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ABSTRACT 

Title of Dissertation:     Polymer-dual drug conjugates targeted to HER2 overexpressing 

breast cancer 

   Jun Hyoung Lee, Doctor of Philosophy, 2012 

Dissertation directed by: Anjan Nan, Ph.D. 

                                        Assistant Professor 

                                           Department of Pharmaceutical Sciences 

                                           University of Maryland School of Pharmacy                                                          

 

Current FDA approved treatments for Human epidermal growth factor receptor 

type 2 (HER2) overexpressing breast cancers include a humanized monoclonal antibody, 

Trastuzumab (TRZ) and small molecule tyrosine kinase inhibitors (TKIs). However, TRZ 

develops rapid drug resistance while TKIs and their metabolites cause hepatotoxicity due 

to nonselective distribution. To overcome these limitations of each agent it is essential to 

develop novel strategies to increase efficacy and reduce toxicity.  This dissertation 

evaluates the potential of using conjugates of water soluble, N-(2-

hydroxypropylmethacrylamide) (HPMA) copolymers with TRZ and TKI for targeted 

delivery of dual drugs to HER2 overexpressing tumors. 

Comb-like random and star-like semitelechelic (ST) HPMA copolymers 

(PHPMA) and their conjugates to TRZ were synthesized and characterized. Star-like 

conjugate system showed narrower size distribution, more potent and prolonged 

anticancer activity in HER2 overexpressing breast cancer cell lines (BT-474 and SK-BR-

3) compared to comb-like conjugates. Therefore, the star-like conjugate system was 



 

 

selected to additionally conjugate a second anticancer agent for targeted combination 

drug delivery. Also fluorescence microscopy studies with Alexa488 labeled star-like 

conjugate demonstrated cellular internalization. 

The combination drug delivery system was successfully synthesized by covalently 

conjugating PKI166 (a model TKI) and TRZ to ST-PHPMA backbone. PKI166 release 

from the conjugate was observed in the presence of lysosomal enzyme cathepsin B. The 

polymer dual-drugs conjugate showed synergistic anticancer activity on HER2 

overexpressing BT-474 and SK-BR-3 cells. The conjugate also exhibited prolonged 

anticancer activity up to 72 h by inhibiting the phosphorylation of MAPK and Akt when 

compared to free TRZ and free PKI166.  

The in vivo antitumor activity of the conjugates was evaluated in a pilot study in 

mice bearing SK-BR-3 tumor xenografts. The conjugates showed concentration 

dependent and synergistic antitumor activity over a 3 weeks treatment. The conjugates 

also showed no apparent indications of toxicity in non-tumor bearing mice. The results 

demonstrate the potential of HPMA copolymer based dual mode of action drugs 

conjugate as a novel combination drug delivery system that could i) prolong anticancer 

efficacy, ii) synergistically enhance anticancer effects of the drug combination and iii) 

reduce non-specific toxicity by way of cancer cell specific targeting and synergistic 

activity. 
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CHAPTER 1 

INTRODUCTION 

1.1 Introduction 

Breast cancer is one of the most frequently diagnosed types of cancer in women 

and a leading cause of cancer-related death in women in the United States
1
. The 

incidence of breast cancer has increased by two thirds over the last 15 years and a vast 

majority of mortality in breast cancer is caused by recurrent metastatic disease state
1
. 

However, the treatment of late stage breast cancer remains essentially palliative even 

after some improvement in the therapies.  

Human epidermal growth factor receptor type 2 (HER2) is overexpressed in 

ovarian, lung, prostate, gastric, oral, and 20~30% of breast carcinomas and correlates 

with reducing overall survival rate and differential responses to various chemotherapeutic 

hormonal agents
2
. Therefore HER2 is used as one of the biologic tumor markers to screen 

patients prior to selecting appropriate breast cancer treatments along with estrogen and 

progesterone
3
. HER2 oncogene encodes for a 185 kD transmembrane glycoprotein 

receptor with intracellular tyrosine kinase activity
4
. Intracellular tyrosine kinase domain 
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is activated by homo/hetero-dimerization of HER2 with other types of receptors in HER 

family (HER1, HER2, HER3, or HER4).  

Trastuzumab (TRZ, Herceptin
®
, Genentech), the first FDA approved monoclonal 

antibody treatment for breast cancer, is currently used in treatment of HER2 

overexpressing metastatic breast cancer and in adjuvant treatment of HER2 

overexpressing node positive breast cancer in conjunction with non-target specific small 

molecule chemotherapy. TRZ targets the extracellular domain of HER2 and exerts 

anticancer effects by preventing dimerization of HER2 which inhibits signal-transduction 

pathways related to cancer cell survival and/or proliferation. TRZ being an antibody also 

induces immune response to cause cancer cell death.  However, 70% of patients do not 

respond to the treatment mainly due to development of rapid drug resistance by TRZ 

treatment
2
. 

Another type of HER2 targeted therapy is small molecule tyrosine kinase 

inhibitors (TKIs). TKIs bind and block the intracellular domain of HER2 turning off 

downstream signaling pathways for cancer cell survival and proliferation. Lapatinib 

(Tykerb
®
, GlaxoSmithKline) is the FDA approved TKI for HER2 overexpressing breast 

cancer patients already using capecitabine. TKIs inhibit HER family receptors more 

completely than TRZ alone and have also been effective against TRZ resistant tumors
5
. 

Our model TKI, PKI-166 (Novartis), has least selective activity among reversible 

Epidermal Growth Factor Receptor (EGFR) inhibitors and has binding affinity against 

intracellular binding domain of EGFR (HER1), HER2, VEGFR, and other receptors. One 

of the major side effects of TKIs is hepatotoxicity indicated with increases in Alanine 

aminotransferase (ALT), aspartate aminotransferase (AST) and bilirubin.  Clinical 
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development of TKI has suffered a setback in phase 1 trials mainly due to hepatotoxicity 

from the metabolites
6
. 

