice were obtained from the Australian Resources 

Centre (ARC, Perth, Western Australia) and Walter and Eliza Hall Institute (WEHI, Melbourne, 

Australia) respectively. Six-eight week old NOD SCID IL2rƴ⁻′⁻ (NSG) and BALB/c MMTV-

HER2/Neu transgenic mice were bred in house at the PMCC. All animal experiments were 

performed in accordance with institutional guidelines of the PMCC. 

 

Drug Treatments: 

 

Trastuzumab (Herceptin, Genetech) and Doxorubicin were obtained from the PMCC pharmacy. 

Panobinostat was obtained directly from Novartis Pharmaceutical Incorporated (Shanghai, 

China) and dissolved in dimethyl sulfoxide (DMSO, Calbiochem, USA) to make a 10mM stock 

solution for in vitro use or suspended through sonication in 5% dextrose at a stock 

concentration of 1mg/ml for in vivo use. Depletion antibodies to Asialo-GM1 (Natural killer; 

≥90% depletion efficiency; WAKO Pure Chemical, Japan) and CD8β (53.5.8; ≥85% depletion 

efficiency) and blocking or neutralising antibodies to CD16/32 Fc-receptors (2.4G2), IFN-ƴ 

(XMG1.2) or CD11b were diluted in PBS at concentrations of 100-300µg/mouse (all antibodies 

were obtained from BioXCell unless indicated). 
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Tumour cell transplantation into mice: 

 
3x10⁶ BT474 or 1.5x10⁶ AU565ᵖᵛ tumour cells were suspended in 50µL PBS and injected 

orthotopically into the left mammary fat pad (MFP) of SCID or NSG mice. Mice were 

anaesthetized with Isoflurane. Mice injected with BT474 cells also had a 0.72mg, 90-day slow-

release oestrogen pellet (Innovative Research of America, Florida, USA) implanted 

subcutaneously on the back of the neck to support the growth of the xenografted cells. 5x10⁵ 

H2N100 or H2N113 tumour cells were suspended in 50µl volumes of PBS and injected 

subcutaneously on the left flank of MMTV-rHER2/Neu transgenic (Tg) mice. Orthotopic 

injection of the H2N tumour lines into the MFP pf HER2/Neu Tg mice was not an option since 

spontaneous mammary tumourogenesis occurs in HER2/Neu Tg mice from 9 weeks of age 

(Stagg et al, 2007). H2N tumour growth was monitored every 2-3 days using electronic 

callipers. 

 

Therapy of engrafted tumours: 

 

SCID or NSG mice bearing established (~25mm2) BT474 or AU565ᵖᵛ tumours were treated 

intraperitoneally with vehicle (PBS + 5% dextrose), Trastuzumab (10mg/kg), Panobinostat 

(15mg/kg) or Panobinostat and Trastuzumab over a two week period. Trastuzumab was 

administered every four days for a total of four treatments. Panobinostat was given daily for 

five days, with a 2-day rest before a second series of five daily treatments. In some 

experiments NSG mice were reconstituted with 1.5x106 naive mouse splenic NK cells, twice 

enriched (90-95% purity) using an NK cell isolation kit (Stemcell Technologies). Seven days post 

NK cell reconstitution, AU565pv tumour cells were orthotopically injected as outlined above. 

MMTV-HER2/Neu mice bearing (~25mm2) subcutaneously established syngeneic H2N100 or 

H2N113 tumours were treated with vehicle (PBS + 5% dextrose), an anti-rHER2 Ab (7.16.4 at 

100ug/mouse), Panobinostat (15mg/kg) or Panobinostat and 7.16.4 over a two week period. 

These drug treatments were administered as outlined above for the xenograft models. For 

experiments using doxorubicin, mice were injected twice, seven days apart intravenously at 

2mg/kg or intra-tumourally with 50µl of a 2 mM stock. Antibody treatments to deplete 

immune cell subsets (α-asialoGM1, 100 µg; α-CD8β, 100 µg), block cell migration (α-CD11b, 

300 µg), neutralize (α-IFN-ƴ, 200 µg) or blocking (α-CD16/CD32 [2.4G2], 100 µg; α-CXCR3, 150 

µg) effector molecules were administered intraperitoneally on day’s -1, 0, 3, 6, 9, 12, 15, 18 
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relative to therapy. The corresponding isotype controls for each of the aforementioned 

antibodies were administered at 100 µg/mouse. 

Tumour growth post therapy initiation was measured every 2-3 days using electronic callipers. 

All measurements were presented as tumour area, calculated through the multiplication of 

two perpendicular lengths of plane of each tumour. Mice were sacrificed if deemed too unwell 

to continue within the experiment or upon their tumours reaching 100-150mm². All therapy 

experiments were monitored out to 80 days post treatment initiation. 

 

Analysis of tumour infiltrating lymphocytes ex vivo: 

 

Tumours and spleens were harvested from mice at days 1, 2, 5 and 9 post treatment initiation 

and mechanically and enzymatically digested in collagenase IV (Worthington Biochemical 

Corp., USA). Cell suspensions were stained with the pan-lymphocyte marker CD45.2 

(eBioscience) to allow for differentiation of immune cells from tumour cells. NK cells were 

identified by staining for CD49b⁺ (DX5) and their differentiation status characterized with 

antibodies to CD27 (LG.7F9) and CD11b (M1/70). Antibodies to CD69 (H1.2F3) were used to 

determine NK cell activation status and their Fc receptor levels were detected by anti-

CD16/CD32 staining. Myeloid cells were identified with antibodies to Ly-6C, Ly-6G and CD11b 

(eBioscience). Cell viability determined using DAPI (4’,6-diamido-2-phenlindole; Invitrogen). 

Cells were analysed on a LSRII analyser (BD Bioscience). All tumour samples were analysed 

using the same viable cell (DAPI-) collection gate cut off to eliminate any biases relating to 

therapy-induced differences in tumor size/group.   

 

Analyses of NK cell activation and function in vitro: 

 

Mouse NK cells were extracted from the spleens of Balb/C mice using an NK cell isolation kit 

(Stem Cell Sciences), and cultured for 5 days in 1000 Units/ml of IL-2. Human NK cells were 

isolated from healthy donors using a MACS isolation kit and auto MACs separator (Miltenyi 

Biotechnology) and cultured for 1-3 days in 25 Units/ml IL-2. NK cells were maintained in RPMI 

1640 supplemented with 10% FBS, 10 mM HEPES, 2 mM L-glutamine, 100 µM NEAA, 1 mM 

sodium pyruvate and 50 µM 2-ME. Following activation NK cells were treated with 2.5-20 nM 

Panobinostat for 20 hours before being stained with antibodies to mouse CD49b, CD27, 
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CD11b, CD69 and CD16/CD32 (BD Bioscience) or human CD56, CD16 and CD69 (BD Bioscience) 

as described above and analysed on a LSRII analyser (BD Bioscience). 

A 4 hour 51Cr release assay was used to assess the effects of Panobinostat on NK cell 

cytotoxicity and tumour cell sensitivity to NK cell killing. IL-2 activated mouse NK cells were: (i) 

cultured in 10nM Panobinostat or DMSO for 20 hours before being co-cultured with 51Cr 

labelled target cells or (ii) cultured with 51Cr labelled targets that had been pre-treated for 20 

hours with 5-50 nM Panobinostat. Percentage 51Cr release was calculated as outlined in 

Haynes et al (Haynes et al, 2010). 

 

RNA sequencing: 

 

RNA sequencing was conducted on whole AU565ᵖᵛ tumours harvested from SCID mice 2 days 

post treatment initiation with vehicle, Panobinostat, Trastuzumab or Panobinostat + 

Trastuzumab (as outlined above). Total RNA was extracted using an RNeasy Plus Mini Kit 

(Qiagen) and cleaned/concentrated using the RNeasy MinElute Clean up Kit (Qiagen) as per 

manufactures instructions. RNA was sequenced on the Illumina HighSeq 2000. Sequenced data 

was processed using Seqliner V0.2.0 (seqliner.org) RNA-seq analysis pipeline. Short read data 

was first aligned using TopHat/bowtie2 (Kim et al, 2013) to the human reference genome 

GRCh37.p12. All unmapped reads were subsequently aligned to the mouse reference genome 

GRCm38/mm10. Read counting was performed with HTSeq-Count from HTSeq (Anders et al, 

2015) using transcript annotation from Degust Version 0.20 (Victorian Bioinformatics 

Consortium, Monash University and VLSCI’s Life Sciences Computation Centre). The Voom-

LIMMA workflow was used to normalise data and compute statistical significance of 

differential gene expression (Law et al, 2014). All processed and raw RNAseq data files were 

deposited into the Gene Expression Omnibus/Sequencing Read Archive. 

 

Statistical analyses: 

 

All statistical analyses were undertaken in GraphPad Prism (GraphPad Software). Statistical 

differences between experimental groups were determined using an unpaired Student t test 

(analysis of in vitro experiments) or a Mann-Whitney U or Log-rank (Mantel-Cox) test (analysis 

of in vivo experiments). 
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Results: 

Screening of HER2⁺ breast cancer for Trastuzumab and Panobinostat 

sensitivity: 

 

As is commonly observed in the oncology clinic, HER2 over-expressing breast cancers can be 

sub-divided into those that are either responsive or non-responsive to the effects of 

Trastuzumab. For this study we selected to work with the BT474 and AU565ᵖᵛ HER2+ human 

breast tumour lines, as representative models of Trastuzumab sensitive and refractory disease, 

respectively.  We initially confirmed the HER2 expression status of the two lines by flow 

cytometry (Figure 1). The HER2 signalling status of each line as determined by the anti-

proliferative activity of Trastuzumab was determined using a ³Thymidine incorporation assay 

(Figure 2). The BT474 line was shown to be responsive to the anti-proliferative effects of 

Trastuzumab in a dose dependant manner and therefore, deemed molecularly sensitive to 

Trastuzumab (Figure 2A). The AU565ᵖᵛ cell line was found to be non-responsive to the anti-

proliferative effects of Trastuzumab and therefore, deemed refractory to anti-HER2-targeted 

therapy.  

HDACi are known to mediate their tumourocidal effects through apoptosis induction and 

resultant cell death. The cytotoxic effects of the HDACi, Panobinostat, were next quantified 

against both the BT474 and AU565ᵖᵛ lines over a 24 and 48 hour period using an Annexin V/PI 

flow cytometry-based analysis of cell death (Figure 3). Both the BT474 and AU565ᵖᵛ cell lines 

were found to be responsive to the cell death inducing effects of Panobinostat in a time and 

dose dependant manner as demonstrated by the increased frequency of Annexin-V⁺ tumour 

cells relative to the control treated samples (Figure 3). To note, the degree of Annexin-V 

positivity observed in the BT474 line in response to Panobinostat between each time point did 

not increase at the level observed in the AU565ᵖᵛ line. 

To assess whether Trastuzumab exposure could increase the sensitivity of BT474 cells to the 

death inducing effects of Panobinostat, BT474 cells were co-cultured in the presence of 

Trastuzumab for 4 days prior to the addition of Panobinostat for a further 24 hours. This time 

period was selected based upon information obtained from single agent Trastuzumab anti-

proliferation assays and their corresponding western blot analyses examining treatment 

induced pAKT level expression.  A Panobinostat dose of 20nM was selected based on the drugs 

observed apoptotic effects within our Panobinostat single agent analysis (Figure 3A). Within 
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this cell death assay, co-treatment with Trastuzumab and Panobinostat was able to mediate a 

combined level of cell death induction when compared to either single agent treatment. No 

additive effects of Panobinostat and Trastuzumab co-treatment were evident in the AU565ᵖᵛ 

cells (Figure 11A). Notably alternate treatment sequences of Trastuzumab and Panobinostat 

were trialled in this in vitro assay system.  Concomitant treatment of Panobinostat and 

Trastuzumab did not evoke a beneficial combinatorial effect, nor was Panobinostat able to 

directly alter the HER2 signalling status of HER2⁺ breast cancer (data not shown). 
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Figure 1: AU565ᵖᵛ and BT474 HER2 cell surface receptor expression 

HER2 receptor expression on the AU565ᵖᵛ and BT474 cell lines as determined through flow 

cytometric analysis. HER2 receptor expression detected through Trastuzumab coupled with 

anti-goat-FITC conjugated secondary antibody (open histogram) in comparison to isotype 

control immunoglobulin (closed histogram). Receptor expression is represented in log fold. 
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Figure 2: The anti-proliferative effects of Trastuzumab against the HER2⁺ BT474 and AU565ᵖᵛ 

cell lines   

The anti-proliferative effects of Trastuzumab in vitro against the (A) BT474 and (B) AU565ᵖᵛ cell 

lines as measured through a ³Thymidine incorporation proliferation assay. Cells were cultured 

in the presence of 0.01-10 µg/ml Trastuzumab (grey bars) or 10µg/ml control immunoglobulin 

(CIg) for 5 days prior to the addition of 0.5µCi ³Thymidine/well for a subsequent 16 hours. Each 

bar represents the mean ± SEM of 6 wells/group. Results are representative of 3 individual 

experiments. Statistical difference (A) *P<0.002 between CIg and Trastuzumab treated groups. 
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Figure 3: Both the BT474 and AU565ᵖᵛ cell lines are responsive to the cytotoxic effects of 

Panobinostat 

The Percentage of cell death in (A) BT474 and (B) AU565ᵖᵛ cell cultures exposed to 0-200nM 

Panobinostat as measured through the percentage of Annexin-V⁺ cells. Cells were cultured in 

vitro for 24-48 hours in the presence of increasing doses of Panobinostat and subsequently 

stained with Annexin-V-FITC prior to flow cytometric analysis. Treatment groups were 

harvested in groups of 2 wells, with each graph representing the mean ± SEM of 3 separate 

experiments. 
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Figure 4: The combined cytotoxic effects of Trastuzumab and Panobinostat against BT474 

cells explained through effects of AKT signalling 

The effects of 1µg/ml Trastuzumab and/or 20nM Panobinostat against BT474 cells in vitro in 

comparison to vehicle (CIg and DMSO) treatment (A-B). Cells were cultured in the presence of 

Trastuzumab or CIg for four days prior to the addition of Panobinostat for a further 24 hours 

(A-B). Cell death measured as a percentage of Annexin-V⁺ cells through flow cytometric 

analysis (A). The graph and each column is representative of the mean ± SEM of 3 separate 

experiments; with each individual experiment combining 2 wells per treatment group. 

Statistical differences (A) *P<0.02 between combination and Panobinostat single agent groups 

and **P<0.007 between combination and Trastuzumab single agent groups. Western blot 

analysis of pAKT, AKT and Actin levels following BT474 cell line treatment with Trastuzumab 

and/or Panobinostat in vitro, in comparison to vehicle treatment as described, in the presence 

of QVD (B). Cell lysates from each treatment group were harvested and stained with primary 

pAKT, AKT and Actin antibodies, followed by corresponding HRP-conjugated secondary 

antibodies. Protein level expression is representative of 3 separate experimental findings. 
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Co-treatment of Trastuzumab and Panobinostat inactivates AKT 

signalling in Trastuzumab sensitive BT474 tumour cells: 

 

It is well established that survival and proliferation of HER2⁺ breast cancer is driven by 

deregulated signalling downstream of the HER2 receptor particularly via the PI3K/AKT 

signalling pathway (Slamon et al, 2001; Spector et al, 2009). To assess the impact of 

Panobinostat and Trastuzumab co-treatment on this pathway Western Blot analysis was 

performed on BT474 cell lysates, collected post exposure to vehicle, Panobinostat, 

Trastuzumab or Panobinostat + Trastuzumab, as described for Figure 4. For these experiments 

the pan-caspase inhibitor QVD was added to the cultures to eliminate any misinterpretation of 

the data linked to drug-induced effects on cell viability. Treatment-induced changes in the 

levels of phosphorylated and total AKT were assessed. While Trastuzumab and Panobinostat 

treatment alone reduced the levels of pAKT expression, relative to the vehicle treated cells, in 

the BT474 cells co-treated with Trastuzumab and Panobinostat complete loss of pAKT 

expression was observed (Figure 4A); suggesting that the combination therapy induced tumour 

cell death via the inactivation of the PI3K/AKT signalling pathway. No changes in total AKT 

protein levels were observed in any of the treatment groups. 

 

Rejection of BT474 tumours in mice co-treated with Trastuzumab and 

Panobinostat: 

 

Having demonstrated the combined anti-cancer activity of Panobinostat and Trastuzumab in 

vitro we next sought to examine the ability of the combination treatment to control the 

growth of established BT474 tumours. For these experiments we initially injected the BT474 

tumour cells into the mammary fat pad of NSG mice, which are deficient of an adaptive and 

innate immune compartment (Schultz et al, 1995). To ensure tumour growth, oestrogen 

tablets (90-day release 0.72mg tablets) were transplanted subcutaneously on the back of their 

neck. Mice with established tumours (20-25mm2) were treated with vehicle, Trastuzumab, 

Panobinostat or Trastuzumab + Panobinostat, as described under ‘therapy of engrafted 

tumours’ in the methods section. Consistent with our in vitro observations the BT474 tumours 

were sensitive to the anti-cancer effect of Trastuzumab and Panobinostat (Figure 5A). As single 

agents both were able to significantly inhibit tumour growth compared to the vehicle 

treatment, however, neither was very effective at evoking a curative response. Only in the 
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Trastuzumab treated group was one mouse cleared of disease (Figure 5A). Strikingly, when 

used in combination all mice were cleared of tumour while on therapy. These mice remained 

tumour free out to day eighty post initial tumour clearance. The rapid nature of the tumour 

rejection response in mice deficient of immune effector cells would suggest that tumour-

intrinsic anti-proliferative and apoptotic effects of the combination therapy were dominant. 

Similar results were also observed in SCID mice bearing BT474 tumours, which do possess a 

functional innate immune compartment (Figure 5B). 
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Figure 5: Complete BT474 tumour clearance following co-treatment with Trastuzumab and 

Panobinostat is immune independent 

3x10⁶ BT474 cells were orthotopically transplanted into the left inguinal  mammary fat pads of 

(A) SCID and (B) NSG mice and allowed to form tumours of an average 25mm² prior to the 

initiation of treatment. In addition all mice had 0.72mg 90-day slow-release oestrogen pellets 

implanted subcutaneously. Black arrows indicate 10mg/kg Trastuzumab or CIg dosing and grey 

bars periods of 15mg/kg Panobinostat or 5% dextrose dosing. All treatments were 

administered intraperitoneally. Data is presented as mean tumour size ± SEM, whereby (A) 

SCID mice n=5/group (B) NSG mice n=7/group. Data is representative of two separate 

experiments. Parentheses document number of tumour free mice/group. Statistical difference 

(A) *P<0.008 in comparison to both vehicle and single agent treatment groups. 
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The co-therapeutic effects of Panobinostat and anti-HER2 therapy in 

syngeneic models of HER2⁺ mammary tumours: 

 

As an extension to our work with the Trastuzumab sensitive BT474 line we next examined the 

combined effects of Panobinostat and Trastuzumab on mouse HER2⁺ mammary tumours that 

had been derived from MMTV-rHER2/Neu transgenic mice, as described in Stagg et al, 2008. 

The H2N100 and H2N113 lines are known to express high levels of rHER2 and have been 

demonstrated to be sensitive to the anti-proliferative effects of anti-HER2 targeted antibody 

treatment (Stagg et al, 2008). To demonstrate whether co-treatment of Panobinostat and anti-

HER2 therapy (anti-rat (r)HER2 mAb, 7.16.4) could evoke an increase cytotoxic response 

against the H2N100 tumour line, relative to either drug alone the cells were treated as 

described in Figure 3A and analysed by flow cytometry for Annexin-V/PI staining as a measure 

of cells death (Figure 6A). As single agents both Trastuzumab and Panobinostat induced cell 

death, as determined by the increased levels of Annexin-V⁺ relative to the vehicle treated cells, 

but when used in combination the levels of detectable cell death further increased (Figure 6A), 

consistent with that observed for the BT474 cells (Figure 4A). Western blot analysis on the 

H2N100 cells revealed that both anti-rHER2 and Panobinostat could attenuate pAKT protein 

levels. However, co-treatment resulted in a near complete loss of pAKT expression, further 

highlighting the tumour intrinsic interplay of Panobinostat and anti-HER2 Ab therapy. 

To test the anti-cancer activity of the combination therapy in immune competent mice the 

H2N100 and H2N113 tumour lines were injected subcutaneously on the flanks of 6-8 week old 

MMTV-rHER2/Neu transgenic (TG) mice. Upon tumours reaching an average of 25mm² in size, 

the mice were treated with vehicle/CIg, 7.16.4/D5W, Panobinostat/CIg or 7.16.4 + 

Panobinostat as described within ‘therapy of engrafted tumours’ of the methods section. In 

both H2N tumour models, anti-HER2 therapy and Panobinostat treatment alone attenuated 

tumour growth (Figure 7A-B). However, following treatment cessation, all tumours in both 

treatment groups grew out. More prolonged control of H2N tumour growth was achieved in 

mice co-treated with anti-rHER2 mAb and Panobinostat. Indeed, most tumours in this group 

remained impalpable for 20 days post treatment cessation; however, all tumours in this group 

did eventually escape. To determine if tumour intrinsic and/or immune mediated mechanisms 

were contributing to the enhanced efficacy of the combination therapy, MMTV-rHER2/Neu 

mice bearing H2N100 tumours were depleted of either CD8 T or NK cells prior to initiation of 

drug treatment. Depletion of CD8 T nor NK cells in vehicle treated mice did not result in 

acceleration of tumour growth. Interestingly, neither CD8 nor NK cell depletion compromised 
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the growth inhibitory effects of the combination treatment (Figure 8). These data further 

supported the dominant role of the tumour intrinsic interplay of Panobinostat and 

Trastuzumab in HER2⁺ tumours that are sensitive to anti-HER2 antibody treatment. 

Interestingly we observed that intra-tumoural or intravenous injection of Doxorubicin was 

unable to enhance the therapeutic activity of anti-HER2 antibody therapy (Figure 9). This result 

highlighted the unique ability of Panobinostat to cooperate with anti-HER2 targeted therapy in 

vivo. 
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Figure 6: Anti-rHER2 mAb (7.16.4) and Panobinostat demonstrate a combined cytotoxic 

effect in vitro against H2N100 cells mediated through attenuation of AKT signalling 

The effects of vehicle or anti-rHER2 mAb (7.16.4) and/or Panobinostat were assessed in vitro 

against the rHEr2⁺ H2N100 cell line. H2N100 cells were cultured in the presence of anti-rHER2 

mAb (7.16.4) or CIg for four days prior to the addition of Panobinostat or DMSO for a further 

24 hours. (A) Cell death was measured as a percentage of Annexin-V⁺ cells through flow 

cytometric analysis. Each graph is presented as the mean ± SEM of 3 separate experiments, 

with each individual experiment combining 2 wells per treatment group. (B) Western blot 

analysis of pAKT, AKT and Actin protein levels following treatment as specified. Protein level 

expression is representative of 3 separate experimental findings. Statistical differences (A) 

*P<0.02 between combination and Panobinostat single agent group and **P<0.007 between 

combination and anti-rHER2 single agent group. 
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Figure 7: Co-treatment with anti-rHER2 mAb (7.16.4) and Panobinostat results in significant 

regression of H2N100 and H2N113 tumours in MMTV-rHER2/Neu transgenic mice 

5x10⁵ (A) H2N100 or (B) H2N113 cells were subcutaneously transplanted onto the left flank of 

MMTV-rHER2/Neu transgenic mice and allowed to form tumours averaging 25mm² prior to the 

initiation of treatment. Black arrows indicate anti-rHER2 mAb (7.16.4) or CIg dosing and grey 

bars periods of Panobinostat or D5W. All treatments were administered intraperitoneally. Data 

is presented as mean tumour size ± SEM, whereby mice n=5-6/group. Data is representative of 

two separate experiments. Statistical differences (A and B) *P<0.008 between the combination 

treated group versus both vehicle and single agent treated groups. 
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Figure 8: H2N100 tumour regression following co-treatment with anti-rHER2 mAb and 

Panobinostat is immune independent 

5x10⁵ H2N100 cells were subcutaneously transplanted onto the left flank of MMTV-rHER2/Neu 

transgenic mice and allowed to form tumours averaging 25mm² prior to the initiation of 

treatment. Black arrows indicate anti-rHER2 mAb (7.16.4) or CIg dosing and grey bars periods 

of Panobinostat or D5W. The grey arrow indicates commencement of anti-CD8, anti-ASAILO-

GM1 or CIg administration on day -1 then day 0, followed by every 3 days thereafter for total 

duration of 4 weeks. All treatments and blocking antibodies were administered 

intraperitoneally. Data is presented as mean tumour size ± SEM, whereby mice n=5/group. 

Data is representative of two separate experiments. 
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Figure 9: The addition of Doxorubicin to anti-rHER2 mAb (7.16.4) has no contributory effect 

on H2N113 tumour growth suppression 

5x10⁵ H2N113 cells were subcutaneously transplanted onto the left flank of MMTV-rHER2/Neu 

transgenic mice and allowed to form tumours averaging 25mm² prior to the initiation of 

treatment. Black arrows indicate intraperitoneal anti-rHER2 mAb (7.16.4) or CIg dosing and 

grey arrows indicate either intravenous or intra-tumour Doxorubicin dosing. Data is presented 

as mean tumour size ± SEM, whereby n=5-6 mice/group. Data is representative of two 

separate experiments. 
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Co-treatment of Panobinostat and Trastuzumab is superior to either 

treatment alone in controlling advanced disseminated disease: 

 

HER2⁺ breast cancer is routinely discovered in patients with disseminated metastatic disease, 

which is less amenable to surgical resection and intervention with other conventional 

therapies, making it significantly more difficult to treat. While there are currently few available 

models of metastatic disease we decided to examine the efficacy of the combination therapy 

in 9-13 week old MMTV-rHER2/Neu transgenic mice bearing 2-4 spontaneously arising 

tumours across multiple mammary glands. Mice were treated as outlined above and tumour 

multiplicity was monitored as a measure of therapeutic response (Figure 10). Consistent with 

our earlier observations the combination therapy was significantly more effective at 

controlling and delaying the outgrowth of spontaneously arising mammary tumours. 
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Figure 10: Co-treatment with anti-rHER2 mAb (7.16.4) and Panobinostat demonstrates 

superior tumour suppression in a model of spontaneously arising disseminated rHER2⁺ 

mammary cancer 

80-90 day old MMTV-HER2/Neu transgenic mice bearing 2-4 spontaneously arisen mammary 

tumours were treated with vehicle (PBS and D5W) or anti-rHER2 mAb (7.16.4) and/or 

Panobinostat. Data is presented as mean ± SEM of tumour multiplicity per mouse, whereby 

mice n=12-17/group. Statistical difference P*<0.008 between the combination treated group 

versus both vehicle and single agent treated groups. 
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Trastuzumab resistant AU565ᵖᵛ tumour cells are resistant to the co-

operative effects of Trastuzumab and Panobinostat in vitro: 

 
Having demonstrated the curative capacity of the combination therapy in models of 

Trastuzumab sensitive HER2⁺ breast cancer we next were interested to assess the impact of 

Panobinostat and Trastuzumab co-treatment on Trastuzumab refractory AU565ᵖᵛ tumour cells. 

Moreover we were interested to determine whether Panobinostat treatment could augment 

tumour cell sensitivity to anti-cancer effects of Trastuzumab using a ³Thymidine incorporation 

assay as described above. This was found to not be the case (Data not shown). We also 

demonstrated that pre-treatment of the AU565ᵖᵛ tumour cells with Trastuzumab did not alter 

their sensitivity to the cytotoxic activity of Panobinostat using a similar assay setup to that 

discussed in Figure 6A (Figure 11A). Further to this we observed no effect of the single and 

combination treatments on pAKT and total AKT expression levels in the AU565ᵖᵛ tumour cells 

(Figure 11B). 
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Figure 11: The combined cytotoxic effects of Trastuzumab and Panobinostat against AU565ᵖᵛ 

cells and effects on AKT signalling 

The effects of 1µg/ml Trastuzumab and/or 20nM Panobinostat against AU565ᵖᵛ cells in vitro in 

comparison to vehicle (CIg and DMSO) treatment (A-B). Cells were cultured in the presence of 

Trastuzumab or CIg for four days prior to the addition of Panobinostat for a further 24 hours 

(A-B). Cell death measured as a percentage of Annexin-V⁺ cells through flow cytometric 

analysis (A). The graph and each column is representative of the mean ± SEM of 3 separate 

experiments; with each individual experiment combining 2 wells per treatment group. Non-

statistical differences between combination and single agent treatment groups (A). Western 

blot analysis of pAKT, AKT and Actin levels following AU565ᵖᵛ cell line treatment with 

Trastuzumab and/or Panobinostat in vitro, in comparison to vehicle treatment as described, in 

the presence of QVD (B). Cell lysates from each treatment group were harvested and stained 

with primary pAKT, AKT and Actin antibodies, followed by corresponding HRP-conjugated 

secondary antibodies. Protein level expression is representative of 3 separate experimental 

findings. 
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Co-treatment with Trastuzumab and Panobinostat can eradicate 

Trastuzumab refractory disease via immune-mediated mechanisms: 

 

Trastuzumab being a monoclonal antibody is able to harness immune effector cells to mediate 

an antibody dependant cellular cytotoxic (ADCC) response against bound tumour cells. The 

potential contribution that this engagement of immune effector mechanisms had to 

Trastuzumab and/or Panobinostat’s therapeutic response against the Trastuzumab refractory 

AU565ᵖᵛ cell line was therefore further assessed. AU565ᵖᵛ tumours were established in the 

MFPs of SCID mice followed by treatment with CIg or Trastuzumab and/or Panobinostat or 

corresponding vehicle (5% dextrose). Treatment with Panobinostat alone inhibited the growth 

of established AU565ᵖᵛ tumours, however all tumours in this group continued to grow 

following treatment cessation. Interesting the AU565ᵖᵛ tumours were sensitive to the anti-

tumour effects of Trastuzumab with significant inhibition of tumour growth observed in this 

group, suggesting a potential extracellular ADCC contribution through antibody mediated 

engagement of the innate immune compartment. However, the therapy was not curative, 

unless co-administered with Panobinostat (Figure 12A). The combination therapy evoked 

complete tumour clearance within the first week of therapy cessation. Tumour re-growth was 

not detected out to 80 days post completion of treatment. This surprising response in the 

AU565ᵖᵛ tumour model highlighted a potential role for the innate immune system in 

supporting the combined curative activity of the Panobinostat and Trastuzumab in tumours 

resistant to the cytostatic effects of anti-HER2 therapy. We hypothesised that Fc-Receptor 

positive innate immune cell subsets, present within these SCID mice that could support the 

ADCC activity of Trastuzumab were the principal mediators of this response. 
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Figure 12: Trastuzumab and Panobinostat co-treatment mediated AU565ᵖᵛ tumour clearance 

in SCID mice is dependent on a functional innate immune compartment 

1.5x10⁶ AU565ᵖᵛ cells were orthotopically transplanted into the left inguinal mammary fat 

pads of (A) SCID and (B) NSG mice and allowed to form tumours averaging 25mm² prior to the 

initiation of treatment. Black arrows indicate Trastuzumab or CIg dosing and grey bars periods 

of Panobinostat or 5% dextrose dosing. All treatments were administered intraperitoneally. 

Data is presented as mean tumour size ± SEM, whereby (A) SCID mice n=7/group (B) NSG mice 

n=8/group. Data is representative of two separate experiments. Parentheses document 

number of tumour free mice/group. Statistical difference (A) *P<0.008 in comparison to both 

control and single agent treatment groups, (B) *P<0.008 between combination and control 

groups and **P<0.002 between Panobinostat and control groups. 
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Trastuzumab and Panobinostat co-treatment fail to eliminate AU565ᵖᵛ 

Tumours in NSG mice: 

 

To determine to what degree the innate immune compartment could contribute to the anti-

tumour activity of the combination therapy we next examined the effects of Trastuzumab and 

Panobinostat, alone and in combination in NSG mice bearing established AU565ᵖᵛ tumours. In 

these mice Trastuzumab and Panobinostat had no combined therapeutic activity (Figure 12B), 

further strengthening the idea that external immunological effects were pivotal in driving 

tumour clearance of AU565 tumours. 

 

BT474-MyrAKT line resistant to Tratuzumab and the combined 

cytotoxic effects of Trastuzumab and Panobinostat: 

  

In view of the ability of Trastuzumab and Panobinostat co-treatment to mediate the clearance 

of established Trastuzumab refractory AU565ᵖᵛ tumours, we next sought to create a 

Trastuzumab resistant cell line. Expanding on previously observed dephosphorylation of AKT 

following co-treatment of the BT474 line with Trastuzumab and Panobinostat, over-activation 

at the level of the AKT protein was undertaken. This was conducted through retro-viral 

transduction of BT474 cells with a constitutively active myristolated AKT (Myr-AKT). 

Constitutive activation of AKT within this newly created BT474-MyrAKT cell line resulted in it 

being unresponsive to the cytostatic effects of Trastuzumab (Figure 13A), however still 

responsive to the cytotoxic effects of Panobinostat as determined by Annexin-V⁺/PI⁻ cell death 

assay (Figure 13B). Overexpression of Myr-AKT in the BT474 line abrogated the ability of 

Trastuzumab to increase tumour cell susceptibility to Panobinostat-induced cell death, as was 

observed in the parental BT474 line (Figure 8A). Consistent with this, pAKT levels remained 

unchanged post Trastuzumab and Panobinostat treatment. We had created a cell line 

intrinsically resistant to Trastuzumab and furthermore confirmed the reliance of Trastuzumab 

and Panobinostat to mediate their combined effect against the BT474 parental line through 

inhibition of oncogenic AKT signalling. The therapeutic responsiveness of this Trastuzumab 

resistant line to both Trastuzumab and Panobinostat, coupled with therapy mediated 

dephosphorylation of AKT resembled that of the Trastuzumab refractory AU565ᵖᵛ cell line 

(Figure 13C-D and Figure 11A-B). 
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Figure 13: BT474 transduction with myristolated AKT renders the BT474-MyrAKT cell line 

resistant to Trastuzumab and thereby the combination in vitro 

BT474-MyrAKT cells are assessed on their responsiveness to Trastuzumab and/or Panobinostat 

in vitro. (A) BT474-MyrAKT cells were cultured in the presence of 0.01-10 µg/ml Trastuzumab 

(grey bars) or 10µg/ml control immunoglobulin (CIg, white bar) for 5 days prior to the addition 

of 0.5µCi ³Thymidine/well for a further 16 hours. ³Thymidine incorporation was measured as a 

marker of cellular division. Each bar represents mean ± SEM of 6 wells/group. Results are 

representative of 3 individual experiments. (B) BT474-MyrAKT cells were cultured in vitro in 

the presence of 0-200nM Panobinostat for 24-48 hours and subsequently stained with 

Annexin-V-FITC prior to flow cytometric analysis. Treatment groups were harvested in groups 

of 2 wells, with each graph representing the mean ± SEM of 3 separate experiments. (C) 

BT474-MyrAKT cells cultured in the presence of 1µg/ml Trastuzumab or CIg for four days prior 

to the addition of 20nM Panobinostat or DMSO for a further 24 hours. Cell death measured as 

a percentage of Annexin-V⁺ cells through flow cytometric analysis. Each graph is representative 
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of the mean ± SEM of 3 separate experiments; with each individual experiment combining 2 

wells per treatment group. (D) Western blot analysis of pAKT, AKT and Actin protein levels 

following BT474-MyrAKT treatment with 1ug/ml Trastuzumab or 1ug/ml CIg for 4 days prior to 

the addition of 20nM Panobinostat or DMSO for a further 24 hours. Cell lysates from individual 

treatment groups were stained with primary pAKT, AKT and Actin, followed by corresponding 

HRP-conjugated secondary antibodies. Levels of protein expression are representative of 3 

separate experimental findings. 
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Trastuzumab and Panobinostat co-treatment can overcome intrinsic 

mechanisms of resistance to Trastuzumab: 

 

To confirm that the combination therapy could engage immune effector mechanisms that 

could contribute to the control of HER2⁺ tumours that were intrinsically resistant to the 

cytostatic effects of Trastuzumab we examined the combined anti-tumour activity of 

Panobinostat and Trastuzumab in SCID and NSG mice bearing established BT474-MyrAKT 

tumours. Consistent with what was observed in NSG mice bearing AU565ᵖᵛ tumours, NSG mice 

were unable to support the curative activity of the combination therapy against the BT474-

MyrAKT tumours (Figure 14A); highlighting that constitutive activation of AKT in BT474 

tumours was sufficient to abrogate the therapeutic activity of the combination therapy. 

Strikingly however, the curative activity of Panobinostat and Trastuzumab co-treatment in 

BT474-MyrAKT could be recovered in SCID mice (Figure 14B). Single agent Panobinostat and 

Trastuzumab treated groups were not included in this experiment so the requirement for 

either agent to the combined effects observed could not be confirmed. These data further 

support the ability of the combination therapy to engage innate immune effector mechanism 

to eradicate Trastuzumab refractory HER2⁺ breast cancer. 
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Figure 14: Co-treatment with Trastuzumab and Panobinostat results in clearance of BT474-

MyrAKT tumours in SCID however not NSG mice 

3x10⁶ BT474-MyrAKT cells were orthotopically transplanted into the left inguinal mammary fat 

pads of (A) NSG and (B) SCID mice and allowed to form tumours of an average 25mm² prior to 

the initiation of treatment. Black arrows indicate Trastuzumab or CIg dosing and grey bars 

periods of Panobinostat or 5% dextrose dosing. All treatments were administered 

intraperitoneally. Data is presented as mean tumour size ± SEM, whereby (A) NSG mice 

n=5/group (B) SCID mice n=7/group. Data is representative of two separate experiments. 