For better therapeutic effectiveness combination anticancer treatment has long 

been adopted in clinics. When multiple drugs target the same cellular pathways, they 

could function synergistically resulting in higher therapeutic efficacy and higher target 

selectivity.  Early breast cancer clinical trials such as ALTTO (Adjuvant Lapatinib and/or 

TRZ Treatment Optimization) trial and Neo-ALTTO (Neoadjuvant Lapatinib and/or TRZ 

Treatment Optimization) trial have been initiated recently to find out whether 

combination therapy is safer and more effective
6, 7

. The initial reports of Neo- ALLTTO 

trial showed synergistic efficacy in combination of TRZ and lapatinib compared to single 

treatments as neoadjuvant therapy
8
. However, this and other currently applied 

combination regimen in clinics is limited to administering a physical mixture of two or 

more anticancer therapeutic agents without pharmacokinetic modification. These agents 

(free drugs) are therefore distributed and eliminated independently of each other often 

resulting in enhanced non-selective toxicity. This also brings added complications such as 

patient compliance issues when two different routes of administration are necessary (e.g. 

oral and intravenous). Due to two different ways of administration with different 

schedules it is challenging to manage proper pharmacokinetic and pharmacodynamic 

profiles and virtually impossible to achieve uniform temporal and spatial co-delivery of 

these agents. 

 One approach to overcome these challenges is targeted delivery of combination 

treatments by an “all-in-one” system using chemically synthesized carriers such as 

liposomes
9
, dendrimers

10
 or water-soluble polymers

11
. These delivery systems, generally 
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in the nano-scale size range, have several desirable characteristics that impart suitability 

for cancer detection and therapy
12

. First, the pharmacokinetics of bioactive agents 

(therapeutic or diagnostic) can be improved by either active targeting or passive delivery 

to cancer sites. To minimize toxicity, the surface properties of these carriers can be 

changed e.g. to reduce extravasation in normal tissues and overcome recognition by the 

reticuloendothelial system (RES). This increases their therapeutic index and reduces the 

required effective dose. Secondly, bioactive agents when encapsulated or conjugated to 

such carriers have higher biocompatibility, solubility and stability as well as reduced 

biodegradation. Thirdly, a single carrier can deliver a large number of bioactive agents to 

cancer sites. Finally, they can be designed to target particular cell types or intracellular 

compartments. These advantages have led to the development of a wide range of 

anticancer drug delivery systems some of which are currently in clinical development
13

.  

Water soluble copolymers based on N-(2-hydroxypropyl) methacrylamide 

(HPMA) are one class of polymeric delivery systems that have shown promise for cancer 

therapy
14

. The advantages of HPMA copolymers over other water-soluble polymers are 

that they are non-toxic and biocompatible
11, 14, 15

 and can be tailor-made with simple 

chemical modifications  to regulate drug and targeting moiety contents for increased 

biorecognition, internalization or subcellular trafficking depending on specific 

therapeutic needs and pharmacokinetics
16

. Also their physicochemical properties such as 

molecular weight can be tailored to optimize biodistribution and clearance which can 

increase efficacy and reduce toxicity
17, 18

. The average molecular weight of HPMA 

copolymers can be controlled by changing the concentration of initiator and chain 

transfer agents during polymerization
19

. Various side chain moieties (isotope chelators, 
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targeting moieties and drugs) may be linked directly to the polymer backbone via a 

biodegradable or non-biodegradable spacers
15

 Several HPMA copolymer-drug conjugates 

are currently in clinical trials for chemotherapy
16

. 

Based on the above considerations, we propose to develop a novel combination 

drug delivery system based on HPMA copolymers that will target HER2 overexpressing 

breast tumors. We hypothesize that the therapeutic index of anticancer agents against 

HER2 overexpressing tumors can be synergistically increased by targeting multiple 

binding sites of the receptor using HPMA copolymer conjugates with dual mode of 

action drugs (TRZ to target the extracellular domain of HER2 and PKI166 to target the 

intracellular domain). Such dual targeting strategy with combination drugs may 

synergistically enhance the efficacy of breast cancer treatment compared to 

administration of these drugs singly or in non-covalent mixtures
20

. Biocompatible, non-

toxic and water-soluble HPMA copolymers have demonstrated potential as drug delivery 

systems in treating many clinically relevant cancers and therefore are the carrier 

molecules of choice
21

. It is further hypothesized that targeted delivery with HPMA 

copolymers will limit the biodistribution of these drugs (TRZ and PKI166) to the tumor 

site and minimize non-specific binding to other organs thereby reducing adverse side-

effects such as cardiotoxicity or hepatotoxicity commonly associated with administration 

of these drugs. The rationale for the design of the proposed combination drug delivery 

system is depicted in Figure 1.1. 
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1.2 Specific aims of this dissertation 

 The overall goal of this dissertation research is to explore the potential of HPMA 

copolymer-dual drug conjugates for targeted combination drug delivery to HER2 

overexpressing breast cancer. The following specific aims are proposed: 

1.   To synthesize and characterize random HPMA polymer precursors, 

semitelechelic (ST) HPMA polymer precursors and their conjugates to TRZ 

for selection and optimization for dual drug conjugation.  

2. To evaluate in vitro the anticancer activity and mechanism of action of 

polymer-dual drug conjugates [TRZ-(ST)PHPMA-(PKI166) conjugates] in 

breast cancer cell lines in vitro. 

3. To evaluate in vivo antitumor activity of HPMA copolymer-dual drug 

conjugates in a mouse model of human HER2 overexpressing breast cancer. 

 

The above specific aims were formulated to test the following hypotheses: 

1. TRZ conjugates with semitelechelic HPMA polymers will have favorable 

physicochemical and in vitro characteristics  

2. Polymer conjugates with optimum TRZ and PKI166 contents will have 

synergistic in vitro anticancer properties compared to free drugs alone or non-

covalent drug mixtures. 

3. HPMA copolymer-dual drug conjugates can cause significant tumor 

regression in an in vivo mouse model. 
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1.3 The scope and organization of this dissertation 

 Chapter 2 of this dissertation presents a current review of the literature on breast 

cancer in general and the importance of combination therapy in breast cancer in general 

and HER2 overexpressing cancers in particular. In this chapter the utility of HER2 

overexpression as a therapeutic target and anti- HER2 therapy for active targeting are 

described. Currently available combination therapy in the clinics for breast cancer and 

their challenges are reviewed. Emerging carrier mediated combination anticancer 

therapies and advantages of polymeric conjugates especially for HER2 overexpressing 

tumor are further discussed. 