Parentheses document number of tumour free mice/group. Statistical differences (A) *P<0.03 

comparison between both control and single agent treatment groups, (B) *P<0.002 between 

combination and control groups. 
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Bcl2 over-expression of the BT474 tumour line confers resistance to 

the combination of Trastuzumab and Panobinostat in vitro however 

tumour clearance is achieved in vivo: 

 

As an extension of these studies the pro-survival factor Bcl2 was overexpressed in the BT474 

tumour line to further assess the role that Panobinostat has in supporting the therapeutic 

activity of the combination of Trastuzumab and Panobinostat. Bcl2 overexpression has been 

demonstrated to confer resistance to HDACis (Bolden et al, 2006) and up-regulation of Bcl-2 is 

a common mechanism by which HER2⁺ breast cancers have been demonstrated to resist 

elimination by conventional cytotoxic therapies (Oakes et al, 2012). In turn, HER2 targeted 

therapies have been shown to down-regulate the expression of Bcl2 and in the process 

resensitize tumour cells to cytotoxic therapies (Millela et al, 2014). Bcl2 over-expression within 

the BT474 line resulted in the loss of both Trastuzumab and Panobinostat single agent effects 

when assessed through an Annexin-V⁺/PI⁻ cell death assay (Figure 15A). Further to this, the 

BT474-Bcl2 line was now also non-responsive to the apoptosis inducing effects of co-treatment 

with Trastuzumab and Panobinostat. 

To demonstrate the impact that Bcl2 overexpression had on the previously observed 

effectiveness of the therapeutic activity of the combination therapy in vivo, the BT474-Bcl2 

and parental BT474–MSCV lines were orthotopically established in the MFPs of SCID mice.  

Mice bearing established tumours were treated with the Trastuzumab and/or Panobinostat as 

previously described. Strikingly a similar result was observed to that in SCID mice bearing the 

Trastuzumab non-responsive AU565ᵖᵛ and the Trastuzumab resistant BT474-MyrAKT tumours 

(Figure 15B). Once again, despite being non-responsive to the effects of Trastuzumab and 

Panobinostat in vitro, treatment with the combination in SCID mice bearing Trastuzumab 

resistant BT474-Bcl2 tumours saw complete tumour regression in all mice (Figure 15B). The 

tumour regression kinetics were also very similar to those previously witnessed in combination 

treated SCID mice bearing AU565ᵖᵛ and BT474-MyrAKT tumours. In addition to the findings 

drawn from experiments involving these Trastuzumab resistant models, these results further 

highlighted that engagement of immune effector mechanisms by the combination of 

Trastuzumab and Panobinostat was sufficient to overcome another commonly known 

mechanism of resistance to conventional therapy. 

A similar finding was observed in AU565ᵖᵛ tumours cells that had also been retro-virally 

transduced to overexpress Bcl2. AU565ᵖᵛ-Bcl2, similar to the parental AU565ᵖᵛ tumour cells 
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were un-responsive to the cytotoxic effects of Trastuzumab, but were now also non-responsive 

to the cytotoxic effects of Panobinostat (Figure 16). This translated to no added effect over 

vehicle treated cells in vitro (Figure 16). Despite no observed effects in vitro, 4 out of 6 SCID 

mice bearing AU565ᵖᵛ-Bcl2 tumours were cleared of their tumours (Figure 16). The observed 

tumour clearance of AU565ᵖᵛ-Bcl2 tumours in SCID mice once again demonstrated that 

extracellular immune engagement by the combination was able to overcome intrinsic 

resistance to the combination therapy. 
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Figure 15: Overexpression of Bcl2 in BT474 cells confers resistance to co-treatment with 

Trastuzumab and Panobinostat in vitro however tumour clearance observed in SCID mice 

BT474-Bcl2 cells are assessed on their responsiveness to Trastuzumab and/or Panobinostat in 

vitro and in vivo. (A) BT474-MSCV and BT474-Bcl2 cells cultured in the presence of 1µg/ml 

Trastuzumab or CIg for four days prior to the addition of 20nM Panobinostat or DMSO for a 

further 24 hours. Cell death measured as a percentage of Annexin-V+ cells through flow 

cytometric analysis. Each graph is representative of the mean ± SEM of 3 separate 
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experiments; with each individual experiment combining 2 wells per treatment group. (B) 

3x10⁶ BT474-MSCV or BT474-Bcl2 cells were orthotopically transplanted into the left inguinal 

mammary fat pads of SCID mice and allowed to form tumours of an average 25mm² prior to 

the initiation of treatment. All mice additionally implanted with 0.72mg 90-day slow-release 

subcutaneous oestrogen pellets. Black arrows indicate Trastuzumab or CIg dosing and grey 

bars periods of Panobinostat or 5% dextrose dosing. All treatments were administered 

intraperitoneally. Data is presented as mean tumour size ± SEM, whereby SCID mice 

n=5/group. Data is representative of two separate experiments. Parentheses document 

number of tumour free mice/group. 
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Figure 16: Co-treatment with Trastuzumab and Panobinostat induces tumour rejection in 

AU565ᵖᵛ tumours in SCID mice despite Bcl2 overexpression 

1.5x10⁶ AU565ᵖᵛ-MSCV or AU565ᵖᵛ-Bcl2 cells were orthotopically transplanted into the left 

inguinal mammary fat pads of SCID mice and allowed to form tumours of an average 25mm² 

prior to the initiation of treatment. Black arrows indicate Trastuzumab or CIg dosing and grey 

bars periods of Panobinostat or 5% dextrose dosing. All treatments were administered 

intraperitoneally. Data is presented as mean tumour size ± SEM, whereby mice n=6/group. 

Data is representative of two separate experiments. Parentheses document number of tumour 

free mice/group. Statistical difference *P<0.005 in comparison between both control and 

single agent treatment groups. 
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Tumour infiltration of FcR⁺ immune cells critical to Trastuzumab and 

Panobinostat co-treatment mediated AU565ᵖᵛ tumour clearance: 

 

We next sought to determine the mechanism by which co-treatment with Trastuzumab and 

Panobinostat was mediating the clearance of established Trastuzumab resistant HER2⁺ 

tumours. Through our analysis in NSG and SCID mice, it had been hypothesized that tumour 

clearance was the result of co-treatment mediated engagement of immune effector cells 

present within SCID mice. These present immune cells include macrophages, neutrophils and 

NK cells, all of which express Fc-receptors capable of undertaking ADCC. To delineate the 

therapeutic contribution that these immune cells were having, SCID mice bearing established 

AU565ᵖᵛ tumours treated with Trastuzumab and/or Panobinostat as per previously described 

methodology were also co-treated with either CIg or anti-CD11b. The administration of anti-

CD11b has been demonstrated to affect the migratory capacity of these effector immune cells, 

thus disabling their ability to infiltrate into the tumour microenvironment. Strikingly only 

AU565ᵖᵛ tumour bearing SCID mice co-treated with Trastuzumab and Panobinostat were 

affected by the co-administration of anti-CD11b (Figure 17). The administration of anti-CD11b 

antibody resulted in the complete abrogation of the therapeutic combination to mediate the 

previously observed tumour clearance, further highlighting the reliance on immune 

engagement through tumour infiltration to mediate clearance of Trastuzumab refractory 

HER2⁺ tumour. 

Next we assessed the effects of the co-administration of an Fc-receptor blocking antibody, to 

the Fc-receptors of CD16 (FcγRIII) and CD32 (FcγRII) known to be expressed on the immune 

effector cells present within SCID mice. Fc-receptor blockade significantly affected the capacity 

of Trastuzumab and Panobinostat co-treatment to mediate the clearance of established 

AU565ᵖᵛ tumours. In the Trastuzumab and Panobinostat co-treated arms of the experiment 

only 1 out of 5 mice in the group having concomitant blockade of their Fc-receptors 

experienced tumour regression, as opposed to 4 out of 5 in the CIg co-administration group 

(Figure 18). These results taken together highlight that Trastuzumab and Panobinostat 

mediated immune cell tumour infiltration of Fc-receptor positive cells to mediate ADCC was 

crucial to the observed anti-tumour effects. 
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Figure 17: Immune cell infiltration of AU565ᵖᵛ tumours critical to clearance following co-

treatment with Trastuzumab and Panobinostat 

1.5x10⁶ AU565ᵖᵛ cells were orthotopically transplanted into the left inguinal mammary fat 

pads of SCID mice and allowed to form tumours averaging 25mm² prior to the initiation of 

treatment. Black arrows indicate Trastuzumab or CIg dosing and grey bars periods of 

Panobinostat or 5% dextrose dosing. Grey arrows indicate commencement of anti-CD11b or 

CIg administration on day -1 then day 0, followed by every 3 days thereafter for total 4 weeks 

duration. All treatments and inhibiting antibodies were administered intraperitoneally. Data is 

presented as mean tumour size ± SEM, whereby mice n=7/group. Data is representative of two 

separate experiments. Parentheses document number of tumour free mice/group. Statistical 

difference of *P<0.008 in comparison to both vehicle and single agent treatment groups. 
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Figure 18: Fc receptor blockade inhibits the contributory role of ADCC in driving AU565ᵖᵛ 

tumour clearance following co-treatment with Trastuzumab and Panobinostat 

1.5x10⁶ AU565ᵖᵛ cells were orthotopically transplanted into the left inguinal mammary fat 

pads of SCID mice and allowed to form tumours averaging 25mm² prior to the initiation of 

treatment. Black arrows indicate Trastuzumab or CIg dosing and grey bars periods of 

Panobinostat or 5% dextrose dosing. Grey arrows indicate commencement of anti-2.4G2 (Fc 

receptor blockade) or CIg administration on day -1 then day 0, followed by every 3 days 

thereafter for total duration of 4 weeks. All treatments and blocking antibodies were 

administered intraperitoneally. Data is presented as mean tumour size ± SEM, whereby mice 

n=5/group. Both graphs are representative of the same experiment, with the left graph 

displaying average tumour size over time in both vehicle and combination treated mice 

whereas the right graph displaying percentage of anti-2.4G2 versus CIg combination treated 

mice bearing tumours over time. Data is representative of two separate experiments. 

Parentheses document number of tumour free mice/group. Statistical difference of *P<0.002 

in comparison between combination treated groups administered with anti-2.4G2 versus CIg. 
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NK cells are necessary to evoke the clearance of Trastuzumab resistant 

HER2⁺ tumours following Trastuzumab and Panobinostat co-

treatment: 

 

Since NK cells have previously been reported to play a pivotal role in ADCC mediated tumour 

lysis, their contribution to the curative activity of the combination treatment was next 

examined (Beano et al, 2008). Upon initiating therapy, mice were treated with an anti-asialo-

GM1 antibody to deplete NK cells. The effects of single agent Trastuzumab therapy were now 

absent against established AU565ᵖᵛ tumours following NK cell depletion. More strikingly 

however, unlike in CIg treated mice, SCID mice deplete of NK cells were unable to clear 

established AU565ᵖᵛ xenografts following Panobinostat and Trastuzumab co-treatment (Figure 

19). This result not only implicated NK cells as key contributors but also as necessary to the 

curative activity of co-treatment with Trastuzumab and Panobinostat in SCID mice bearing 

Trastuzumab refractory AU565ᵖᵛ tumours. 

 

NK cell reconstitution of NSG mice demonstrates increased AU565ᵖᵛ tumour 

suppression following co-treatment with Trastuzumab and Panobinostat: 

 

To highlight the importance of NK cells to the curative activity of the combination therapy 

against Trastuzumab-refractory HER2⁺ breast cancers, NSG mice were reconstituted with 

purified naive murine NK cells. AU565ᵖᵛ tumour cells were injected into the MFP of NSG mice 

one week post NK cell reconstitution and once established the mice were co-treated with 

Trastuzumab and Panobinostat (Figure 20). Vehicle treated AU565ᵖᵛ tumour bearing NK cell 

reconstituted NSG mice were used as controls. NK cell reconstitution of NSG mice bearing 

established AU565ᵖᵛ tumours co-treated with the combination of Trastuzumab and 

Panobinostat provided a superior anti-tumour effect over their counterpart NK deficient mice. 

In conjunction with our previous findings within SCID mice depleted of NK cells, these results 

highlighted that NK cells were both necessary and sufficient in driving an anti-tumour response 

following Trastuzumab and Panobinostat co-treatment. 
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Figure 19: NK cells are crucial to Trastuzumab and Panobinostat co-treatment mediated 

AU565ᵖᵛ tumour clearance 

1.5x10⁶ AU565ᵖᵛ cells were orthotopically transplanted into the left inguinal mammary fat 

pads of SCID mice and allowed to form tumours averaging 25mm² prior to the initiation of 

treatment. Black arrows indicate Trastuzumab or CIg dosing and grey bars periods of 

Panobinostat or 5% dextrose dosing. Grey arrows indicate commencement of anti-ASAILO-

GM1 (NK cell depleting antibody) or CIg administration on day -1 then day 0, followed by every 

3 days thereafter for total duration of 4 weeks. All treatments and depletion antibodies were 

administered intraperitoneally. Data is presented as mean tumour size ± SEM, whereby mice 

n=6/group. Data is representative of two separate experiments. Parentheses document 

number of tumour free mice/group. Statistical difference of *P<0.008 in comparison between 

vehicle and single agent groups versus the combination treated group in the control arm of the 

experiment administered CIg. 

 

 

 

 



117 
 

 

 

Figure 20: NK cell reconstitution in NSG mice results in a more potent tumour growth 

suppression in AU565ᵖᵛ tumours co-treated with Trastuzumab and Panobinostat 

1.5x10⁶ AU565ᵖᵛ cells were orthotopically transplanted into the left inguinal mammary fat 

pads of NSG mice and allowed to form tumours averaging 25mm² prior to the initiation of 

treatment. Black arrows indicate Trastuzumab or CIg dosing and grey bars periods of 

Panobinostat or 5% dextrose dosing. NSG mice receiving NK cell reconstitution were 

intravenously injected with NK cells on day -1 prior to treatment commencement. Data is 

presented as mean tumour size ± SEM, whereby mice n=5/group. Statistical difference of 

*P<0.05 in comparison between combination treated groups reconstituted with NK cells 

versus no reconstitution. 

 

 

 

 

 

 



118 
 

Co-treatment mediated increases in NK cell infiltration and activation 

within AU565ᵖᵛ tumours correlates with tumour clearance: 

 

Having demonstrated that host NK cell immunity is critical to the anti-tumour activity of the 

combination treatment in AU565ᵖᵛ tumours we next used flow cytometric analysis to 

characterise the impact of Panobinostat and Trastuzumab on NK cell frequency and activation 

status within these AU565ᵖᵛ tumours (Figure 21). AU565ᵖᵛ tumours from all treatment groups, 

including those in Trastuzumab and Panobinostat single agent and combination treated groups 

were compared against those treated with vehicle alone. Tumours from 4 time points post 

treatment initiation were collected; day 1, day 2, day 6 and day 9. At each time point 3 

tumours from each treatment group were harvested and pooled for analysis, to improve the 

statistical significance and thereby reliability of findings provided with the relative infrequency 

of NK cells. Analysis of tumour associated CD45.2⁺ immune cells demonstrated that co-

treatment with Trastuzumab and Panobinostat evoked a ≥ 2-fold increase in CD49b⁺ NK cells 

relative to single agent treatment groups at the earlier time points of day 1 and day 2 (Figure 

21A). This marked increase in tumour associated NK cells was prior to any observed changes in 

tumour weights between treatment groups (Figure 21B) and through the immune analysis of 

corresponding spleens, shown to be tumour specific (Figure 21C). 

Flow cytometric analysis of tumour associated CD45.2⁺CD49b⁺ NK cells at the day 2 time-point 

revealed a significantly greater proportion of CD27ᴸᴼᵂCD11bᴴᴵᴳᴴ and CD27ᴴᴵᴳᴴCD11bᴴᴵᴳᴴ NK 

cells within the co-treatment group (Figure 21D). These NK cells are known to be highly 

activated and a population capable of mediating potent ADCC responses (Hayakawa et al, 

2006). Additionally the analysis of day 2 AU565ᵖᵛ tumour immune compartments of 

Trastuzumab and Panobinostat co-treated mice revealed that anti-CD11b antibody co-

administration inhibited this ≥ 2-fold NK cell infiltration (Figure 22). In view of previous findings 

whereby anti-CD11b co-administration inhibited co-treatment mediated AU565ᵖᵛ tumour 

clearance in SCID mice, these findings highlighted a crucial link between co-treatment 

mediated increases in NK cell tumour infiltration and observed tumour clearance. 
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Figure 21: Co-treatment with Trastuzumab and Panobinostat mediates increased NK cell 

infiltration and activation within AU565ᵖᵛ tumours 

1.5x10⁶ AU565ᵖᵛ cells were orthotopically transplanted into the left inguinal mammary fat 

pads of SCID mice and allowed to form tumours averaging 25mm² prior to the initiation of 

treatment. Treatment with Trastuzumab or CIg and Panobinostat or 5% dextrose was 

performed as previously described, with all treatments administered intraperitoneally. 

Tumours in each treatment group were harvested and combined in groups of 3 at the time 

points of day 1, 2, 6 and 9. Data from 3 separate experiments was combined, therefore n=9 

mice/treatment group/time point. (A) Mean ± SEM percentage of tumour associated NK cells 

relative to CD45.2⁺ cells post treatment commencement. (B) Mean ± SEM tumour weight at 
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each time point. (C) Mean ± SEM percentage of spleen associated NK cells relative to CD45.2⁺ 

cells post treatment commencement. (D) Percentage of tumour associated CD45.2⁺CD49b⁺ NK 

cells at the day 2 time point gated on their CD27/CD11b status. Statistical difference (A) 

P*<0.05 between combination treated versus vehicle and single agent treated tumours. 
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Figure 22: Co-administration of anti-CD11b antibody inhibits co-treatment with Trastuzumab 

and Panobinostat mediated increases in NK cell infiltration of AU565ᵖᵛ tumours in SCID mice 

1.5x10⁶ AU565ᵖᵛ cells were orthotopically transplanted into the left inguinal mammary fat 

pads of SCID mice and allowed to form tumours averaging 25mm² prior to the initiation of 

treatment. Treatment with Vehicle + CIg or Trastuzumab + Panobinostat performed as 

previously described, with all treatments administered intraperitoneally. Anti-CD11b or CIg 

was administered on days -1 and 0. 3 tumours per treatment group were harvested on day 2 

and data from 2 separate experiments combined, therefore n=6 mice/group. Mean ± SEM 

percentage of tumour associated NK cells relative to CD45.2⁺ cells. Statistical differences of 

P*<0.01 and P***<0.001. 
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Figure 23: Co-treatment with Trastuzumab and Panobinostat mediates increased NK cell 

infiltration within AU565ᵖᵛ-Bcl2 tumours 

1.5x10⁶ AU565ᵖᵛ-MSCV or AU565ᵖᵛ-Bcl2 cells were orthotopically transplanted into the left 

inguinal mammary fat pads of SCID mice and allowed to form tumours averaging 25mm² prior 

to the initiation of treatment. Treatment with Vehicle + CIg or Trastuzumab + Panobinostat 

performed as previously described, with all treatments administered intraperitoneally. 3 

tumours per treatment group were harvested on day 2 and data from 2 separate experiments 

combined, therefore n=6 mice/group. Mean ± SEM percentage of tumour associated NK cells 

relative to CD45.2⁺ cells. 
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Trastuzumab and Panobinostat co-treatment correlates with IFN-γ 

response pathway activation and concurrent CXCL9-11 chemokine 

releases: 

 

The capacity of the therapeutic combination of Trastuzumab and Panobinostat to mediate the 

clearance of Trastuzumab non-responsive AU565ᵖᵛ tumours had been shown to be mediated 

through the engagement of NK cells. How this was occurring, particularly through the addition 

of Panobinostat, was yet to be determined. An RNA sequencing analysis was performed on 

AU565ᵖᵛ tumours harvested 2 days post treatment initiation (Figure 24). No gene expression 

changes were observed within AU565ᵖᵛ tumours treated with Trastuzumab alone when 

compared to vehicle treated tumours. Panobinostat however, evoked significant differential 

changes in immune associated murine gene expression, in particular murine interferon, 

chemokine and immune response signatures, which were further amplified with concurrent 

Trastuzumab administration (Figure 24A). The IFN-γ response pathway proved to be the most 

enriched of these gene signatures following Panobinostat administration, correlating with 

increased expression of the IFN-γ response motif and STAT1 (Figure 24B-C). Within 

Panobinostat treated AU565ᵖᵛ tumours, increases in the murine chemokines of CXCL9, CXCL10 

and CXCL11 were also detected, which are known ligands for the CXCR3 receptor and 

commonly associated with an activated IFN-ƴ pathway (Figure 24D) (Van Raemdonck et al, 

2015). These findings place an important role on Panobinostat and increasingly the 

combination in activating the IFN-ƴ pathway within AU565ᵖᵛ tumours. As IFN-ƴ is a known 

reciprocal attractor and activator of NK cells to within a tumour environment, its contributory 

role to the combinations observed tumour clearance would need to be further assessed. 
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Figure 24: Co-treatment of AU565ᵖᵛ tumours with Panobinostat ± Trastuzumab results in 

activation of the IFN-ƴ response pathway and concomitant release of CXCL9-11 chemokines 

AU565ᵖᵛ tumours treated in SCID mice with vehicle or Trastuzumab and/or Panobinostat or 5% 

dextrose were harvested at day 2 post treatment initiation. Through RNA sequence analysis (A) 

a heat map demonstrating differential clustering of gene signatures between each treatment 

group relative to vehicle treated tumours (P≤0.05, fold change ≥1). An accompanying Venn 

diagram demonstrates the differential clustering between the combination and Panobinostat 

treated tumours relative to vehicle treated tumours (P≤0.05, fold change ≥1). Data is shown as 

total gene number and relative percentage. (B) The panel demonstrates gene sets that stood 

out with a heighten level of expression in both Panobinostat and combination treated 

tumours, as shown through normalised enrichment scores (NES) and FDR q-values 

representing level of statistical significance. (C) Hallmark, ontology and transcription motif 

enrichment analysis of genes up-regulated following co-treatment with Trastuzumab and 

Panobinostat in comparison to vehicle treatment (GSEA, version 2.2.2). (D) The differential 

expression of genes associated with the IFN-γ response signature represented through a heat 

map (GSEA), which had been selected due to their positive impact by the therapeutic 

combination of Trastuzumab and Panobinostat. Data range -3 to 3 standard deviations from 

median expression. 
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IFN-γ neutralisation results in abrogation of co-treatment mediated NK 

cell infiltration and clearance of AU565ᵖᵛ tumours: 

 

To determine the impact of co-treatment mediated increases in IFN-γ release on NK cell 

recruitment to the AU565ᵖᵛ tumour microenvironment and its association with tumour 

clearance, IFN-γ neutralisation was undertaken in SCID mice bearing established AU565ᵖᵛ 

tumours (Figure 25A-B). IFN-γ neutralisation had no impact on the tumour growth within 

vehicle treated mice. However, the neutralisation of IFN-γ in Trastuzumab and Panobinostat 

co-treated mice resulted in a loss of the curative capacity of the therapeutic combination, with 

no mice demonstrating clearance of their tumours (Figure 25A). Through the analysis of the 

immune compartment of harvested AU565ᵖᵛ tumours at the day 2 time point, IFN-γ 

neutralisation was demonstrated to result in an inhibition of the previously observed ≥ 2-fold 

increase in NK cell tumour infiltration (Figure 25C). These findings confirmed a mechanistic link 

between co-treatment mediated increases in IFN-γ release, with heightened intra-tumoural NK 

cell recruitment and resultant clearance of Trastuzumab refractory AU565ᵖᵛ tumours. 

 

Concurrent blockade of CXCR3 and Fc-receptor signalling required to inhibit 

co-treatment mediated AU565ᵖᵛ tumour clearance: 
 

The expression of CXCL9, CXCL10 and CXCL11, which are known ligands for the CXCR3 

receptor, were shown to be increased following Trastuzumab and Panobinostat co-treatment. 

In conjunction with our analysis assessing the contribution of IFN-ƴ in tumour clearance, the 

contributory role of both the CXCR3 and Fc-receptors (CD16/CD32) were also assessed (Figure 

25B-C). Individual and concurrent blockade of CXCR3 and Fc-receptors was undertaken in SCID 

mice bearing established AU565ᵖᵛ tumours subjected to vehicle or combination treatment. In 

conjunction the percentage of NK cells relative to CD45.2⁺ cells within these tumours were also 

quantified. CXCR3 or Fc-receptor blockade in isolation did not significantly affect tumour 

regression or alter associated increases in NK cell tumour infiltration (Figure 25B-C). However, 

similar to IFN-ƴ neutralisation, dual blockade of CXCR3 and Fc-receptors resulted in a 

significant loss of tumour clearance and associated 2-fold increase in NK cell tumour 

infiltration (Figure 25A-C). This result implicated intra-tumoural CXCR3 ligand induction by 

Panobinostat as an important mechanism in driving NK cell recruitment to promote the ADCC 

activity of Trastuzumab to clear established AU565ᵖᵛ tumours. 
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Figure 25: NK cell mediated AU565ᵖᵛ tumour clearance following co-treatment with 

Trastuzumab and Panobinostat reliant on IFN-ƴ, CXCR3 and Fc receptor mediated signalling 

The effects of blockade of IFN-ƴ, CXCR3 and Fc receptor signalling were assessed on AU565ᵖᵛ 

tumours in SCID mice co-treated with Trastuzumab and Panobinostat in parallel to a control 

arm treated with CIg and D5W. Anti-IFN-ƴ, anti-CXCR3 and anti-FCR blocking antibodies were 



128 
 

administered on days 0, 1 and every 4 days thereafter for a total 4 week duration. (A-B) 

AU565ᵖᵛ tumour growth over time in both combination and vehicle treated SCID mice, 

subjected to either (A) anti-IFN-ƴ or (B) anti-CXCR3 and/or anti-FCR antibodies. Data is 

presented as the mean ± SEM of 6-7 mice/group, with parentheses documenting numbers of 

tumour free mice/group. Statistical differences of (A-B) P*<0.03 between anti-IFN-ƴ or anti-

CXCR3/anti-FCR treated and CIg treated mice. (C) Percentage of tumour associated NK cells 

relative to CD45.2⁺ cells as determined through flow cytometric analysis of AU565ᵖᵛ tumours 

harvested 2 days post treatment commencement. Data presented as mean ± SEM of 4-6 

tumours/group. All experiments were conducted with appropriate treatment (PBS + D5W) 

and/or antibody (CIg) controls. Statistical difference of P*<0.05 and P**<0.008. 
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Panobinostat has a direct impact upon the activation of NK cells: 

 

The ability of Trastuzumab and Panobinostat co-treatment to combine to mediate the 

clearance of established AU565ᵖᵛ tumours through NK cell recruitment had been established. 

However, it was not yet known whether Panobinostat was also having a direct effect upon the 

activation of NK cells. Previous findings within harvested AU565ᵖᵛ tumours had demonstrated 

that a large proportion of NK cells contained within Trastuzumab and Panobinostat co-treated 

tumours compromised of a highly active CD27ᴸᴼᵂCD11bᴴᴵᴳᴴ and CD27ᴴᴵᴳᴴCD11bᴴᴵᴳᴴ 

population. 

CD69 and CD16/CD32 (Fc-receptor) expression on the surface of NK cells harvested from 

AU565ᵖᵛ tumours treated with Trastuzumab and/or Panobinostat had revealed that 

Panobinostat and the combination were both mediating the up-regulation of CD69 expression 

and the down-modulation of CD16/CD32 expression (Figure 26). This observation was present 

across all the time points of day 1, day 2, day 6 and day 9, throughout which mice are 

subjected to therapy. 

To assess the significance of this finding and the direct effect that Panobinostat may be having 

on NK cells, IL-2 stimulated mouse and human NK cells were co-cultured in the presence of 

increasing doses of Panobinostat. Flow cytometric analysis was performed on these NK cells 

which revealed a dose-dependent increase in CD 69 expression and dose-dependent decrease 

in CD16/CD32 expression on both mouse and human NK cells (Figure 27A-B). Furthermore 

Panobinostat was demonstrated to incrementally increase the CD27/CD11b and CD56/CD16 

expression of mouse and human NK cells in a dose-dependent manner. Through this in vitro 

and ex vivo NK cell analysis we were able to demonstrate a direct effect by Panobinostat on 

the modulation of NK cell activation, likely further contributing to the combination’s observed 

effects against established AU565ᵖᵛ tumours. 
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Figure 26: CD69 and CD16/CD32 (Fc receptor) expression of AU565ᵖᵛ tumour associated 

CD49b⁺ NK cells following treatment with Trastuzumab and/or Panobinostat 

AU565ᵖᵛ tumours were harvested from mice treated with vehicle or Trastuzumab and/or 

Panobinostat at the time points of day 1, 2, 6 and 9 following treatment initiation. Mean ± SEM 

(A) CD69 and (B) CD16/32 expression was assessed on CD49b⁺ NK cells gated on DAPI⁺ cell 

viability. Data was combined from 3 separate experiments, therefore n=9 mice/treatment 

group/time point. 
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Figure 27: Panobinostat treatment of IL-2 stimulated mouse and human NK cells in vitro 

increases their activation status in a dose dependant manner 

IL-2 stimulated (A) human and (B) mouse (Balb/c) NK cells were cultured in the presence of 0-

20nM Panobinostat. (A) CD27/CD11b and (B) CD56/CD16 expression was determined through 

flow cytometric analysis of treated cells as a marker of activation status. (A-B) CD69 and (A) 

CD16/32 (FCR) expression levels were quantified on the same populations of treated NK cells. 
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IL-2 stimulated NK cells exposed to Panobinostat demonstrate increased 

cytotoxicity against AU565ᵖᵛ and Yac-1 tumour cells in vitro: 

 

Expanding on findings that Panobinostat is able to directly modulate the activity of NK cells, 

the change in cytotoxic potential of these NK cells was explored against both AU565ᵖᵛ and Yac-

1 tumour cells in vitro. Both the AU565ᵖᵛ and Yac-1 cell lines displayed a significant increase in 

Panobinostat mediated NK cell cytotoxicity as measured through a statistically significant 

greater level of ⁵¹Chromium release within both effector target ratios (Figure 28). This 

demonstration of a functional increase in the cytotoxic potential of NK cells following 

Panobinostat exposure further supported the ability of the combination of Trastuzumab and 

Panobinostat to mediate the clearance of established AU565ᵖᵛ tumours for the engagement 

and increased activation of immune effector mechanisms. 
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Figure 28: IL-2 stimulated mouse NK cells treated with Panobinostat demonstrate increased 

cytotoxicity against both AU565ᵖᵛ and Yac-1 cells in vitro 

NK cells were stimulated with IL-2 and treated with either 10nM Panobinostat or equivalent 

concentration of DMSO. These NK cells were then co-cultured at both 1:1 and 2:1 

effector:target ratios in the presence of ⁵¹Chromium labelled (A) AU565ᵖᵛ or (B) Yac-1 cells for 

a further 4 hours. Levels of ⁵¹Chromium released in each treatment group were quantified to 

determine their corresponding level of cytotoxicity. Data presented as mean ± SEM of 2 

separate experiments. Statistical difference of P*<0.03 between Panobinostat and vehicle 

treated NK cells amongst both cell lines and effector:target ratios. 
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Figure 29: The effect of Trastuzumab and/or Panobinostat treatment on BT474 and BT474-

MyrAKT HER2 protein levels 

The effects of 1µg/ml Trastuzumab and/or 20nM Panobinostat against BT474 (A) and BT474-

MyrAKT (B) cells in vitro in comparison to vehicle (CIg and DMSO) treatment. Cells were 

cultured in the presence of Trastuzumab or CIg for four days prior to the addition of 

Panobinostat for a further 24 hours (A-B). Western blot analysis of HER2 and Actin protein 

levels following treatment in vitro as described, in the presence of QVD. Cell lysates from each 

treatment group were harvested and stained with primary HER2 and actin antibodies, followed 

by corresponding HRP-conjugated secondary antibodies. Protein level expression is 

representative of 2 separate experimental findings. 
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Discussion: 

 

HDACi have previously been demonstrated to co-operate with Trastuzumab in vitro against 

HER2⁺ breast cancer cell lines molecularly sensitive to the effects of Trastuzumab (Fuino et al, 

2003; Huang et al, 2011). This study aimed to expand on these previous promising findings in 

vivo through the analysis of the combined effects of Trastuzumab with the HDACi Panobinostat 

against established HER2⁺ breast tumours. Through our analysis we were able to demonstrate 

the capacity of Panobinostat to augment both the cytostatic and cytotoxic effects of 

Trastuzumab. This enabled the therapeutic combination of Trastuzumab and Panobinostat to 

mediate the clearance of established HER2⁺ tumours in vivo irrespective of whether they were 

molecularly sensitive or resistant to Trastuzumab. Against Trastuzumab sensitive BT474 and 

H2N tumours, tumour intrinsic mechanisms of cooperation through shutdown of oncogenic 

AKT signalling proved pivotal to Trastuzumab and Panobinostat’s combined anti-cancer effects. 

However, against Trastuzumab resistant AU565ᵖᵛ and BT474-MyrAKT tumours, the therapeutic 

combinations capacity to engage host immune effector mechanisms was required to mediate 

tumour clearance. Through our mechanistic analysis this clearance of Trastuzumab resistant 

tumours was shown to be as a result of Panobinostat driven IFN-γ mediated, CXCR3 dependant 

increases in NK tumour infiltration promoting the known ADCC functions of Trastuzumab. This 

is the first study to demonstrate the capacity of Trastuzumab and Panobinostat co-treatment 

to mediate the clearance of established HER2⁺ Trastuzumab sensitive and Trastuzumab 

resistant tumours and importantly the immune-modulatory potential of this therapeutic 

combination. 

In order to conduct this work human HER2⁺ breast cancer cell lines were initially subdivided 

dependant on their molecular sensitivity to Trastuzumab, as determined through their 

responsiveness to the cytostatic effects of Trastuzumab in vitro. From this preliminary work 

emerged two cell lines that were molecularly distinct in their response to Trastuzumab, the 

BT474 Trastuzumab sensitive and the AU565ᵖᵛ Trastuzumab refractory cell lines. Although 

both cell lines were shown to be sensitive to the cytotoxic effects of Panobinostat, only the 

Trastuzumab-sensitive BT474 line demonstrated a combined response to both agents in vitro. 

This combined therapeutic response was demonstrated to be mediated through a synergistic 

shutdown of AKT signalling, as measured through complete loss of pAKT protein levels. This 

result was in line with previous findings demonstrating that HDACi are able to complement the 

anti-tumour actions of anti-HER2 based therapy, particularly through combined inhibition of 

HER2 receptor mediated AKT signalling (Bali et al, 2005; Huang et al, 2009). HDACi have been 
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demonstrated to repress ERBB2 oncogene expression, attenuating HER2 receptor levels and 

resultant down-stream signalling. Indeed the combination of Panobinostat and Trastuzumab 

was demonstrated to attenuate HER2 protein levels in both the BT474 and BT474-MyrAKT cell 

lines (Figure 29). Furthermore through their epigenetic regulation of HDAC6, HDACi have been 

shown to disrupt the chaperone activity of heat shock protein (HSP)-90 which is known to 

support the stability of both HER2 and AKT, key proteins implicated in driving oncogenic AKT 

signalling (Bali et al, 2005; Citri et al, 2004). In addition HDACi have been shown to activate cell 

cycle checkpoints by up-regulating p21 and p27 protein levels (Bali et al, 2005; Nahta et al, 

2004; Newbold et al, 2013), through this process re-sensitising cells to the anti-proliferative 

effects of Trastuzumab. Trastuzumab in turn has been demonstrated to down-regulate pro-

survival Bcl2 protein levels, a common mechanism by which tumour cells are known to evade 

conventional cytotoxic therapies, including HDACi (Millela et al, 2004). Indeed the therapeutic 

combination of Trastuzumab and Panobinostat was able to clear established BT474 tumours in 

vivo despite Bcl2 overexpression. 

When the combination of Trastuzumab and Panobinostat was explored in vivo in both SCID 

and NSG mice bearing established BT474 tumours inherently sensitive to Trastuzumab 

therapy, rapid and sustained complete tumour clearance was observed. A similar therapeutic 

response in syngeneic mouse models of HER2⁺ breast cancer demonstrated that this tumour 

eradication was independent of the host’s immune system, implicating the therapeutic 

combination’s ability to inhibit tumour intrinsic AKT signalling was both sufficient and 

dominant in driving the observed anti-tumour response. Indeed the institution of a 

constitutively active form of AKT into BT474 cells was enough to abrogate their sensitivity to 

Trastuzumab and the therapeutic combination in vitro translating to a loss of BT474 tumour 

clearance in Trastuzumab and Panobinostat co-treated NSG mice. This result highlighted AKT 

as an important biomarker of therapeutic response in Trastuzumab sensitive HER2⁺ tumours. A 

similar profound result as witnessed against BT474 tumours was observed in mice bearing 

anti-rHER2 sensitive H2N100 and H2N113 tumours, which had also demonstrated a combined 

treatment response in vitro mediated through attenuation of intracellular AKT signalling. 