 Chapter 3 describes the synthesis, characterization and biological evaluation of 

random and semitelechelic HPMA polymers to TRZ conjugates designed to target HER2 

overexpressing tumor. The results supported semitelechelic TRZ-ST-PHPMA as a 

favorable conjugate with higher conjugation rate, narrower size distribution, more potent 

anticancer activity, and more prolonged TRZ activity over TRZ-PHPMA. Also the 

polymer-TRZ conjugate system internalized and stayed longer in cells than free TRZ. 

Therefore for subsequent studies we chose this semitelechelic HPMA copolymer 

backbone to conjugate a combination of drugs (TRZ and PKI-166) for targeting HER2 

overexpressing breast cancer.  

 In Chapter 4 the HER2 targeted dual drug (TRZ and TKI) delivery system 

conjugated to a single polymer is synthesized and physicochemically characterized. The 

effect of the conjugates on in vitro anticancer activity and downstream signal protein 

expression is compared to the free drugs and non covalent physical mixture of the two 

drugs. Results demonstrate: 1) the polymer dual drug conjugates had synergistic 
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anticancer activity from TRZ and PKI166 (our model TKI) and 2) the conjugate 

prolonged the anticancer effect compared to free drugs. 

 Chapter 5 describes the in vivo antitumor activity of polymeric dual drug 

conjugates in tumor bearing mice. The effects are compared with free drugs and their 

physical mixture. Results demonstrate that the polymer conjugates had more tumor 

shrinkage possibly due to a combination of active and passive targeting. 

Finally, Chapter 6 summarizes the findings of the preceding chapters and proposes future 

directions for this research. 

 In addition, early studies were done on the design and development of HPMA 

copolymer-antiangiogenic drug conjugates actively targeted to breast cancer. Specifically 

the synthesis and characterization of HPMA copolymer-Fumagillin-RGD4C conjugates 

with various spacer lengths and evaluation of bioadhesion and efficacy of the conjugates 

in vitro are reported. These studies are summarized in Appendix section.  
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CHAPTER 2 

BACKGROUND 

2.1 Introduction 

Breast cancer is the most common cancer in females and the second most 

common cause of death in women in the United States
22

. Metastatic breast cancer (MBC) 

is the most advanced stage of breast cancer involving the dissemination of cancerous 

cells from the breast to other areas of the body. At the time of diagnosis, less than 10 % 

of women are presented with a metastatic disease. However, when relapse occurs after 

definitive therapy for early stage or locally advanced disease the majority of patients end 

up with disseminated metastases rather than an isolated local recurrence. The median 

survival for MBC patients appears to have improved over time, which has been attributed 

to the availability of new, more effective agents, including taxanes, aromatase inhibitors, 

and anti-HER2 agents
23, 24

. However, MBC is unlikely to be completely cured and the 

survival is extremely low as five-year survival is attained in only 23.4 % of these patients. 

Therefore it is important to understand the patients’ treatment goals and the need for 

aggressive therapy including combination therapy
25

. The primary goals of systemic 

treatment of MBC are prolonged survival, alleviated symptoms, and maintained or 

improved quality of life despite the toxicity associated with treatment
26-29

. Although 
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combining chemotherapy, biologic therapy, and/or endocrine therapy might have additive 

and even synergistic efficacy in theory it generally leads to increased toxicity. Clinical 

trials have failed to show a clear survival advantage for the concurrent administration of 

chemotherapy and endocrine therapy over either single modality
26, 30, 31

. Novel biologic 

therapies, that specifically target molecular pathways, such as growth factors relevant to 

the development of breast cancer, have contributed to advancing the treatment and 

improving the prognosis of MBC. Non-cytotoxic biological agents act on specific 

molecular pathways to target cancer cells while sparing normal tissues, and therefore do 

not generally cause alopecia, vomiting, and  myelosuppression that are characteristic of 

cytotoxic drugs. New agents and combination regimens clearly have the potential to 

significantly improve clinical outcomes, yet they also create new challenges including 

limited patient population, tolerability and compliance issues
32

. Drug delivery systems 

derived from liposomes, dendrimers, polymeric nanoparticles and micelles are currently 

under preclinical and clinical development as novel nanomedicines that can deliver a 

combination of multiple drugs to various cancers.  

 

2.2 HER2 overexpression in breast cancer 

Human Epidermal Growth Factor Receptor type 2, HER2, is overexpressed in 

ovarian, lung, prostate, gastric, oral, and 20~30% of breast carcinomas and correlates 

with reducing overall survival rate and differential responses to various chemotherapeutic 

hormonal agents
2
. In a normal cell about 20,000 HER2 receptors are expressed while a 

HER2 positive tumor cell expresses about 2,000,000 HER2 receptors. Such increased 

HER2 expression leads to increase in receptor mediated intracellular signaling, which 
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results in uncontrollable proliferation of tumor cells. Therefore, if left untreated, HER2 

positive breast cancer can progress rapidly
33

.  

 

2.2.1 Mechanism of HER2 overexpression 

There are four types of receptors in Human Epidermal Growth Factor Receptor 

family including HER1, HER2, HER3, and HER4. They are transmembrane tyrosine 

kinase receptors with partial homology and respond to regulate cell growth and survival 

as well as adhesion, migration, differentiation and other cellular responses. They consist 

of extracellular binding domain, transmembrane lipophilic segment, and functional 

intracellular tyrosine kinase domain (except HER3). Intracellular tyrosine kinase domains 

are activated by homo/heterodimerization of HER2 with HER1, HER2, HER3, or HER4, 

which induced by: (1) receptor specific ligand binding to extracellular domain of HERs, 

(2) adaptation of a fixed conformation resembling a ligand-activated state without ligand 

binding in HER2, which permits dimerization in absence of a ligand, and/or (3) HER2 

overexpression or mutation. Cleavage of the extracellular domain of HER2 leaves a 

signaling remnant (p95) at the cell membrane. Intracellular domain of p95 is prone to 

phosphorylation.
34, 35

 

Once activated, the parallel signal-transduction cascades of these receptors 

promote (1) cell proliferation through RAS – MAPK pathway [SOS (mammalian 

homologue of the son of sevenless) – RAS (rat sarcoma enzyme) – RAF (receptor 

activation factor) – MEK (mitogen extracellular signal kinase) – MAPK-

P(phosphorylated mitogen activated protein kinase) pathway] and (2) cell survival 

through PI3-K – AKT pathway [PI3-K (lipid kinase phosphoinositide 3-kinase) – Akt-P 
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(phosphorylated enzyme Ak transforming factor) pathway]. One of major downstream 

effects is production of vascular endothelial growth factor (VEGF) which leads to 

angiogenesis
2
. 