Extending on observations in BT474 tumours, depletion of both innate and adaptive immune 

compartments in this syngeneic mouse system resulted in no alteration to tumour clearance 

kinetics. In these models, tumour-intrinsic anti-proliferative and apoptotic effects mediated by 

the combination were dominant and importantly we were able to demonstrate that the 

constitutive activation of the AKT pathway was sufficient to confer resistance to Panobinostat 

and Trastuzumab co-treatment in NSG mice. These data reinforce the collaborative impact of 
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HDACi and Trastuzumab on PI3K/AKT signalling and tumour cell viability, a mechanism of 

action that until now had only been demonstrated in in vitro assay systems.  

Remarkably when the combination of Trastuzumab and Panobinostat was assessed in SCID 

mice bearing Trastuzumab non-responsive AU565ᵖᵛ tumours, co-treatment was also able to 

result in complete tumour clearance. However, in this instance, co-treatment mediated 

AU565ᵖᵛ tumour clearance was lost when examined in highly immunocompromised NSG mice. 

Provided the AU565ᵖᵛ cell line was inherently insensitive to the effects of Trastuzumab and 

thereby the ability of Trastuzumab and Panobinostat to cooperate to mediate attenuation of 

oncogenic AKT signalling, brought extra appeal to this result. The presence of an innate 

immune compartment within SCID mice, but not NSG mice, highlighted that the clearance of 

these Trastuzumab refractory AU565ᵖᵛ tumours was dependant on engagement of host 

immune effector mechanisms. A similar response was observed in mice bearing established 

Trastuzumab resistant BT474-MyrAKT tumours, further demonstrating that immune effector 

mechanisms harnessed by the combination were adequate to overcome any intrinsically 

acquired resistance to Trastuzumab and thereby the combination. This concept was once again 

further strengthened when the combination was examined in SCID mice bearing established 

BT474-Bcl2 and AU565ᵖᵛ-Bcl2 tumours. Despite these tumours having been transduced to 

overexpress Bcl2, a common mechanism by which HER2⁺ breast cancers are known to evade 

conventional therapies (Oakes et al, 2012), tumour clearance was again achieved. 

Extending on these findings, immune cell infiltration of AU565ᵖᵛ tumours mediated by the 

combination proved to be crucial to the observed tumour clearance. In particular this was 

shown to be driven by increased NK cell infiltration in the first couple days of treatment. This 

2-fold increase in NK cell infiltration combined with Trastuzumab’s presence and known ability 

to stabilise immune cell interactions with HER2⁺ tumour cells (Deguine et al, 2012), allowed for 

a more potent antibody dependent cytotoxicity of tumour cells. In line with these findings 

tumour-associated immune cell infiltration (Beano et al, 2008) and thereby accompanying 

heightened ADCC (Varchetta et al, 2007) have been shown to correlate with increased 

therapeutic responses in breast cancer patients. Although this work concentrated on the role 

of NK cells provided that their infiltration of tumours was crucial to the observed curative 

effects, the level of contribution by both macrophages and neutrophils is yet to be 

determined; both of which are present within SCID mice and known contributors of ADCC 

(Schultz et al, 1995). 
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Further analysis of AU565ᵖᵛ tumours treated with Panobinostat and more so following 

treatment with the combination revealed an increase in local release of IFN-ƴ and CXCR3-

reactive chemokines CXCL9, CXCL10 and CXCL11. It appeared that Panobinostat and 

Trastuzumab through their local cytotoxic effects on tumour cells were causing a release of 

IFN-ƴ and in turn CXCR3 ligands. This was of importance as increases in IFN-ƴ within tumour 

microenvironments have been demonstrated to result in the attraction and activation of NK 

cells (Marcus et al, 2014), which are also known to be responsive to CXCR3 ligands (Van 

Raemdonck et al, 2015). In conjunction with these findings, Panobinostat was demonstrated in 

vitro to have a direct action upon the modulation in activity of both mouse and human NK 

cells, as shown through their CD69 and respective CD27/CD11b and CD56/CD16 expression. 

This in turn resulted in a greater ability of Panobinostat treated NK cells to initiate AU565ᵖᵛ cell 

death when examined in a ⁵¹Chromium release assay. In consideration of these results in 

conjunction, importantly in addition to their being a heightened number of NK cells present 

within the tumour microenvironment, the NK cells present therein also had a greater cytotoxic 

potential. 

An important future extension of this work would be to expand on our analysis against SCID 

mice bearing human HER2⁺ Trastuzumab resistant tumours, through the use of an anti-rHER2 

resistant tumour line. Unlike our therapeutic analysis conducted within SCID mice bearing 

human HER2⁺ Trastuzumab resistant tumours, a murine syngeneic model bearing established 

anti-rHER2 resistant tumours would permit the further exploration of the therapeutic 

combinations impact on the adaptive immune system. Indeed we were limited by the 

availability of such a line, however in future work, through techniques such as in vitro 

prolonged exposure to incrementally increasing doses of anti-rHER2 mAb, could attempt to 

create such a line. 

In summary, this study demonstrated that independent of inherent sensitivity to Trastuzumab, 

the addition of Panobinostat was able to result in HER2⁺ tumour clearance in vivo. This 

therapeutic response was achieved through either a combined shut down of tumour intrinsic 

AKT signalling or engagement and activation of immune effector mechanisms. Respectively, 

both pAKT and NK cell tumour infiltration proved to be important early biomarkers of an 

impending combinatorial therapeutic response. These findings, particularly in Trastuzumab 

refractory HER2⁺ tumours offer strong rationale for pursuing the addition of Panobinostat to 

mainstay Trastuzumab therapy in the treatment of HER2⁺ breast cancers. Importantly, this is 

the first study to demonstrate the ability of this therapeutic combination to evoke host 
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immune defences capable of contributing to disease control, even in the trastuzumab 

refractory setting. Although alternative treatment combinations with Trastuzumab currently 

exist, the ability of Panobinostat to harness immune effector mechanisms provides an 

additional weapon in our arsenal against HER2⁺ disease. It is through these described 

mechanisms, that the treatment combination offers a potential for overcoming both inherent 

and acquired Trastuzumab resistance, a problem that is encountered in 70% of patients 

afflicted with metastatic HER2⁺ disease (Narayan et al, 2009; Arteaga et al, 2012). 
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Chapter Three 

 

Breast Cancer PDTX Establishment and Therapeutic Analyses 
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Introduction: 

 

Breast cancer is a heterogeneous disease, known to consist of diverse molecular subtypes, 

often encompassing evolving sub-populations of cancer cells (Johnson et al, 2001; Loi et al, 

2012). Although traditional mouse tumour models have bestowed a wealth of information 

over the years, they have had particular difficulty replicating this phenomenon of tumour 

heterogeneity. This has ultimately resulted in their failure to reliably predict clinical responses, 

shortcomings that have also been associated with large financial burdens. This has forced the 

evolution of these mouse tumour models towards a focus on better recapitulation of human 

disease. 

In an attempt to address this problem, mouse tumour models have evolved to be constructed 

from the xenotransplantation of sections of freshly derived patient tumours (Morton et al, 

2007; Tentler et al, 2012; Rubio-Viqueira et al, 2009; Sausville et al, 2009). Through the 

xenotransplantation of these representative sections of patient tumour tissue, researchers in 

the field have been able to establish tumours that better recapitulate the heterogeneity of 

human cancer, termed patient derived tumour xenografts (PDTXs). The engraftment of these 

patient tumours enabling the development of PDTX mouse models would not have been 

possible without the concurrent evolution of highly immunocompromised mouse strains. By 

not containing cytotoxic immune components, these mice are unable to eliminate the foreign 

tissue and importantly lack the capacity to shape it clonal evolution, a process commonly 

known as immune-editing. The transplanted human tissue is thus able to grow within these 

mice in the absence of external environmental pressures which could otherwise alter its 

original histomorphological characteristics and genetic diversity (Shah et al, 2012; Roth et al, 

2014). 

The recapitulation of human disease within this tumour model has been further observed 

through the ability of established PDTXs to accurately reflect the behaviour of their original 

parental patient tumours. This has been observed in their rate of growth, through to their 

ability to invade local tissues within mice and even metastasize to reciprocal organs (Wang et 

al, 1992; Furukawa et al, 1993; Fu et al, 1993; DeRose et al, 2011; Zhang et al, 2013). 

Importantly this resultant accurate recapitulation of patient tumours has provided a unique 

opportunity to develop a better understanding of cancer and potentially identify: (i) targetable 

driver mutations which may alter the course of treatment/clinical management; (ii) tumour 

intrinsic mechanisms of drug resistance and (iii) biomarkers of response to drug treatments. 
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Although the first PDTX model was initially described in 1969 by Rygaard and Povlsen, who 

successfully xenotransplanted human colon carcinoma into the subcutaneous tissue of an 

athymic nude mouse (Rygaard et al, 1969), there have since been significant advances in their 

development. These developments would not have been possible without the reciprocal 

advancement of highly immunocompromised recipient mice. In an attempt to progressively 

embody and recapitulate the behaviour of human disease, the field of PDTX model 

establishment has now evolved from these initial subcutaneous xenotransplants to orthotopic 

implantation of tumour segments (Morton et al, 2007; DeRose et al, 2011; Melaney et al 

2014). In the study of breast cancer this has been achieved through the xenotransplantation of 

primary breast tumours into mammary fat pads and metastatic breast tissue into reciprocal 

murine organs (DeRose et al, 2011; Zhang et al, 2013; Ni et al, 2016). This orthotopic 

xenotransplantation into more representative tumour environments has importantly 

permitted more relevant tumour-stromal interactions, which in turn have further increased 

the accuracy of translational therapeutic responses (Simpson-Abelson et al, 2008; Ni et al, 

2016). 

In light of the crucial influence that systemic oestrogen has in driving breast cancer, 

particularly within oestrogen receptor (ER) positive disease, the co-administration of 

exogenous oestrogen has become a mainstay in most PDTX models (Marangoni et al, 2007; 

DeRose et al, 2011, Zhang et al, 2013). Its incorporation has further contributed to the creation 

of more reflective human tumour microenvironments and hence a more accurate tumour 

model (Marangoni et al, 2007). This exogenous oestrogen supplementation has primarily been 

achieved through the co-implantation of slow-release oestrogen pellets, offering predicted and 

consistent releases of hormone (Marangoni et al, 2007; DeRose et al, 2011; Zhang et al, 2013). 

In view of the capacity of PDTXs to accurately recapitulate human disease and their many 

consequential accompanying benefits, we aimed to develop this research tool. This chapter 

focuses on the development of a reliable methodology for the establishment of these breast 

cancer PDTXs at the PMCC. Critically this work was the catalyst that led to the establishment of 

a subsequent breast cancer PDTX program entitled BROCADE. This program entails a multi-

centre collaborative effort focusing on the development of a nationally available resource of a 

diverse library of established breast cancer PDTXs. This bank of established PDTXs enables the 

investigation of novel breast cancer therapeutics, associated biomarkers and the potential 

identification of genetic drivers of breast cancer onset and progression. In addition to creating 

a protocol for breast cancer PDTX establishment, the project had a particular focus on 
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attempting to establish HER2⁺ PDTXs, which could be further used to expand the analysis of 

the Trastuzumab plus Panobinostat combination therapy. This chapter will outline the 

processes behind the development of this successful primary breast cancer PDTX protocol, the 

challenges faced in their eventual use in therapeutic analyses and detail the recent advances 

to the program. 
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Methodology: 

Materials required for PDTX establishment: 

Mice: 

Six-eight week old female NOD SCID IL2rƴ⁻′⁻ (NSG) mice were both obtained from the Ludwig 

Research Institute (Melbourne, Australia) as well as bred in house at the Peter MacCallum 

Cancer Centre (PMCC) (Melbourne, Australia) following a materials transfer agreement with 

the Jackson Research Laboratories (USA). All mouse work was conducted in accordance with 

the guidelines set out by the Animal Ethics Committee (AEC) at the PMCC. 

Surgical instrumentation: 

 
Non-toothed forceps (Braun Surgical Instruments, Germany) 

Small straight iris scissors (Braun Surgical Instruments, Germany) 

Small needle holder (Braun Surgical Instruments, Germany) 

Scalpel blades (size 23 and size 11, Swann-Morton, Sheffield, England) 

5.0 nylon suture (Ethilon, Johnson and Johnson, Belgium) 

7mm wound clips (Leica BioSystems, Wetlar, Germany) 

0.3ml 29-gauge insulin needle syringe (Becton Dickinson, New Jersey, USA) 

All surgical instrumentation used in xenografting of PDTXs were sterilised prior to use. 

 

Surgical area: 

All PDTX mouse work was conducted in a positive pressure fume hood over heat pads, covered 

with pre-cut disposable sterile drapes (Kimberley Clark, TX, USA) measuring 50 x 50 cm in 

diameter 

Anaesthetic and analgesia: 

Anaesthesia provided through administration of Ketamine (Bioniche Pharma, USA) / Xylazine 

(Astra Zeneca, England) mix via intraperitoneal injection. Analgesia provided through 

subcutaneous injection of Caprofen (5mg/kg/day for 3 days). All therapeutic agents obtained 

from the PMCC pharmacy. 
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Oestrogen supplementation: 

Oestrogen supplementation was either provided by the implantation of: (i) 90-day slow release 

0.72 mg oestrogen pellets purchased from Innovative Research America (IRA, USA) or (ii) in-

house manufactured pellets. 

Materials required for the in-house manufacture of oestrogen pellets: 

Beta-oestradiol powder (Sigma, E2758) and MED-4011 Silicone A and B (NuSil Silicone 

Technology). Fronine single frost microscopy slides (Sail brand, Huddersield, UK), size 23 

scalpel blade (Swann-Morton, Sheffield, England), sterile petri dishes (Thermo Fischer 

Scientific, MA, USA) and Parafilm (Bemis, USA). 

Protocol for oestrogen pellet manufacture: 

The protocol was adapted from discussions with A/Prof Elgene Lim (Garvan Institute of 

Medical Research, Sydney, NSW) and from work by Laidlaw et al (Laidlaw et al, 2005). 

Day 1 – Creation of oestrogen pellet mixture  

1. Weigh out 160mg beta-oestradiol powder in yellow top specimen jar 

2. Add 400mg Silicone B to beta-oestradiol powder 

3. Add 4g Silicone A to above mixture 

4. Lay out fronine slides in preparation of application of oestrogen containing mixture  

5. Mix silicone and oestrogen powder mixture thoroughly using sterile spatula  

6. Spread mixture obtained from above quantities evenly over three slides 

7. Transfer into new sterile petri dish (one slide per dish) 

8. Wrap petri dishes in Parafilm and incubate in non-humidified 37°C incubator overnight 

 

Day 2 – Cutting of pellets in positive pressure sterilised fume hood 

1. Take slides out of incubator and place on top of pre-drawn out 4x4mm grid 

2. Cut into solidified mixture on slides over a  4 mm x 4mm grid using a size 23 scalpel 
blade 

3. Use a size 11 scalpel blade to separate pellets from microscopy slide, attempting to 
maintain an even thickness between each oestrogen pellet 

4. Trim pellets to accurate 4 mm x 4mm sizes and store at room temp in sterile petri dish 
wrapped with Parafilm at desired quantity per petri dish 
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PDTX establishment: 

Tumour collection: 

 

Through consultation with Professor Michael Henderson and Mr David Speakman, breast 

surgical oncologists at the PMCC, selection of eligible patients with primary breast cancers of 

interest was undertaken. Patients were selected based on their tumour size and its provisional 

subtype classification as per pre-operative biopsy reports. Once selected, patients were 

consented onto the project by PMCC tissue bank. Once patient consent had been granted, the 

surgical team and anatomical pathology department were notified. Immediately upon tumour 

excision, the specimen was collected fresh from the operating theatre and transported directly 

to the anatomical pathology department (Figure 1A). An awaiting anatomical pathologist then 

dissected the excised tumour and provided a suitable representative segment typically of 

approximately 10mm x 10mm x 4mm in size for research purposes (Figure 1B). The specimen 

was immediately placed in RPMI 1640 media and stored on ice. 

Within 30-60 minutes of surgical resection, tumour specimens were prepared for 

transplantation into a NSG recipient mouse. Segments of approximately 2mm x 2mm x 3mm in 

size were used (Figure 3C). Tissue blocks not transplanted were transferred into 10% DMSO 

freeze mix aliquots and cryopreserved at -80⁰C for future use. Successful recovery of tissue 

blocks from freeze has previously been described (Jackson Research Laboratory PDTX Model 

Library, USA; Byrne et al, 2017). At the time of transplantation a section of the tumour 

specimen was also fixed and processed for immunohistochemical analysis to confirm subtype 

and histomorphological characteristics. 
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Figure 1: Section of breast cancer tissue obtained from a primary human breast cancer 

Specimen of whole breast tissue obtained following a wide local excision of a human breast 

containing breast cancer in situ (A). A 10 mm x 10 mm section of primary human breast 

tumour obtained via anatomical pathology (B). The tissue specimen in Figure 1B has been 

dissected by an anatomical pathologist from the whole breast tissue in Figure 1A following 

macroscopic confirmation to be a representative section of the contained primary breast 

tumour. 
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Transplantation of patient specimen: 

 

For surgical implantation of tumour segments, the ventral abdomen and left hind leg of mice 

were shaved, prior to the mice being anaesthetized with a Ketamine/Xylazine mix. Once the 

mouse had lost its righting reflexes, eye lubricant was applied and Caprofen administered 

subcutaneously for pain management. The mouse was then placed on its back on a heat pad 

covered with two layers of disposable pre-cut sterile drapes. The operation field was 

established within a positive pressure fume hood that had been cleaned with 70% ethanol and 

UV irradiated prior to use. 

With the mouse positioned supine and anaesthetised, the operation site was sterilized using 

sterile ethanol wipes, and allowed to adequately dry for one minute prior to the first incision 

being made. The initial incision involved removing a small segment of subcutaneous tissue in 

the mid-line of the abdomen between the xiphisternum and vaginal orifice, approximately 1.0 

cm above the orifice. This was performed with the assistance of the non-toothed forceps to 

elevate the subcutaneous layer, in the process separating it from the peritoneum below. It is 

critical at this step that the peritoneum is not breached, as this would leave the mouse 

exposed to the possibility of contracting bacterial peritonitis, which in an 

immunocompromised host would ultimately lead to sepsis and an inevitable death. Blunt 

dissection was then performed within this cavity to separate the abdominal wall from the 

peritoneum below. The initial incision was then elongated, allowing for exposure of the under-

surface of the mammary fat pad (Figure 2). It is important that the incision and tissue plane 

separation is both large enough to expose the MFP and to later permit wound closure without 

compromising the integrity of the MFP and rear leg movements. With the aid of an assistant 

the newly created flap of abdominal wall tissue is retracted to fully expose the MFP (Figure 3A-

D). While under tension, the tip of a size 11 scalpel blade was used to create a 3-4 mm deep 

pocket within the MFP (Figure 3A). Small straight iris scissors were then used to increase the 

width and size of the MFP incision to enable easy insertion of the PDX with the aid of forceps 

(Figure 3B-C). A single interrupted 5.0 nylon suture was used to close the incision within the 

MFP (Figure 3D) prior to the abdominal wall being closed using wound clips (Figure 4). 

If the tumour was ER⁺ an oestrogen pellet was implanted subcutaneously on the back of the 

neck between the shoulder blades (Figure 5A). Wound clips were used to close the incision 

(Figure 5B). 



149 
 

 

 

Figure 2: Exposure of the left inguinal mammary fat pad 

An abdominal wall tissue flap containing the left inguinal mammary fat pad (MFP) (Arrow). 

Exposure of the underside of the left inguinal MFP achieved through a curved mid-line incision 

surrounding the MFP. The abdominal wall tissue flap containing the MFP is separated from the 

underlying peritoneum through blunt dissection. The peritoneum is importantly maintained 

intact throughout the separation. 
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Figure 3: MFP implantation of patient derived tumour segment 

An assistant retracts the tissue flap containing the left inguinal MFP at opposing ends with two 

forceps (A-D). The tip of a size 11 scalpel blade pierces the MFP along its plane avoiding 

contact with the MFP artery (A). The tips of dissecting scissors placed within the incised MFP 

partially are opened to create a pocket within (B). A pre-prepared fresh segment of primary 

human breast tumour (Arrow) is implanted into the left inguinal MFP pocket (C). Closure of the 

MFP pocket containing the xenotransplanted human breast tissue is achieved with one single 

interrupted nylon suture (Arrow) (D). 

 

 

 

 

 



151 
 

 

 

Figure 4: Closure of the abdominal wound 

Closure of abdominal wound achieved through the use of wound clips. The implanted tumour 

segment importantly lies distant from the wound clips and thus remains uninterrupted. 

 

 

 

 

 

Figure 5: Implantation of slow-release oestrogen pellet 

A 0.72mg slow-release oestrogen pellet placed within a subcutaneous pocket of tissue created 

on the back of a mouse, adjacent to its shoulder blades (A). Closure of the wound achieved 

with two wound clips (B). 
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Passaging of established PDTXs: 

 
Successful engraftment (Figure 6A-B) was typically evident within 3-6 months of 

transplantation. The xenograft was permitted to grow to 100-120mm² before being resected 

and passaged to subsequent recipient NSG mice (Figure 6C). For this the tumour-bearing mice 

were anesthetised with a Ketamine/Xylazine mixture as outlined above, prior to the 

established tumour being resected using asceptic techniques. The tumour was place into 

sterile PBS and processed into small segments, as described above for the initial 

transplantation, before being re-transplanted using the same surgical protocol as detailed 

above. For our program each PDX was passaged twice. Only specimens passaged more than 

twice (>P2) were used for research purposes. At each passage point a section of the PDX was 

fixed and processed for H&E and IHC analysis. 

 

Histological analysis of established PDTXs: 

 

PDTX tumour sections from the BROCADE program, PM-P-16021 and PM-P-17030 were 

selected for histological analysis (Figure 7). Both H&E and IHC analyses of tumour sections was 

performed via the histology department at the PMCC. Tumours selected for histological 

analysis were fixed in 10% neutral buffered formalin (NBF), embedded in paraffin, sectioned 

and stained with haematoxylin (ORSA-tech, Bobingen, Germany) and Eosin (ORSA-tech, 

Bobingen, Germany) as described in Zhang et al (Zhang et al, 2014). Immunohistochemical 

analysis of the clinical biomarkers: AE1 and AE3 human cytokeratin (Abcam, Cambridge, 

England), Ki67 (DAKO antibodies); HER2 (NeoMarkers, Lab Vision Corporation), ER (Novocastra 

Laboratories Pty Ltd) and PR (DAKO antibodies was performed as described in Zhang et al 

(Zhang et al, 2014). Representative sections of tumour specimens from successfully 

established PDTXs were compared against their parental tumours with the assistance of 

anatomical pathologist Dr Jia-Min Pang (PMCC, Melbourne). 
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Figure 6: Successfully established left inguinal MFP breast cancer PDTX 

A 10 mm x 10 mm palpable breast cancer PDTX (Arrow) established within the left inguinal 

MFP of a NSG mouse (A and B). External view of the established PDTX within the left inguinal 

MFP (A). Exposure of the underside of the established PDTX (Arrow) contained within the left 

inguinal MFP (B). Whole PDTX as seen in Figure 1A-B following extraction (C). 
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Figure 7: Comparison of two established PDTX tumour lines with their corresponding original 

parental patient tumours 

H&E and IHC staining of two established primary breast cancer PDTX lines with their 

corresponding parental patient tumours. PDTX lines were established under the BROCADE 

program through methodology described in this chapter. Staining of established PDTXs is 

presented alongside their parental tumours for comparison. The origin of each tumour 

specimen under examination is denoted above each column. The biomarker stain performed 

on each tumour sample is shown to the left of each row. PM-P-16021 and PM-P-17030 are the 

de-identified names referring to the two original patient tumours, which are respectively 

derived from a triple negative primary breast cancer (A) and a basal-like primary breast cancer 

(B). P₁-P₂ denotes the passage stage of each established PDTX line and the parental patient 

tumour from which they were derived are in denoted alongside within brackets. Scale bar 50 

µm. 
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Results: 

Engraftment of HER2⁺ and TN breast cancer PDTXs in NSG mice: 

 

In total we orthotopically xenotransplanted primary breast tumours from 15 patients. Of these 

xenotransplanted breast tumours, three successfully engrafted (Table 1). Two were derived 

from HER2⁺ tumours, deemed HER2⁺ through both IHC and silver in situ hybridisation (SISH) 

analysis performed on the original patient tissue samples and one derived from a triple 

negative (TN) tumour. This equated to a 20% success rate, which is consistent with what has 

been reported for other PDTX engraftment programs (DeRose et al, 2011; Marangoni et al, 

2007; Shah et al, 2012; Tentler et al, 2012). Time to engraftment of established PDTXs, as 

determined through the presence of a solid palpable mass ≥ 20 mm² within the engrafted 

MFP, ranged between 4-8 months. Time to engraftment of the TN PDTX P14481 was 4 months, 

the HER2⁺/ER⁺/PR⁺ P14479 6 months and the HER2⁺/ER⁻/PR⁻ P14400 PDTX 7 months. PDTX 

growth rates of the TN PDTX P14481 were on average ≥ 50% than that of the HER2⁺/ER⁺/PR⁺ 

P14479 and ≥ 100% than that of the HER2⁺/ER⁻/PR⁻ P14400 PDTX (Figure 9 and Figure 11). This 

observed difference in time to engraftment and growth rate between PDTXs were consistent 

with the known subtype and aggressiveness of original patient tumours and consistent with 

findings in the literature (DeRose et al, 2011; Zhang et al, 2014; Marangoni et al, 2007; Shah et 

al, 2012; Tentler et al, 2012). The (ER⁻) TN P14481 PDTX was established and expanded in the 

absence of an implanted oestrogen pellet, whereas both HER2⁺ PDTXs, which were either 

weakly ER⁺ (P14400) or strongly ER⁺ (P14479), were established and expanded in the presence 

of subcutaneously implanted 0.72mg slow-release oestrogen pellets (IRA, USA). 
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Patient ID Operation 
Performed 

Histopathological Grade IHC and SISH analysis Tumour 
Collection Site 

P14400 Mastectomy + 
SLNBx 

Invasive Ductal 
Carcinoma 

Grade 3 

ER 3/8, PR 2/8, HER2⁺ 

Amplified for HER2 gene 

Primary Breast 
Cancer 

P14481 WLE Invasive Ductal 
Carcinoma 

Grade 3 

ER⁻, PR⁻, HER2⁻ 

Triple Negative 

Primary Breast 
Cancer 

P14479 WLE + SLNBx Invasive Ductal 
Carcinoma 

Grade 3 

ER 8/8, PR 7/8, HER2⁺ 

Amplified for HER2 gene 

Primary Breast 
Cancer 

 

 

Table 1: Established breast PDTXs utilised in therapeutic experimentation 

Table listing de-identified Patient IDs and corresponding operation/tumour information 

relating to each of the three established breast cancer PDTXs utilised in therapeutic analyses. 

Abbreviations: WLE, Wide Local Excision, SLNBx, Sentinel Lymph Node Biopsy; ER, Oestrogen 

Receptor; PR, Progesterone Receptor; HER2; Human Epidermal Growth Factor Receptor-2; IHC, 

Immunohistochemistry; SISH, Silver In Situ Hybridisation. 
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Figure 8: Passage history of established HER2⁺ breast cancer PDTXs 

Figure illustrates the progress of the P14479 HER2⁺ER⁺PR⁺ PDTX (A) and P14400 HER2⁺ER⁻PR⁻ 

PDTXs in relation to their in vivo expansion for therapeutic analyses. All PDTX segments were 

implanted orthotopically into the left inguinal mammary fat pads of 6-8 week old NSG mice. P₁-

P₃ reflects the passage stage of engrafted PDTX tissue specimens. 
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Development of the BROCADE program: 
 

Our original PDTX program established a platform from which to build BROCADE, a multi-

centre national collaborative venture aimed at establishing a library of diverse established 

breast PDTXs. The BROCADE programs focus is on the collection of both primary and 

metastatic breast cancer from a cross-section of breast cancer subtypes, incorporating tissue 

from both treatment naive and heavily pre-treated tumours. The primary focus is on the 

development of a bioresource of established PDTXs, accompanied by cryopreserved tissue 

samples and formalin fixed paraffin embedded (FFPE) tissue. When available, normal tissue 

and blood is also collected from enrolled patients for future comparative analysis. De-

identified clinical data is collected and stored alongside all patient samples. 

Once established, this repository of PDTXs is available to researchers following approval by the 

BROCADE research committee which consists of a panel of research scientists, clinicians and 

community members. This bank of established PDTXs enables the investigation and 

development of novel breast cancer therapeutics and their associated biomarkers within a pre-

clinical model which unlike traditional tumour models, accurately recapitulates human disease. 

Heavily pre-treated PDTXs provide the capacity to investigate biological mechanisms of 

resistance and novel therapeutic strategies aimed at overcoming this resistance. 

To demonstrate the stability of the engrafted breast cancer PDTXs and maintenance of the 

original histomorphological phenotype of the transplanted cancer, H&E and 

Immunohistochemical analysis was performed on two primary breast cancer PDTX lines, PM-P-

16021 and PM-P-17030, from the BROCADE program (Figure 7). H&E analysis confirmed that 

both lines displayed the histomorphological features of their original patient tumours (Figure 

7). IHC analysis demonstrated that both lines maintained their level of hormonal (ER/PR) and 

growth factor (HER2) receptor expression, their rate of cellular proliferation (Ki67) and level of 

human cytokeratin expression (AE1/AE3), upon engraftment and subsequent in vivo expansion 

(Figures 7). To note however, HER2 expression was in part gradually lost through subsequent 

passaging, in particular in the PM-P-16021 line. The reason for this attenuation of HER2 

receptor expression is not entirely known however has been postulated to be attributed to the 

relative outgrowth of more aggressive receptor negative tumour cell subpopulations with 

subsequent passaging. A similar outgrowth of more aggressive, undifferentiated 

subpopulations of tumour cells is also commonly observed in the clinic, as demonstrated 

through serial biopsies of patient breast cancer tumours (Loi et al, 2011). Similar analyses on 

other established BROCADE PDTXs are currently ongoing in the lab. 
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Combined therapeutic effects of Trastuzumab and Panobinostat 

demonstrated in HER2⁺ breast cancer PDTXs: 

 

Having established several HER2⁺ breast cancer PDTXs, P14479 and P14400, we next aimed to 

determine whether Panobinostat could promote the therapeutic activity of Trastuzumab in 

one or both of these models (Table 1 and Figure 9). Initially we tested the sensitivity of the 

PDTXs to the anti-tumour effects of Trastuzumab (Figure 9A-B)  

Mice bearing established (20-25 mm²) PDTX tumours were allocated into two treatment 

groups, Vehicle or Trastuzumab, and treated as described in chapter two. Tumour growth was 

monitored as a read out of therapeutic activity. In both HER2⁺ PDTXs, Trastuzumab treatment 

induced growth arrest (Figure 9A and Figure 9B) indicating that the HER2 signalling pathway 

was intact and both lines were inherently sensitive to Trastuzumab. 

To test the combinatorial effects of Trastuzumab and Panobinostat in a PDTX model, the 

P14400 HER2⁺ER⁻PR⁻ PDTX line was passaged into NSG mice and once established (20-25 mm²) 

were treated as described in chapter two (Figure 10). Importantly the observed drug responses 

of the PDTX line within the treatment phase of the experiment (Figure 10) were remarkably 

similar to those observed in the BT474 tumour bearing NSG mice in chapter two (Figure 5B); 

supporting the hypothesis that Trastuzumab and Panobinostat are able to engage tumour 

intrinsic mechanisms of cooperation to mediate enhanced anti-tumour effects against 

established Trastuzumab sensitive HER2⁺ breast tumours. 

Unfortunately due to factors that remain unclear, the mice exposed to Panobinostat became 

unwell and either passed away or had to be culled as per PMCC AEEC guidelines. By the end of 

the third week of the experiment post treatment initiation, the majority of mice in both the 

Panobinostat and combination treatment arms had been removed from the experiment. 

Interestingly, the vehicle treated mice remained well, as did the majority of mice in the 

Trastuzumab arm of the experiment. Based on the adverse reactions of these mice to 

Panobinostat, alone and in combination with Trastuzumab, a decision was made on ethical 

grounds not to proceed further with the in vivo assessment of the combined effects of 

Trastuzumab and Panobinostat in the HER2⁺ PDTXs. 
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Figure 9: Response of established HER2⁺ PDTX tumour lines to Trastuzumab 

Tumour segments derived from a P₂ HER2⁺ER⁺PR⁺ PDTX established from patient P14479 (A) 

and a P₁ HER2⁺ER⁻PR⁻ PDTX established from patient P14400 (B) were orthotopically engrafted 

into the left inguinal mammary fat pads of 6-8 week old NSG mice and allowed to form 

tumours averaging 20-25mm² prior to the initiation of treatment. In addition all mice had 

0.72mg 90-day slow-release oestrogen pellets co-implanted subcutaneously. Black arrows 

indicate 10mg/kg Trastuzumab or CIg dosing. All treatments were administered 

intraperitoneally. Mice n=2-3/group (A) and mice n=1-2/group (B). 
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Figure 10: Trastuzumab and Panobinostat treatment effect against established P14400 

HER2⁺ER⁻PR⁻ PDTXs 

Tumour segments derived from a P₂ HER2⁺ER⁻PR⁻ PDTX established from patient P14400 were 

orthotopically engrafted into the left inguinal MFPs of 6-8 week old NSG mice and allowed to 

form tumours averaging 20-25mm² prior to the initiation of treatment. In addition all mice had 

0.72mg 90-day slow-release oestrogen pellets co-implanted subcutaneously. Black arrows 

indicate 10mg/kg Trastuzumab or CIg dosing and dotted lines periods of 15mg/kg 

Panobinostat or 5% dextrose dosing. All treatments were administered intraperitoneally. Mice 

n=1-3/group. 
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Figure 11: Panobinostat treatment of established P14481 triple negative PDTXs 

Tumour segments derived from a P₂ triple negative (HER2⁻ER⁻PR⁻) PDTX established from 

patient P14481 were orthotopically engrafted into the left inguinal MFPs of 6-8 week old NSG 

mice and allowed to form tumours averaging 20-25mm² in size prior to the initiation of 

treatment. Dotted lines indicate periods of 15mg/kg Panobinostat or 5% dextrose dosing. All 

treatments were administered intraperitoneally. Mice n=3-4/group.  
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Discussion: 

 

In an era where oncological research incorporating pre-clinical mouse tumour models is 

moving from fundamental tumour biology towards targeted therapeutic validation, PDTX 

models are presenting themselves as invaluable tools in the study of human cancer. Their 

success primarily relates to their complex make-up of heterogeneous populations of tumour 

cells, beyond that of cell line derived and GEM mouse models. This complexity importantly 

permits a more accurate prediction of therapeutic impacts within patient tumours, which has 

since been demonstrated to successfully translate to human clinical trials (De Rose et al, 2011; 

Melaney et al, 2014; Ni et al, 2016). Furthermore their heterogeneous makeup of different 

cellular sub-populations potentially carrying different driver mutations allows for a more 

accurate exploration of potential mechanisms of drug resistance. And thus they harness the 

ability to investigate approaches targeted at overcoming resistance, coupled with the potential 

to discover associated therapeutic biomarkers. 

In this chapter we described a methodology for the successful establishment of breast cancer 

PDTXs. The surgical technique employed in their establishment was primarily focused on the 

targeted orthotopic implantation of primary breast tumour segments directly into minimally 

disturbed murine inguinal MFPs. Importantly we were able to successfully establish 3 out of 15 

engrafted PDTXs, reflecting the engraftment rate currently observed in the literature. 

Furthermore, through the characterisation of two established breast cancer PDTX lines, we 

were able to confirm that this surgical technique was robust at establishing molecularly and 

phenotypically stable PDTX lines. 

In addition to the development our protocol, we were able to build upon results from chapter 

two by examining the co-effects of Trastuzumab and Panobinostat against one of our 

established HER2⁺ breast cancer PDTX lines (Figure 10). The data obtained from this 

experiment supports our findings from chapter two (Chapter two, Figure 5B), highlighting the 

capacity of the therapeutic combination to mediate enhanced anti-tumour effects against 

Trastuzumab sensitive HER2⁺ tumours through tumour intrinsic mechanisms of cooperation. 

Unfortunately the long-term benefits of the combination therapy could not be tested due to 

unexpected toxicity. Toxicity was limited to mice receiving Panobinostat containing regimes, 

with no toxicity observed within Trastuzumab or Vehicle treatment groups. The reason for this 

is unclear, however we suspect it may be linked to the known side-effects of long-term high 

dose oestrogen supplementation in NSG mice exacerbated by Panobinostat. Indeed Dall et al 
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have demonstrated that high dose oestrogen supplementation leads to the development of 

bladder calculi with resultant bladder outlet obstruction (Dall et al, 2015). This bladder outlet 

obstruction will ultimately lead to the development of hydronephrosis and ensuing renal 

failure. Our mice co-implanted with high dose 0.72 mg slow-release oestrogen pellets all 

displayed distended abdomens consistent with these known side effects of oestrogen. In turn, 

one commonly encountered side effect encountered with HDACi and therefore Panobinostat 

therapy is the development of diarrhoea. As diarrhoea results in the hyper secretion of bodily 

fluids, when combined with these side effects of oestrogen pellets, would certainly hasten the 

development of renal failure. This theory was in part confirmed through observations within 

NSG mice bearing the TN breast cancer PDTXs (P14481), which did not require oestrogen 

supplementation (Figure 11). These mice which were highly tolerant of Panobinostat 

treatment, and while displaying the growth inhibitory effects of the HDACi, did not circum to 

the same fate as mice treated with Panobinostat which had oestrogen pellets co-implanted. 