 

2.2.2 HER2 overexpression as a therapeutic target 

 HER2 overexpression has become an important therapeutic target status in 

treatment of breast cancer for following reasons. First, HER2 levels strongly correlate 

with the pathogenesis and prognosis of breast cancer
36

. HER2 overexpression is observed 

in 20-25% of all breast cancer patients and is directly linked to activation of the 

intracellular mitogenic signaling, leading to aggressive tumor behavior such as increased 

cancer cell survival/proliferation and angiogenesis. Second, HER2 is present in high 

proportion (~90%) of tumor cells in uniform and intense detection over the tumors
37

. 

Therefore, anti-HER2 therapy would target most cancer cells in a given patient. Third, 

HER2 overexpression is found in the primary tumor and metastatic sites in MBC patients, 

indicating that anti-HER2 therapy may be effective in all disease sites
38

. Also HER2 is 

overexpressed in other cancer types including ovarian, lung, prostate, gastric, and oral 

carcinomas, suggesting that anti-HER2 therapy could apply to expanded area of cancer 

treatment. 

 

2.2.3 Therapeutic agents for HER2 overexpressing tumor 

There are two major classes of anti-HER2 therapeutic agents including 

ectodomain binding monoclonal antibodies (mAbs) and small molecule TKIs competing 

with ATP for the tyrosine kinase domain of HER2. Other novel and emerging strategies 
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targeting the HER2 receptor and its pathway are also introduced. These strategies include 

heat shock protein 90 (HSP90) inhibitors, antibody-drug conjugates and agents targeting 

downstream components of the HER2 signaling pathway. 

 

2.2.3.1 HER2 targeting monoclonal antibodies 

Trastuzumab, the first FDA approved monoclonal antibody treatment for breast 

cancer, is currently used in treatment of HER2 overexpressing MBC and in adjuvant 

treatment of HER2 overexpressing node positive breast cancer in conjunction with non-

target specific small molecule chemotherapy. The proposed mechanism of action of TRZ 

is as follows in parallel events of: (1) binding to HER2 extracellular domain thereby 

preventing dimerization and extracellular domain cleavage (decrease phosphorylated 

p95), which lead to reduced signal-transduction pathway responding reduced cell survival, 

cell proliferation, and angiogenesis, (2) recruiting Fc-component immune effector cells or 

other component of antibody-dependent cell-mediated cytotoxicity (ADCC) causing cell 

death, and (3) enhancing internalization of HER2 by endocytosis which leads HER2 

degradation thereby receptor down-regulation
2
.  

However, 70% of patients do not respond to the treatment mainly due to 

development of rapid drug resistance by treatment. Suggested mechanisms of resistance 

development are (1) activation of PI3-K – AKT pathway due to overexpression of the 

insulin-like growth factor-1 receptor (IGF1R) or increased level of IGF1R/HER2 

heterodimers, (2) exogenous ligand induced EGFR/HER2 and HER2/HER3 

heterodimerization which TRZ is unable to block (the exogenous ligand of EGFR and 

HER3/4 coreceptors rescue from the antiproliferative effect of TRZ), and (3) HER2 
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receptors with lacking extracellular ligand binding domain upon TRZ treatment
39-41

. 

Since HER2 consists of extracellular domain, transmembrane lipophilic segment, and 

functional intracellular tyrosine kinase domain, the TRZ resistance can be overcome by 

administration of a TKI. 

Pertuzumab (Omnitarg
®
, Genentech) is another humanized monoclonal antibody 

designed to target HER2 receptor. Unlikely to TRZ which binds to extracellular 

subdomain IV pertuzumab binds to the extracellular subdomain II of the HER2 receptor 

which is subdomain for dimerization. Therefore, when pertuzumab binds and block the 

site it prevents receptor dimerization more specifically and ligand-activated signaling 

with other growth factor receptors, including other HER family members. In the phase II 

NeoSphere trial of neoadjuvant TRZ + docetaxel, pertuzumab + trastuzumab + docetaxel, 

pertuzumab + TRZ, and docetaxel + pertuzumab, the responsive rate (RR) was 

significantly higher with pertuzumab + TRZ + docetaxel versus TRZ + docetaxel (P = 

0.014) and with TRZ + docetaxel versus pertuzumab + TRZ (P = 0.031)
42

. A placebo-

controlled phase III trial of trastuzumab/docetaxel with or without pertuzumab in 

previously untreated HER2-positive MBC is ongoing (CLEOPATRA/NCT00567190). 

The results showed that combination of pertuzumab plus trastuzumab plus docetaxel 

significantly prolonged progression-free survival, with no increase in cardiac toxic effects 

when used as first-line treatment for HER2-positive metastatic breast cancer
43

. 

 

2.2.3.2 HER2 targeting small molecule tyrosine kinase inhibitors 

PKI-166 (Novartis) is one of the small molecule TKIs with the least selective 

activity among reversible EGFR inhibitors against binding intracellular binding domain 
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of EGFR (HER1), HER2, VEGF receptor (VEGFR), and other receptors. One of the 

major side effects of this drug is hepatotoxicity indicated with increases in ALT, AST 

and bilirubin.  Clinical development of TKI has been stuck in phase 1 trials mainly due to 

hepatotoxicity from the metabolites
6
. PKI-166 has a phenol group in its structure (Figure 

2.1) which is suspected to be the site of conjugation producing hepatotoxic metabolites
44

. 

One approach to overcome toxicity is to target this drug specifically to the tumor site by 

conjugation to a macromolecular drug carrier such as the proposed HPMA copolymers. 

Conjugation of the phenol group of PKI-166 to the HPMA backbone is proposed to block 

the potential site of metabolism and prevent further hepatotoxic metabolite production. 
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Figure 2.1 Chemical structure of PKI166. 
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2.2.3.3 Heat shock protein 90 (HSP90) inhibitors 

HSP90 is a molecular chaperone which plays an important role in the maturation 

and conformational stabilization of a number of cellular ‘client’ proteins. When HSP90 is 

inhibited its clients are rendered unstable and ultimately they undergo degradation in the 

proteasome. One of the most sensitive client proteins of HSP90 inhibition is HER2.  