These findings importantly highlighted the link between oestrogen pellets and Panobinostat 

treatment in our observed toxicity. 

Interestingly Dall et al went on further to demonstrate that by lowering the dose of implanted 

oestrogen pellets from 0.72 mg to 0.3 mg per mouse, a similar level of tumour engraftment 

and associated growth rate could be achieved without the associated side effects of bladder 

outlet obstruction (Dall et al, 2015). Thus in future work, by attempting to establish these 

HER2⁺ PDTXS in the presence of 0.3 mg slow-release oestrogen pellets or even in their absence 

particularly in a HER2⁺ER⁻ tumour, could see the analysis of Trastuzumab and Panobinostat 

within these PDTXs revisited. 

Going forward we would like to expand our analysis of the therapeutic combination of 

Trastuzumab and Panobinostat within more stringent PDTX models of metastases. 

Confirmation of its therapeutic effectiveness within these metastatic HER2⁺ PDTX models 

would significantly impact upon the significance of our findings, particularly as this is where 

further developments in the field are importantly required. Certainly metastatic breast cancer 

PDTX models have been successfully established in the literature. This has been achieved 

through two separate means. Firstly through metastases arising spontaneously from 

orthotopically engrafted primary breast cancer PDTXs and secondly via direct orthotopic 

implantation of breast cancer metastases. Indeed the capacity to access tissue to create such 

models is now available at the PMCC via the BROCADE program. 
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The BROCADE program which has arisen since the inception of our breast cancer PDTX model 

incorporates the methodology of breast cancer PDTX engraftment developed within this 

project. Importantly, the program primarily focuses on the creation of both primary and 

metastatic breast cancer PDTXs for further pre-clinical analysis. These PDTXs are established 

from both treatment naïve and heavily pre-treated tumours and available for the analysis of 

novel therapeutic strategies such as that of Trastuzumab and Panobinostat. By extending the 

analysis beyond primary disease into metastatic disease, the development of these programs 

has significantly advanced the field of PDTX models and could potentially enable us to extend 

on our therapeutic analyses. In addition to the BROCADE program, the CASCADE program has 

also been established at the PMCC. It aims to procure and engraft matched metastatic 

deposits from newly deceased patients, which are collected through a process of rapid autopsy 

(Alsop et al, 2017). This collection of simultaneous matched metastatic deposits has 

traditionally evaded researchers, due to both their logistical and practical difficulty. Through 

the ability of the CASCADE program to overcome these barriers, the analysis of the therapeutic 

combination of Trastuzumab and Panobinostat could be again further expanded. 

We would have also liked to have explored the effects of the therapeutic combination against 

Trastuzumab-refractory disease in a PDTX setting however this was not possible due to the 

absence of any robust humanized PDTX mouse models. Although work is currently underway 

to rectify this problem, primarily through the reconstitution of mice with a human immune 

system. To date, this has involved both the isolation of human haemopoetic stems cells to 

repopulate complete haemopoetic lineages and the genetic integration of human genes 

encoding for immune receptors and cytokines into the mouse genome (Morton et al, 2016; 

Walsh et al, 2017; Rongvaux et al, 2014; Zitvogel et al, 2016). Indeed progress has been made, 

with Rongvaux et al in 2014 demonstrating the successful integration of a functional human 

innate immune compartment into NSG mice, which they went on to show was in practice 

functional through observing PDTX infiltration with human macrophages (Rongvaux et al, 

2014). 

An ability to create mice with a fully competent immune system capable of providing an 

opportunity to investigate complex immune-tumour interactions is without doubt the ultimate 

goal in the field of PDTXs. Creating these murine avatars of human cancer could permit the 

opportunity to establish the personalisation of cancer treatment, through accurate predictions 

of potential clinical responses thereby harnessing the ability to tailor therapies to individual 

patients. In the process minimising and avoiding unnecessary adverse side effects currently 
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experienced by large proportions of cancer patients. Ultimately to accurately achieve this goal, 

tumour and immune cells would need to be introduced from the same donor, permitting 

compatibility, while importantly preventing graft versus host interactions. 

Although humanized mouse models appear to be the likely progression of the PDTX model, 

they are fraught with many challenges and much complexity. These have included (i) Re-

establishing normal organ structure and function; (ii) establishing normal cytokine/chemokine 

levels to support normal human haemopoetic cell take and function; (iii) effective 

reconstitution of the T and NK cell compartment and (iv) from an oncogenic study perspective, 

gaining access to corresponding tumour and immune cells from the same donor. Thus as 

complete fully functional models, humanized mouse models are only slowly evolving to best 

mimic a syngeneic mouse model. As such, syngeneic mouse models are at present our best 

available tool for interrogating anti-cancer immune responses and will continue to offer 

valuable insights into complex immune interactions until humanized immune system 

containing mouse models gradually become more readily available. Importantly in spite of 

these difficulties, progress has been made, with JAX laboratories now offering humanised mice 

to researchers for purchase. 

In summary, PDTX models have evolved as an important pre-clinical research tool for the study 

of cancer. And as such are currently being established across many types of malignancies 

throughout many large cancer research institutions worldwide (Tentler et al, 2012). They 

present themselves as the premier pre-clinical mouse tumour model capable of accurately 

reflecting the true heterogeneity of cancer which has importantly translated to accurate 

predictions of clinical therapeutic responses in patients (Tentler et al, 2012; Melaney et al, 

2014; Ni et al, 2016). Through our successful development of a robust protocol for the 

establishment of breast cancer PDTXs, we have since seen the expansion of two larger 

programs at the PMCC incorporating its use. Furthermore, through our analysis of the 

combination of Trastuzumab and Panobinostat within one of these HER2⁺ PDTXs, although 

complicated by toxicity events, we were able to demonstrate their utility in therapeutic 

analyses. This important observation within a pre-clinically relevant HER2⁺ PDTX model 

provides strong rationale for pursuing the therapeutic combination against Trastuzumab 

sensitive patient tumours. Provided that 35% of HER2⁺ tumours are sensitive to Trastuzumab 

at time of diagnosis, the rapid clearance of established Trastuzumab sensitive tumours seen 

within our models could even house the potential for the therapeutic combination to eradicate 

established disease prior to the development of Trastuzumab resistance. Unfortunately our 
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analyses were restricted to those not incorporating the immune system, due to the 

requirement at present for PDTXs to be established in highly immunocompromised mice and 

thus disabled our ability to explore the capacity of the therapeutic combination against 

Trastuzumab refractory disease. This barrier encountered by us importantly highlights the 

current short coming of PDTXs and until researchers find a way around this problem through 

the humanization of mice, as with any research tool, their suitability will be linked to the 

research question being framed. 
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Chapter Four 
 

Discussion and Future Directions 
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Breast cancer occurs within 1 in 8 women over their lifetime and is the leading cause of 

cancer-related death amongst Australian women. 20-30% of these breast cancers are known 

to overexpress the HER2/Neu oncogene, encoding for the HER2 receptor, a transmembrane 

receptor with tyrosine kinase activity.  Active dimers of the HER2 receptor, with other 

members in the Her family, initiate a network of deregulated signalling via the growth and 

survival PI3K/AKT and MAPK signalling pathways (Slamon et al, 1989; Harari et al, 2000) driving 

tumourogenesis within these effected cells. Since the discovery of HER2/Neu and its 

implication in the pathogenesis of breast cancer, there has been a considerable focus on the 

development of novel treatment strategies to target this subtype of breast cancer. The most 

significant development came with the creation of Trastuzumab, a humanized IgG1 mAb 

targeted against this oncogenically overexpressed HER2 receptor (Hudis et al, 2007; Arteaga et 

al, 2012).  By binding to the extracellular domain of HER2, Trastuzumab is able to inhibit HER2 

receptor dimerization, attenuating deregulated signalling resulting in the induction of cell cycle 

arrest. In addition Trastuzumab possesses the ability to engage the Fc-receptors present on the 

surface of immune effector cells, initiating anti-body dependant cellular cytotoxicity (Harari et 

al, 2000; Bianchini et al, 2014). 

However, since its inception over 20 years ago much has been uncovered about the true 

complexity of HER2⁺ breast cancer. This has been coupled with a clinical realisation that 

although many patients are benefiting from Trastuzumab’s use, a large proportion of patients 

are unfortunately not responding, with many more going on to develop an acquired resistance 

(Tinoco et al, 2013). This inherent and acquired resistance to Trastuzumab has since been 

largely attributed to a multitude of additional proto-oncogenic mutations at the cell surface 

and within its signalling pathways (Tinoco et al, 2013; Spector et al, 2009). This has prompted a 

concerted effort in the research community to develop new treatment strategies focused on 

building upon Trastuzumab’s known mechanisms of action. 

Over recent years major therapeutic advances have arisen in the management of HER2⁺ breast 

cancer, which have subsequently been successfully integrated into its clinical management. 

These have included the development of Pertuzumab (a humanized mAb targeted at inhibiting 

potent HER2/HER3 receptor dimerization), Lapatinib (a receptor tyrosine kinase inhibitor) and 

Trastuzumab Emtansine (TDM-1, a Trastuzumab-chemotherapy drug conjugate). Although 

their integration has had a substantial impact upon pathological complete response rates 

amongst patients with established HER2⁺ disease, their effectiveness has been largely reliant 

on the intrinsic characteristics of HER2⁺ tumours. And thus secondary proto-oncogenic 
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mutations within the HER2 signalling pathway have contributed to their inability to succeed in 

many patients. 

One group of anti-cancer agents that have shown great promise in pre-clinical studies when 

used against HER2⁺ breast cancer are HDACi (Bali et al, 2005; Fuino et al, 2003; Huang et al, 

2011). Importantly HDACi have been demonstrated to mediate their anti-cancer effects 

through mechanisms that not only complement, but also house the capacity to overcome 

resistance to Trastuzumab, differentiating them from other compounds currently being used in 

combination with Trastuzumab. 

Through HDACi induced hyper-acetylation of nucleosome histones, HDACi are able to remodel 

chromatin, resulting in altered gene expression such as that of ERBB2 (Kim et al, 2013). Via the 

inhibition of HDAC6 and their direct actions upon HSP90, HDACi have been shown to impact 

upon its chaperone function and thereby stability of key HER2 signalling proteins such as HER2 

and AKT. And furthermore through the up-regulation of important cell cycle regulatory 

proteins of p21 and p27 (Wilson-Edell et al, 2014), are able to resensitize tumour cells to the 

anti-proliferative effects of Trastuzumab. All of these known effects of HDACi are able to have 

a positive therapeutic impact upon the HER2 signalling pathway, thereby complementing the 

effects of Trastuzumab. And as such in pre-clinical analyses, HDACi have now been reported to 

combine with Trastuzumab in vitro demonstrating promising anti-cancer effects against human 

HER2⁺ breast cancer cell lines (Bali et al, 2005; Huang et al, 2011; Fuino et al, 2003). However, 

despite these promising findings, the combination of HDACi and Trastuzumab had to date only 

be studied in vitro against HER2⁺ breast cancer. Interestingly HDACi have also been shown to 

impact upon the immunogenicity of tumour cells and the effector function of activated 

immune cells. Furthermore they have also been shown to influence the immunosuppressive 

nature of tumour microenvironments, by modulating the activity of regulatory immune cells 

and the accumulation of myeloid derived suppressor cells. And thus HDACi have now been 

reported to positively impact upon the therapeutic potential of immunotherapies within solid 

tumours. In view of these findings HDACi display mechanisms to complement the known 

actions of Trastuzumab unlike other conventional therapies currently used in combination with 

Trastuzumab. 

Panobinostat, a pan-HDACi, is one of these promising HDACi, which has been reported to have 

pleiotropic effects against a range of malignancies, including breast cancer (Shrump et al, 

2009; George et al, 2005; Pei et al, 2004). Furthermore it has been demonstrated to be 

effective at low drug concentrations and associated with minimal toxic side effects (Bolden et 



173 
 

al, 2006).  However, to date the combination of Trastuzumab and Panobinostat had yet to be 

assessed against HER2⁺ breast cancer, nor had the combination of an HDACi with Trastuzumab 

been further explored in vivo against established HER2⁺ breast tumours. 

The combination of Trastuzumab and Panobinostat is able to 

clear established HER2⁺ breast tumours through two distinct 

mechanisms: 

 

Following an initial screen of a panel of HER2⁺ human breast cancer cell lines to the anti-

proliferative effects of Trastuzumab, the decision was made to pursue our investigation with 

two cell lines that responded to Trastuzumab in an opposing manner, closely resembling that 

experienced in the clinic. Firstly there was the BT474 line, found to be inherently sensitive to 

the cytostatic effects of Trastuzumab, as measured through both therapy induced attenuation 

of AKT signalling and growth arrest in culture. And then the Trastuzumab refractory AU565ᵖᵛ 

cell line, demonstrating no observed attenuation of proliferation in vitro following 

Trastuzumab exposure, coupled with no therapeutic blockade of AKT signalling. 

Both lines were however, found to be responsive in vitro to the apoptosis inducing effects of 

Panobinostat at low nano-molar concentrations, as determined through an Annexin V⁺/PI⁻ cell 

death assay. We had importantly defined two human HER2⁺ breast cancer cell lines which 

although both responsive to Panobinostat were however, responding to the growth inhibitory 

effects of Trastuzumab in an opposing manner. The delineation of these two cell lines would 

permit us to investigate whether the addition of Panobinostat to Trastuzumab, could both 

improve its effectiveness and also potentially overcome inherent mechanisms of resistance. 

The analysis of the combination of Trastuzumab and Panobinostat in vitro against the 

Trastuzumab responsive BT474 line demonstrated that through the addition of Panobinostat a 

synergistic level of tumour cell apoptosis induction could be achieved. Through western blot 

analysis of QVD pre-treated cells, this effect by the combination was deemed to be mediated 

through a synergistic blockade of PI3K/AKT signalling, demonstrated impressively by complete 

loss of pAKT levels in combination treated BT474 cells. 

Unlike their Trastuzumab sensitive BT474 counterparts, AU565ᵖᵛ cells which had been deemed 

to be unresponsive to anti-proliferative effects of Trastuzumab in vitro, did not display any 

combined increases in apoptosis induction following co-treatment with the combination. This 
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was further reflected in western blot analysis, whereby activation of pro-survival PI3K/AKT 

signalling down-stream of the HER2 receptor as measured through phosphorylation of AKT, 

was not attenuated by Trastuzumab or the combination. There was however marginal 

attenuation of pAKT levels following single agent Panobinostat treatment, reflecting the single 

agent effects of Panobinostat on this line. 

In view of these findings, retroviral transduction of the BT474 line with constitutively active 

AKT (MyrAKT) was enough to render this cell line non-responsive to Trastuzumab and to the 

combined effects previously observed following the addition of Panobinostat. This 

introduction of a constitutively active form of AKT enabled the newly creating BT474-Myr AKT 

cell line to now behave in a similar manner to that of the AU565ᵖᵛ line, further strengthening 

the impact of the combination on PI3K/AKT signalling in the parental BT474 line. 

Following our in vitro analysis we were able to conclude that the addition of Panobinostat to 

Trastuzumab therapy could mediate enhanced attenuation of HER2 mediated intracellular pro-

survival signalling if the HER2⁺ cell line was inherently sensitive to the anti-proliferative effects 

of Trastuzumab. These results were in line with previous findings in the literature examining 

the combination of HDACi with Trastuzumab (Bali et al, 2005; Fuino et al, 2003; Huang et al, 

2011). 

Based on these promising findings in vitro, we went on to address our next aim examining the 

combined effects of HDACi and Trastuzumab in vivo against established HER2⁺ tumours. 

Extending this analysis of the combination in vivo was of particular importance provided that it 

is now recognised that a large component of Trastuzumab’s function is through its 

engagement of immune effector mechanisms to mediate an ADCC anti-tumour response 

(Bianchini et al, 2014). Combined with the knowledge that HDACi have also been 

demonstrated to engage immune effector mechanisms to mediate their anti-cancer responses, 

this would prove to be an important endeavour (Magner et al, 2000; Armeanu et al, 2005; 

Skov et al, 2005; Reddy et al, 2004). 

Our in vivo analysis of combination treated Trastuzumab sensitive BT474 tumours in 

immunocompromised NSG mice demonstrated that the combination’s ability to disrupt 

intrinsic HER2 mediated pro-survival signalling was potent enough to result in rapid clearance 

of established tumours. The significance of this finding was further verified by an observed loss 

of the combinations effect against established Trastuzumab refractory BT474-MyrAKT tumours 

in NSG mice, which had been made resistant to co-treatment mediated blockade of intrinsic 
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pro-survival signalling. As such, therapy induced modulation of pAKT levels proved to be an 

important predictive biomarker of intrinsic synergy between the two therapeutic agents. 

Consistent with in vitro findings, when established AU565ᵖᵛ tumours were challenged in highly 

immunocompromised NSG mice, there was no significant effect by Trastuzumab, nor was 

there a superior effect by the combination when compared to single agent Panobinostat 

treatment. This result was in line with findings observed in established BT474-MyrAKT tumours 

in NSG mice. However, when established AU565ᵖᵛ tumours were challenged with the 

combination in SCID mice, displaying functional innate immune compartments, treatment with 

the combination strikingly resulted in tumour eradication in all tumour bearing mice. It 

became evident that the engagement of the innate immune compartment by the combination 

within these SCID mice was likely crucial to therapy induced tumour clearance. Consistent with 

these findings, a similar result was observed in SCID mice bearing established BT474-MyrAKT 

tumours. 

Based on these promising findings, the effects of the combination were further assessed 

against BT474 and AU565ᵖᵛ tumours that had been retrovirally transduced to overexpress Bcl2. 

Overexpression of the pro-survival mitochondrial stability protein Bcl2 has previously been 

shown to render tumour cells resistant to apoptosis induction mediated through the intrinsic 

cell death pathway (Oakes et al, 2012). Indeed Bcl2 overexpression made both lines 

unresponsive to both Panobinostat and Trastuzumab in vitro and thus the combination. 

However, when established BT474-Bcl2 and AU565ᵖᵛ-Bcl2 tumours were challenged with the 

combination in SCID mice, they were both susceptible to complete rejection. The ability of the 

combination to overcome Bcl2 overexpression in vivo was an important finding. Not only did it 

demonstrate that the combination was able to overcome an oncogenic mechanism by which 

breast tumours are commonly known to evade conventional chemotherapeutics (Oakes et al, 

2012; Simoes-Wust et al, 2002), but the result further highlighted the combinations ability to 

engage tumour extrinsic mechanisms capable of mediating tumour clearance. 