Tanespimycin (17AAG, 17-allylamino-17-demethoxygeldanamycin), a geldanamycin 

derivative, is the lead HSP90 inhibitor in clinical development. It has been extensively 

studied as a single agent in patients with solid tumors in early phase clinical trials. In a 

phase I study of the combination of tanespimycin and TRZ tumor regressions were 

observed in 5 patients out of 25 enrolled patients, all of whom had HER2 overexpressing 

MBC previously progressing on TRZ without significant cardiotoxicity. These results led 

to a phase II study of this combination in patients with HER2 overexpressing MBC 

progressing on one line of TRZ-based therapy. The overall response rate was 26% with a 

clinical benefit rate of 63%
45

. Based on these clinical results, the combination of 

tanespimycin and TRZ is highly active for TRZ-treated HER2 overexpressing MBC. 

 

2.2.3.4 HER2 targeting antibody-drug conjugates 

 A promising strategy involves coupling targeted antibodies with potent antitumor 

agents, in the form of antibody-drug conjugates (ADC). TRZ-MCC-DM1 (T-DM1) is an 

ADC using a stable thioether linkage to couple TRZ to a derivative of maytansine, a 

chemotherapeutic agent with a microtubule-binding effect similar to vinca alkaloids. T-

DM1 has antitumor activity in TRZ-sensitive and TRZ-resistant preclinical models of 

HER2 overexpressing breast cancer
46

. Extensive analysis of T-DM1 in preclinical studies 



 

 

 19 

has shown that T-DM1 combines the distinct mechanisms of action of both DM1 and 

trastuzumab, and has antitumor activity in trastuzumab- and lapatinib-refractory 

experimental models. Clinically, T-DM1 has a consistent pharmacokinetics profile and 

minimal systemic exposure to free DM1, with no evidence of DM1 accumulation 

following repeated T-DM1 doses. Phase I and phase II clinical trials of T-DM1 as a 

single agent and in combination with paclitaxel, docetaxel, and pertuzumab have shown 

clinical activity and a favorable safety profile in patients with HER2-positive metastatic 

breast cancer. Two randomized phase III trials of T-DM1 are recruiting patients: EMILIA 

(NCT00829166) is evaluating T-DM1 compared with lapatinib plus capecitabine, and 

MARIANNE (NCT01120184) is evaluating T-DM1 plus placebo versus T-DM1 plus 

pertuzumab versus trastuzumab plus a taxane
47

. 

 

2.2.3.5 Mammalian target of rapamycin (mTOR) inhibitors 

 Loss of expression of the tumor suppressor PTEN and or activation of the 

PI3K/Akt signaling proteins have been reported as possible mechanisms of resistance to 

TRZ. mTOR is a serine-threonine kinase which is a downstream component of the 

PTEN/PI3K pathway. Everolimus (RAD001) is an oral mTOR inhibitor which has been 

evaluated with combinations of TRZ and various chemotherapeutic agents in phase I/II 

studies
48

.  

 

2.3 Combination anticancer therapy for metastatic breast cancer 

For better therapeutic effectiveness combination anticancer treatment has long 

been adopted in clinics. The general rationale for employing combination therapy is 
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twofold. First, when multiple drugs with different molecular targets are applied, the 

cancer adaptation process such as cancer cell mutations can be delayed. Second, when 

multiple drugs target the same cellular pathway they could function synergistically for 

higher therapeutic efficacy and higher target selectivity.  Currently available combination 

regimens for MBC in clinics are limited to administrating a physical mixture of two or 

more anticancer agents. The clinically used combination regimens in the US can be 

broadly classified based on their mechanisms of action (Figure 2.2 A and B) including: 1) 

combination of non-specific small molecule chemotherapeutic agents, 2) combination of 

target-specific biologic agent and small molecule chemotherapeutic agents, and 3) 

combination of target-specific biologic agents. 
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Figure 2.2 Schematic representation of various combination drug delivery approaches for 

treatment of cancer. (A) combination of small molecule chemotherapeutic agents, (B) 

combination of target specific biologic agents including monoclonal antibodies and small 

molecule chemotherapeutics (C) carrier-mediated combination drug delivery (see Figure 

2.3 to 2.6 for structures of various carriers) 
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2.3.1 Combination of non-specific small molecule chemotherapeutic agents 

Small molecule chemotherapeutic agents can be given singly or in combination 

(Figure 2.2 A). Toxicity is typically less with single agent therapy and quality of life 

appears better. However, combination therapy may be a more appropriate first-line 

choice for symptomatic patients or those with rapidly progressive visceral metastases 

because of the greater likelihood of an objective response. Of the many active 

combination chemotherapy regimens in MBC (Table 2.1), none is established as the 

optimal first-line regimen. For example prior exposure to anthracyclines and/or taxanes is 

a major limiting factor when selecting such a regimen since it often renders tumors 

resistant and is therefore related to reduced clinical benefits including response rate upon 

rechallenging to these chemotherapeutic classes and even to other classes of drugs
49, 50

.  

 

2.3.1.1 Anthracycline-based regimens 

With response rates of up to 60 % in previously untreated patients with MBC 

anthracycline-based regimens are one of the most widely used first-line chemotherapies. 

Because of this advantage patients relapsing more than 12 months after anthracycline-

based treatment may be reinduced with anthracycline-based combination chemotherapy
51-

54
. Anthracyclines (or anthracycline antibiotics), derived from Streptomyces bacteria, are 

a class of drugs widely used and studied in cancer chemotherapy. Mechanisms of action 

of anthracyclines are (1) to inhibit DNA and RNA synthesis by intercalating between 

base pairs of the DNA/RNA strand, thus preventing the replication of rapidly-growing 

cancer cells, (2) to inhibit topoiosomerase II, preventing the relaxing of supercoiled DNA 

and thus blocking DNA transcription and replication, and (3) to create iron-mediated free 
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oxygen radicals that damage the DNA and cell membranes. Anthracyclines based 

combination chemotherapy has shown improved anticancer activity than anthracyclines 

alone. For example, doxorubicin has achieved response rate of 40-50% as single agent 

while 60-70% in combination
55

. These regimens include doxorubicin or epirubicin with 

cyclophosphamide (AC and EC); doxorubicin, cyclophosphamide and fluorouracil (FAC 

or CAF); and epirubicin with cyclophosphamide and fluorouracil (FEC). Unfortunately, 

the clinical benefits of anthracyclines are limited by cardiotoxicity that can lead to the 

development of potentially fatal congestive heart failure
56

. The combination of 

anthracycline and cyclophosphamide (AC) is commonly used as first-line chemotherapy 

in metastatic breast cancer, with or without fluorouracil. Jassem et al. showed improved 

response rates of 37% to 57% and median time to progression ranging from 6 to 9 months 

for fluorouracil + AC–type regimens in phase III trials
57

. These regimens are more active 

but also more toxic than single agent regimens or nonanthracycline-based combinations
58, 

59
. Joensuu et al. reported better response rate of 55% in patients treated with FEC than 

48% in patients treated with epirubicin alone. However, most of FEC treated patients 

(80%) suffered from total hair loss while majority of epirubicin treated patients (59%) 

experienced little or no hair loss. Other chemotherapy related toxicity were more 

common in FEC treated patients including hematologic toxicity, nausea and vomiting
59

. 

Furthermore, anthracycline-based regimens have not demonstrated a benefit in overall 

survival compared to single-agent anthracyclines. 
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2.3.1.2 Taxane-based regimens 

Taxanes are another class of chemotherapy agents originally derived from natural 

sources then synthetically derivatized including paclitaxel (Taxol) and docetaxel 

(Taxotere). The mechanism of action of taxanes is to disrupt microtubule function. 

Microtubules are essential to cell division, and taxanes stabilize guanosine diphosphate 

(GDP)-bound tubulin in the microtubule, thereby inhibiting the process of cell division. 

Therefore taxanes also can be classified as mitotic inhibitors. However due to their poor 

water-solubility taxanes encounter difficulties in pharmaceutical formulation and this 

often results in reduced bioavailability. 

Different mechanisms of action of anthracyclines and taxanes provide the 

rationale of combination therapy of these two classes of drugs. Taxanes and 

anthracyclines typically do not produce overlapping toxicities with existing therapies. 

Bria et al. reported improved time to progression and overall survival from doxorubicin 

with paclitaxel (or docetaxel) therapy compared to anthracycline based combination 

therapy (FAC or AC). Although greater hematologic toxicity (such as neutropenia) 

occurs from taxane containing regimen (74%) than the anthracycline regimen (63%)
50

 the 

overall added toxicity of an anthracycline/taxane combination may be overcome by a 

substantially greater therapeutic benefit.  

Taxane with non-anthracycline combinations is another highly effective regimen 

and is particularly useful in patients with rapidly progressive visceral metastases, who 

were previously treated with an anthracycline. In this regimen, capecitabine and 

gemcitabine are drugs of choices as non-anthracycline drugs for combination with 

taxanes (docetaxel or paclitaxel). Albain et al. reported the combination of gemcitabine 
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and paclitaxel regimen to be superior to paclitaxel alone with longer time to progression 

(6 vs. 4 months) and better response rate (41% vs. 26%). However toxicity of this 

combination was higher with increased neutropenia (61% vs. 22%), fatigue (19% vs. 

13%) and neuropathy (24% vs. 22%)
60

.   

 

2.3.1.3 Other combination regimens of non-specific small molecule chemotherapeutic 

agents 

Increased use of anthracyclines and taxanes in adjuvant (given in addition to main 

treatment) and neoadjuvant (given before the main treatment) settings limits the treatment 

options for patients upon relapse. Multidrug resistance (MDR) is a major limitation of 

conventional chemotherapy
61

. This is often a result of overexpression of efflux pump 

proteins such as P-glycoprotein (P-gp; encoded by MDR1) and multidrug resistance–

associated protein (MRP). Some non-anthracycline and non-taxane-containing multidrug 

regimens have high response rates in MDR tumors. E.g. ixabepilone is a non-taxane 

tubulin polymerizing agent that has low susceptibility to multiple tumor resistance 

mechanisms. Preclinical data showed that ixabepilone retains activity in tumors that use 

MDR pumps and in tumors that are paclitaxel-resistant
62

. Ixabepilone in combination 

with capecitabine (Table 2.1) results in prolonged progression-free survival relative to 

capecitabine alone (5.8 vs. 4.2 months). Objective response rate was also increased (35% 

vs. 14%). Cyclophosphamide, methotrexate plus fluorouracil (Table 2.1) is another 

combination regimen used for treatment of MBC. 

As discussed above most combination therapies with small molecule 

chemotherapeutic agents present improved clinical benefits including enhanced response 
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rate and prolonged overall survival, progression-free survival, relapse-free survival, 

and/or time to progression. However, with additive efficacy the adverse effects from each 

agent are compounded resulting in patients’ suffering from more treatment related 

toxicity. The non-specific nature of small molecule chemotherapeutics accounts for much 

of the toxicity due to non-selective biodistribution in healthy tissues concurrently with 

tumor accumulation. Additionally exposure to multiple conventional chemotherapeutic 

agents reduces response rate due to increased efflux of these drugs out of the cells 

mediated by the overexpression of MDR related efflux pumps or transporters
61

. Therefore 

the need for reducing treatment related toxicity and overcoming MDR leads researchers 

to explore new classes of target specific anticancer therapy.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 27 

Table 2.1 Clinically used combination regimens of non-specific small molecule 

chemotherapeutic agents in metastatic breast cancer.  

Classes Regimens Advantages Disadvantages Ref. 