Indeed blockade of immune cell migration and thus AU565 tumour infiltration within SCID 

mice through anti-CD11b antibody administration proved capable of abrogating the 

combinations ability to evoke tumour clearance. Subsequent flow cytometric analysis of 

harvested combination treated AU565ᵖᵛ tumours at day 1 and day 2 post treatment initiation, 

demonstrated a two-fold increase in NK cell tumour infiltration at these earlier time points. A 

significant finding as although relatively infrequent, NK cells are known to be potent mediators 

of ADCC. Furthermore they are known to be present within SCID mice but absent in NSG mice. 
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Subsequent targeted depletion of NK cells within these AU565ᵖᵛ tumour bearing SCID mice 

resulted in a loss of co-treatment mediated tumour clearance. Furthermore Fc-receptor (FcR) 

blockade was also able to result in a similar abrogation of AU565ᵖᵛ tumour clearance in SCID 

mice. These results taken in combination highlighted that the heightened tumour infiltration of 

FcR⁺ NK cells mediated by the therapeutic combination was a crucial factor in driving the 

clearance of AU565ᵖᵛ tumours via Trastuzumab mediated ADCC. But how the addition of 

Panobinostat to Trastuzumab was enhancing this NK cell recruitment into the tumour 

microenvironment to promote Trastuzumab mediated ADCC was not yet known. 

A subsequent RNA sequencing analysis performed on combination treated AU565 tumours 

revealed a substantial increase in the expression of interferons and chemokines reflective of a 

more active IFN-ƴ response pathway. Additionally it also showed increases in CXCL9, CXCL10 

and CXCL11, known ligands for the CXCR3 receptor (Wennerberg et al, 2015). Interestingly IFN-

ƴ has been reported to have a considerable role in both the recruitment and stimulation of NK 

cells (Marcus et al, 2014). Furthermore activated NK cells have been demonstrated to be 

highly responsive to CXCR3 ligands (Wennerberg et al, 2015). Consistent with these findings, 

neutralisation of IFN-ƴ in AU565ᵖᵛ tumour bearing SCID mice resulted in the abrogation of NK 

cell infiltration, which was associated with a loss of tumour clearance. Additionally, when dual 

CXCR3 and Fc-receptor blockade was undertaken in this tumour model, a similar loss of co-

treatment mediated increases in NK cell infiltration and associated tumour regression was 

observed. 

Based on these findings it was put forward that Panobinostat through evoking tumour cell 

death, was initiating a pro-inflammatory response within the tumour microenvironment. This 

was resulting in the intra-tumoural release of IFN-ƴ and ligands for the CXCR3 receptor, 

capable of attracting greater amounts of NK cells into the tumour microenvironment. 

Trastuzumab in turn, through its Fc-receptor engagement of immune effector cells, has also 

been reported to mediate increased intra-tumoural releases of IFN-y (Shi et al, 2014). Through 

their combined actions, the combination was initiating a heightened level of NK cell infiltration 

within the tumour microenvironment, where the presence of Trastuzumab could further 

facilitate stable and potent ADCC of tumour cells. Certainly in line with this belief, a strong 

correlation between tumour-associated immune-infiltration and long-term therapeutic 

benefits have been demonstrated in patients treated with anti-Her2 therapies (Gennari et al, 

2004; Loi et al, 2014; Kim et al, 2013; Savas et al 2016). Furthermore, the presence of NK cells 

within the tumour microenvironments of treated tumours and their heightened activation 
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through the up-regulation of NKG2D receptors on the surface have also been shown to 

correlate with increased tumour cell clearance (Wu et al, 2011). 

Although our focus centred on the combinations impact on NK cell engagement, the possible 

contribution of other Fc receptor positive cells within these SICD mice cannot be ignored. 

Indeed subsequent RNA sequencing of combination treated AU565 tumours revealed the 

possibility of monocyte and macrophage contribution through heightened levels of FcƴRI and 

FcƴRIV, both of which are present within SCID mice. In future work it would be important to 

expand this analysis to other immune cells known to be present with SCID mice, such as 

macrophages and neutrophils. This could be of particular interest in macrophages, as IFN-y has 

previously been reported to polarise them to a more tumour protective M1 state (Marcus et 

al, 2014). 

Our work investigating the ability of Trastuzumab and Panobinostat co-treatment to engage 

immune effector mechanisms against Trastuzumab refractory disease was limited to exploring 

the innate immune system. This was owing to the fact that we only had access to the human 

Trastuzumab refractory cell lines, which are required to be established in the absence of 

murine adaptive immune systems. Certainly there have been many reports documenting the 

capacity of Trastuzumab to engage the adaptive immune system (Park et al, 2010; Stagg et al, 

2011, Mittal et al, 2016). Importantly both Park et al and Stagg et al were able to demonstrate 

that the therapeutic effects of anti-HER2 therapy, in addition to blockade of oncogenic 

signalling and FcR-mediated cytotoxicity, were also reliant on an adaptive immune response. 

The researchers came to this important conclusion following work demonstrating a 

significantly abrogated anti-tumour response when anti-HER2 therapy was examined in Rag-

1⁻′⁻ mice; mice genetically deficient of T and B cells, but encompassing complete functional 

populations of FcR⁺ innate cells capable of mediating ADCC. This response, in addition to 

requiring host FcR, was in part also reliant on (High Mobility Group Box 1) HMGB-1 signalling, 

released by FcR⁺ resulting in enhanced cross priming and activation of dendritic cells. 

Importantly, their work demonstrated evidence of antibody treatment priming adaptive 

immune mechanisms, in particular CD8⁺ T cells, to mediate enhanced tumour clearance (Park 

et al, 2010). They went on to further strengthen this concept of anti-HER2 therapy mediated 

engagement of adaptive immune responses through the demonstration of resistance to 

tumour re-challenges in previously antibody treated tumour free mice (Park et al, 2010; Stagg 

et al, 2008); explained through the priming of CD8⁺ cells (Park et al, 2010; Stagg et al, 2008). 

Importantly this has led to an understanding that the activation of innate effector cells can 
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prime heightened adaptive immune responses, driven by the release of cytokines by FCR⁺ cells, 

such as IL-21, known to have potent regulatory effects on both NK cells and cytotoxic T cells, in 

addition to (Mittal et al, 2016) the cross-priming of CD8⁺ T cells through APCs and FCR-

mediated phagocytosis (Rafiq et al, 2002; Dhodapkar et al, 2002). Stagg et al went on to 

further highlight this concept of adaptive immune response engagement by anti-HER2 therapy 

by demonstrating that depletion of CD8⁺ T cells was able to provoke deleterious tumour 

relapses. Indeed, in light of the extent of contribution of adaptive immune responses in 

Trastuzumab’s anti-cancer function, provides an encouraging further potential therapeutic 

effect yet to be observed with the co-treatment of Trastuzumab and Panobinostat. 

In the absence of such models work is currently underway in our lab to develop syngeneic 

models of Trastuzumab resistant disease. For this the lab will use the H2N100-TR1 line, an anti-

rHER2 mAb resistant line derived from the sensitive H2N100 line following long-term in vitro 

exposure to increasing doses of anti-rHER2 mAb. This line will be instilled into the 

subcutaneous tissue compartment of MMTV-rHER2/Neu TG mice and established tumours 

treated with the combination of anti-rHER2 mAb and Panobinostat, similar to that of the 

H2N100 tumours in chapter two. Furthermore the combination of Panobinostat and 

Trastuzumab will be assessed against syngeneic Trastuzumab resistant tumours established 

from a GEM expressing human HER2 (huHER2/Neu) and mutant PIK3CA. Both models will 

enable insight into how Panobinostat and Trastuzumab impact upon the stimulatory and/or 

inhibitory activity of innate and adaptive anti-cancer immunity, potentially aiding to identify 

immune signatures predictive of therapeutic response. 

The development and use of breast cancer PDTX models: 

 

Breast cancer is a heterogeneous disease, consisting of diverse molecular subtypes, whereby 

individual tumours are known to encompass evolving subpopulations of tumour cells (Johnson 

et al, 2001; Loi et al, 2012). Traditional mouse tumour models, although bestowing a wealth of 

knowledge over the years, have had particular difficulty replicating this true heterogeneity of 

breast cancer. This has resulted in their frequent inability to accurately predict clinical 

responses. 

Patient-derived tumour xenografts (PDTXs) have emerged as a possible solution to this 

problem. Through the xenotransplantation of representative sections of freshly derived 

patient tumour tissue into highly immunocompromised mice, their established tumours have 



179 
 

demonstrated an accurate recapitulation of the morphological characteristics of their 

corresponding parental tumours. This accurate recapitulation of human disease in these 

models has provided a unique opportunity to increase our understanding of cancer biology, in 

the process potentially identifying new targetable driver mutations, which could alter the 

course of current treatment strategies. PDTXs have thus predominantly been incorporated into 

the development and investigation of novel therapeutics, in the process uncovering tumour 

intrinsic mechanisms of drug resistance and biomarkers of response. Furthermore therapeutic 

analyses conducted within these PDTXs have since been demonstrated to successfully 

translate to human clinical trials. 

Their success has prompted their utilisation throughout major research institutes associated 

with their continued evolution. Orthotopic xenotransplantation of tissue has since become a 

mainstay in PDTX development, coupled with the development of models emanating 

metastatic disease. Although traditionally established in highly immunocompromised mice, a 

concerted effort has been undertaken to additionally humanize their immune system. If 

successful, this would herald a new era in pre-clinical cancer investigation, particularly with 

immunotherapies emerging as a promising new class of anti-cancer treatments. 

These breast cancer PDTXs, displaying all the hallmarks of invaluable pre-clinical research 

tools, had yet to be established at the Peter MacCallum Cancer Centre (PMCC).  And thus we 

set out to initiate a breast cancer PDTX program at the PMCC, commencing with the 

development of a protocol for their establishment. This technique has subsequently been 

successfully integrated into the BROCADE program at the PMCC, a program centred on 

developing a library of established breast cancer PDTXs. The resource is now available to all 

researchers at the PMCC, permitting the incorporation of these PDTXs into emerging research 

projects. 

Our primary focus was on the development of a protocol to successfully establish these PDTXs, 

through the integration of current knowledge in the literature while applying it specifically to 

the workings of the PMCC. Secondly, leading on from our promising findings investigating the 

combination of Trastuzumab and Panobinostat, we aimed to create a cohort of established 

HER2⁺ breast cancer PDTXs that would allow us to expand on our pre-clinical therapeutic 

analysis. 

A surgical technique was subsequently developed centred on the orthotopic 

xenotransplantation of freshly derived patient breast tumour segments into the MFPs of NSG 
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mice. A particular focus of the protocol was on transplanting tumour segments into MFPs that 

had been minimally disturbed through the procedure. Although NSG mice are highly 

immunocompromised, they still contain neutrophils, which if attracted to a significantly 

aggravated MFP, could influence the PDTXs engraftment and heterogeneity. Thus a technique 

was developed whereby the under surface of the MFP was exposed by separating the 

abdominal wall from the peritoneum below. This permitted not only the undisturbed exposure 

of the murine MFP but also importantly allowed for targeted implantation of patient tumour 

segments. A scalpel blade was used to pierce the MFP, creating a small pocket within, whereby 

tumour segments were directly inserted. In order to prevent their migration, a single nylon 

suture was used for closure. 

Consistent with the known reliance of ER⁺ breast tumours on exogenous oestrogen for survival 

and growth, slow-release oestrogen pellets were implanted subcutaneously on the dorsum of 

all mice. Although tumours had been characterised prior to their implantation, this diagnosis 

was deemed only provisional, having been based on one single pre-operative biopsy. And thus 

the decision was made to co-implant oestrogen pellets into all mice at the time of initial PDTX 

engraftment. This part of the protocol has subsequently changed, with only ER⁺ tumours being 

co-implanted with oestrogen pellets. 

The protocol proved robust with the successful engraftment of three out of fifteen primary 

patient breast tumours during the initial phase of PDTX establishment, consistent with 

engraftment rates commonly observed in the literature (DeRose et al, 2012). Since then the 

protocol has been successfully applied to a larger breast cancer PDTX program at the PMCC 

entitled BROCADE. The BROCADE program focuses on the engraftment of both primary and 

metastatic breast tumour segments, ultimately creating a library of PDTX lines available to 

researchers within the institute. Furthermore the protocol has been utilised in the CASCADE 

program, whereby matched primary and metastatic samples are collected from newly 

deceased patient through a process of rapid autopsy. Through a characterisation of two PDTXs 

established under the BROCADE program, we were able to successfully demonstrate that both 

the protocol was robust and that established PDTXs maintained their morphological 

characteristics following engraftment and expansion. 

In addition to establishing a methodology of breast cancer PDTX establishment, we had an 

invested interest in the successful engraftment of HER2⁺ breast cancer PDTXs in order to 

expand on our work with the therapeutic combination of Trastuzumab and Panobinostat. 

Provided that these PDTXs were established in NSG mice, it would only be possible to extend 
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on the capacity of Panobinostat to enhance the therapeutic activity of Trastuzumab against 

HER2⁺ tumours inherently sensitive to Trastuzumab. Through the use of this protocol we were 

able to achieve the successful engraftment of two separate HER2⁺ PDTXs, which we proceeded 

to challenge with Trastuzumab. In our pilot experiments, both HER2⁺ PDTXs responded with 

growth arrest in vivo to single agent Trastuzumab therapy, indicating the probability they were 

inherently sensitive to Trastuzumab. Provided with these promising results, we expanded one 

of the HER2⁺ PDTXs into a large cohort of mice in order to trial the combination. Initial results 

throughout the two week treatment course were consistent with the response kinetics 

observed in the Trastuzumab sensitive BT474 line. Based on the ability of PDTXs to translate 

findings into human trials, these findings would support the clinical translation of this 

combination approach. However, due to the ill health of mice towards the end of treatment, in 

both the Panobinostat and combination treatment arms, a decision was made to not proceed 

further with the experiment. 

An explanation put forward for the unexpected toxicity encountered in these mice was 

primarily attributed to the presence of long-term exogenous oestrogen supplementation, with 

Panobinostat accelerating their decline. Long-term high dose exogenous oestrogen 

supplementation in mice has been linked with the development of bladder calculi, which 

eventually cause bladder outlet obstruction (Dall et al, 2015). This bladder outlet obstruction 

will in time lead to the development of hydronephrosis and accompanying renal failure. The 

main side effect of Panobinostat is the development of gastrointestinal symptoms, in 

particular diarrhoea. Because diarrhoea results in hyper-excretion of bodily fluids, when 

combined with the side-effects of high dose oestrogen supplementation, will significantly 

hasten renal failure resulting in the rapid decline in the health of mice. This explanation would 

also account for why Trastuzumab and vehicle treated mice were not as negatively impacted 

as their Panobinostat treated counterparts. Furthermore this would also explain why TN 

tumour bearing PDTX mice, also treated with Panobinostat, but which had no subcutaneously 

implanted oestrogen pellets, did not encounter a similar fate. 

One method described in the literature to potentially overcome this problem would be to 

either create HER2⁺ PDTX cohorts that harboured oestrogen pellets of lower concentrations or 

even attempt to establish these HER2⁺ PDTXs in the absence of oestrogen supplementation 

(Levin-Allerhand et al, 2003; Dall et al, 2015). Certainly Dall et al at the PMCC have since 

published a paper demonstrating through the use of the oestrogen dependent ER⁺ MCF-7 line, 

that by lowering the level of oestrogen supplementation from 0.72 mg to 0.3 mg per mouse, a 
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significant decrease in these side effects is observed, while still retaining a similar tumour cell 

engraftment and growth rate (Dall et al, 2015). A second option would be to decrease the 

duration and/or strength of Panobinostat administered to mice, thereby potentially limiting its 

associated side effects. 

Furthermore, although this PDTX model due to the highly immunocompromised state of NSG 

mice did not permit the investigation of the ability of Panobinostat to engage immune effector 

mechanisms, the potential future development of humanized mice could overcome this 

hurdle. We would have also have liked to explore the therapeutic combination against 

metastatic Trastuzumab sensitive HER2⁺ disease. Certainly the development of both the 

BROCADE and CASCADE programs at PMCC will potentially enable this future exploration. 

Whether against spontaneously arisen metastatic disease from primary breast cancer PDTXs 

implanted into MFPs or orthotopically engrafted metastatic disease, their integration at PMCC 

offers a fantastic opportunity to expand on our therapeutic analyses in the future, increasing 

the clinical relevance of findings.  

In summary PDTXs have evolved as important pre-clinical research tools for the study of cancer 

and are as such currently being established across many types of malignancies throughout 

multiple large cancer research institutions worldwide (Tentler et al, 2012). They present 

themselves as the premier pre-clinical mouse tumour model capable of accurately 

recapitulating the true heterogeneity of cancer and thus able to closely predict therapeutic 

responses in patients (Tentler et al, 2012). However, although having many benefits, they also 

have their own associated limitations and as such the suitability of the model must be decided 

upon the research question being framed. With their further optimization, as is being observed 

with their attempted humanization, their use and range of application will continue to 

increase. 

Conclusion: 

 

The field of combination-based therapies is at an early but clearly exciting time, as it becomes 

abundantly clear that no single cancer therapy will be successful in more than a small portion 

of patients. The more we learn about the mechanisms of action of first-line cancer therapies 

and their impact upon various immune parameters and tumour microenvironments, the better 

equipped we will be in determining which patients and tumours will be most responsive to 

such therapeutic combinations. 
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My research examining the combinatorial effects of Trastuzumab and Panobinostat in pre-

clinical mouse models of HER2+ breast cancer has shown extremely promising results and the 

observation that this novel combination can mediate the rejection of Trastuzumab refractory 

HER2+ breast cancer is highly significant. Furthermore our identification of key biomarkers 

predictive of therapeutic response may allow for the potential selection and monitoring of 

patients likely to benefit from this therapeutic combination. This would be of particular 

importance in Trastuzumab refractory tumours, where increased intra-tumoural releases of 

IFN-γ and heightened NK cell tumour infiltration could be utilised as markers of ensuing critical 

ADCC mechanisms. Certainly the enhanced presence of tumour-infiltrating lymphocytes 

following exposure to anti-HER2 therapy, in particular PBMCs and NK cells, have been used 

clinically as important biomarkers linked with increased ADCC interactions; which have 

importantly further correlated with enhanced therapeutic outcomes with anti-HER2 therapy 

containing treatment regimens. Importantly, aligning with these observations, our findings 

encompassing heightened levels of NK cell tumour infiltration following exposure to our 

treatment combination also correlated with ensuing potent treatment responses. The study of 

the molecular and cellular mechanisms underpinning the synergistic interplay between these 

two anti-cancer agents will ultimately help guide early phase clinical trials utilising this 

combination in patients with metastatic HER2+ disease. 

Additionally the successful development of this breast cancer PDTX protocol at the PMCC has 

eventuated to be the first step in a now expanded PDTX program available to researchers 

throughout the institution. And although complicated by toxicity events, the model showed 

promising signs of functionality in therapeutic assessment, demonstrating observations which 

further support the clinical translation of this therapeutic approach. 
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