Anthracycline 

based 

Doxorubicin + 

Cyclophosphamide 

Doxorubicin + Fluorouracil 

Epirubicin + Cyclophosphamide 

Epirubicin + Fluorouracil 

Improved 

RR 

No significant 

difference in time to 

progression or 

survival, more 

treatment related 

toxicity, and less 

quality of life 

58, 59
 

Taxane based Doxorubicin + Paclitaxel 

Doxorubicin + Docetaxel 

Improved 

RR and PFS 

More hematologic 

toxicity, 

cardiotoxicity 

50, 63
 

 Capecitabine + Docetaxel 

Gemcitabine + Paclitaxel 

Improved 

TTP, RR 

and OS 

Increased non-

hematologic toxicity 

(diarrhea, stomatitis, 

hand-foot syndrome) 

60, 

64, 65
 

Other 

combinations 

Ixabepilone + Capecitabine 

 

Improved 

RR and 

TTP in 

heavily 

pretreated 

patient 

Peripheral neuropathy 
62

 

 Cyclophosphamide + 

Methotrexate + Fluorouracil 

Improved 

RR, RFS, 

and OS 

Rapid bone loss 
66-68

 

Legends: OS, overall survival; PFS, progression free survival; RFS, relapse free survival; RR, 

response rate; TTP, time to progression. 
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2.3.2 Combination of target-specific biologic agent and small molecule chemotherapeutic 

agent 

Small molecule chemotherapeutic agents lack cancer cell specific targeting ability, 

and also affect the fast-dividing normal cells of the body (such as blood cells and the cells 

lining the mouth, stomach, and intestines). Therefore, the major adverse effects from 

these chemotherapeutic agents are nonspecific toxicities including anemia, nausea, 

vomiting and hair loss. Biologic agents are advantageous to chemotherapy in their ability 

to actively target specific receptors. Conventional chemotherapy does not discriminate 

effectively between tumor cells and rapidly dividing normal cells thus leading to 

nonspecific adverse effects. In contrast, target specific anticancer therapies interfere with 

molecular targets that have an important role in tumor growth or progression distinct 

from normal cells. Also some of these agents act as inhibitors to MDR related proteins 

thereby increasing the response rate
69

. Overall targeted therapies provide a broader 

therapeutic window with less toxicity and higher response rate compared to conventional 

chemotherapy. They are often useful in combination with chemotherapy (Figure 2.2 B) 

and/or radiation to produce additive or even synergistic effects with unique mechanism of 

action than traditional cytotoxic therapy. Target specific anticancer therapeutic agents can 

be classified by their structures and mechanism of actions as extracellular targeting 

monoclonal antibodies and intracellular targeting small molecular tyrosine kinase 

receptor inhibitors. These agents used in metastatic breast cancer target primarily HER2, 

VEGFR, or EGFR. Currently available target specific anticancer agent based 

combination regimens are listed in Table 2. 2. 
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2.3.2.1 Monoclonal antibody based combination regimens 

Monoclonal antibodies are monospecific antibodies made by identical immune 

cells as clones of a unique parent cell. Due to their nature monoclonal antibodies can be 

designed to bind to specific substances hence they are widely used for target specific 

detection or purification
70

. TRZ is a monoclonal antibody that interferes with the HER2 

by several suggested mechanisms of action including 1) inhibit HER2 dimerization, 

which is essential for further signal transduction 2) reduce available HER2 on the cell 

surface by endocytosis and 3) introduce antibody-dependent cell-mediated cytotoxicity
2
. 

The combination of HER2-directed therapy with endocrine therapy is a promising first-

line treatment for patients with hormone receptor-positive and HER2-positive MBC that 

is not imminently life-threatening or symptomatic. For others, the combination of 

chemotherapy with HER2-targeted therapy in the first line setting is preferred. Several 

chemotherapeutic agents appear to be synergistic with TRZ (Table 2.2). Robert et al. 

reported that TRZ plus multi-agent combination chemotherapy (e.g., TRZ plus paclitaxel, 

and carboplatin) improves response rates and progression-free survival, although it also 

increases toxicity over TRZ plus single-agent chemotherapy.  

Bevacizumab, a monoclonal antibody against VEGFR, acts as an inhibitor of 

angiogenesis. VEGF is an important signaling protein involved in both vasculogenesis 

(the formation of the circulatory system) and angiogenesis (the growth of blood vessels 

from pre-existing vasculature).  Since angiogenesis is the essential way of providing 

nutrition to tumors and a fundamental step in the transition of tumors from a dormant 

state to a malignant one, it serves as important target for anticancer therapy. As 

monotherapy in MBC, it has only modest activity (response rate of 9 %)
71

. Baselga et al. 

http://www.uptodate.com/contents/bevacizumab-drug-information?source=see_link
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found that bevacizumab in combination with weekly paclitaxel improves progression-free 

survival in HER2-negative disease
72

. At one point it was approved for breast cancer by 

the FDA, but the approval was revoked because, although there was evidence that it 

slowed progression of metastatic breast cancer, there was no evidence that it extended life 

or improved quality of life, and it caused adverse effects including severe high blood 

pressure and hemorrhaging
73

.  

Cetuximab is a monoclonal antibody that targets overexpressed EGFR in various 

cancers
74

. EGFR is the cell-surface receptor for members of the epidermal growth factor 

family. Mutations affecting EGFR expression or activity could result in cancer. EGFR is 

the most well-known protein overexpressed among triple-negative breast cancer (i.e. 

lacking expression of the estrogen receptor (ER), progesterone receptor (PR), and HER2 

proteins). Although single agent activity of cetuximab in refractory metastatic breast 

cancer is limited, cetuximab combined with cisplatin have shown modest activity in 

patients with triple-negative MBC 
72

.  

Monoclonal antibodies as biologic anticancer agents have shown reduced toxicity 

while having modest activities. The low response rates due to drug resistance can explain 

such modest activities. TRZ resistance is developed in about 70% of TRZ treated breast 

cancer patients in early treatment period
2
 and only small portion of patients (less than 

20%) achieved an objective response on cetuximab treatment
75

. The mechanisms of 

resistance development of monoclonal antibody drugs are not fully understood but 

mutation on the targeting receptors can explain a part of the mechanisms. To reduce these 

anticancer drug resistances broader targeting and non-MDR affecting small molecule 

agents are considered in combination with antibody based biologics.  

http://www.uptodate.com/contents/paclitaxel-drug-information?source=see_link
http://www.uptodate.com/contents/cetuximab-drug-information?source=see_link
http://www.uptodate.com/contents/cisplatin-drug-information?source=see_link
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Table 2.2 Clinically used combination regimens of target specific biologic agent(s) in 

metastatic breast cancer. 

Classes Regimens Advantages Disadvantages Ref 

mAb 

based 

Trastuzumab + Doxorubicin + 

Cyclophosphamide 

Trastuzumab + Epirubicin + 

Cyclophosphamide 

Improved RR, PFS 

and OS 

Cardiomyopathy, 

hematologic toxicity 

76, 77
 

Trastuzumab + other chemotherapy 

(Paclitaxel, Docetaxel, Vinorelbine, 

Capecitabine, Platinum compounds, 

and Gemcitabine) 

Improved RR and PFS Increased 

hematologic toxicity 

78, 79
 

Bevacizumab + Paclitaxel Improved PFS More toxicity 

(hypertension, 

proteinurea, bleeding, 

nasal septum 

perforation, 

thromboembolic 

event, heart failure, 

mortality) 

80
 

Cetuximab + Cisplatin Improved RR and PFS 

in patients with TNBC 

More acne-like rash, 

neutropenia, dyspnea 

72
 

Tyrosine 

kinase 

inhibitor 

based 

Lapatinib + Capecitabine 

Lapatinib + Paclitaxel 

Lapatinib + Letrozole 

Improved RR, TTP, 

PFS 

More toxicity 

(toxicity from 

chemotherapy plus 

diarrhea, skin rash, 

nausea, pruritis 

81-83
 

 Sunitinib + Docetaxel No worsen toxicity Non-significant 

combination activity 

84
 

 Erotinib + Cisplatin + Gemcitabine Well tolerated No survival benefit 
85

 

PARP 

inhibitor 

based 

Iniparib + Gemcitabine + 

Carboplatin 

Improved PFS and OS  

 

neutropenia, 

thrombocytopenia, 

anemia, fatigue or 

asthenia, leukopenia 

86
 

 Olaparib + Gemcitabine + 

Carboplatin 

Improved RR  
87

 

Multiple 

targeted 

Trastuzumab + Lapatinib Improved PFS and  

Overcome TRZ 

resistance 

Additive toxicity 

from TRZ and 

Lapatinib, Patient 

compliance issue (IV 

and oral 

administration) 

88
 

Legends: OS, overall survival; PFS, progression free survival; RFS, relapse free survival; RR, 

response rate; TTP, time to progression; TRZ, trastuzumab 
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2.3.2.2 Small molecule tyrosine kinase receptor inhibitor based combination regimen 

Lapatinib is a small molecule dual tyrosine kinase receptor inhibitor of EGFR and 

HER2 that, like TRZ, has demonstrated a significant improvement in overall survival 

when added to the treatment of HER2-positive MBC
89

. The benefit of lapatinib combined 

with chemotherapeutic agents (Table 2.2) as compared to chemotherapeutic agents alone 

was seen in patients with progressive, HER2-overexpressing MBC who were previously 

treated with an anthracycline, a taxane, and TRZ. Cameron et al. reported that patients 

treated with combination of lapatinib and capecitabine showed improved overall survival 

time of 75 weeks compared to that of 64.7 weeks in the patients treated with 

capecitabine
81

. However due to the broad selectivity of lapatinib, the primary observed 

toxicities of lapatinib are nonspecific such as diarrhea, acneiform skin rash, nausea, and 

pruritus
83

. 

 Another strategy for targeting VEGF and tumor angiogenesis is the use of small 

molecule tyrosine kinase receptor inhibitors that target the VEGFR, including sunitinib, 

sorafenib, axitinib, and pazopanib. Gianni et al. reported improved response rate of 72% 

with the docetaxel plus sunitinib combination compared to 11% with sunitinib 

monotherapy. Most common side effects of sunitinib are anorexia, fatigue, mucositis, 

diarrhea and nausea. However, the combination was well tolerated and did not 

significantly worsen the toxicity associated with the chemotherapy alone
84

.  

Although these agents, alone or in combination with chemotherapy and/or other 

biologics, hold great promise, to date they have failed to demonstrate significant activity 

in MBC
90, 91

. Most small molecule tyrosine kinase receptor inhibitors have dose related 

http://www.uptodate.com/contents/sunitinib-drug-information?source=see_link
http://www.uptodate.com/contents/sorafenib-drug-information?source=see_link
http://www.uptodate.com/contents/pazopanib-drug-information?source=see_link
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toxicity such as hepatotoxicity compared to monoclonal antibody therapy mainly due to 

less selective distribution. 

 

2.3.2.3 Poly (adenosine diphosphate-ribose) polymerase inhibitor based regimen 

Poly (adenosine diphosphate-ribose) polymerase (PARP) is a DNA-binding 

protein involved in detection and repair of DNA strand breaks
92

. PARP inhibitors are a 

new and exciting class of agents to treat triple-negative and breast cancer gene (BRCA)-

mutated breast cancer
93

. Cancers defective in DNA repair, specifically cancers with 

mutations in the breast cancer associated BRCA1 and BRCA2 genes and triple-negative 

breast cancer (which shares molecular and pathologic features with BRCA1-related 

breast cancers) appear to be particularly sensitive to inhibition of PARP-1
94

. Olaparib 

(AstraZeneca) is an oral small molecule PARP inhibitor and its clinical evidence of 

sensitivity towards BRCA mutated cancers was reported in a study by Yap et al
87

. The 

early data of ongoing clinical trial by O'Shaughnessy et al. showed promising results of 

significantly higher response rates (p=0.02) of patients receiving olaparib,  gemcitabine 

and carboplatin compared to that of placebo and chemotherapy groups
87

. 

 

2.3.3 Combination of target-specific biologic agents 

Although not many of the regimens are clinically approved, the concept of 

combination of two or more target-specific biologic agents is promising (Figure 2.2B). 

The rationale is to target multiple molecular pathways that lead to the same signaling 

cascade and hence achieve the synergistic effects. For example when the extracellular 
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domain of HER2 forms a dimer its intracellular tyrosine kinase domain is phosphorylated 

and downstream signaling cascades are turned on which enhances cancer cell 

proliferation, prolongation and angiogenesis. By administering a combination of TRZ and 

lapatinib
88

, TRZ can target the extracellular domain of HER2 preventing dimerization 

while lapatinib can target the intracellular domain for HER2 blocking the 

phosphorylation. In this case both agents target different parts of the same receptor and 

hence one can expect the same clinical output
2
. Such dual targeting of HER2 may be 

synergistic, as suggested by an ongoing clinical trial in MBC patients progressing on one 

or more prior trastuzumab-containing regimens
95

. The combination therapy resulted in a 

significant improvement in progression-free survival compared to monotherapy with 

lapatinib
88

. The combination has also been shown to inhibit HER family receptors more 

completely than trastuzumab alone and has been effective against trastuzumab resistant 

tumors
5
. As discussed above each class of target-specific agents still has its own 

drawbacks such as drug resistance from monoclonal antibodies and non-specific toxicity 

and lack of selectivity from small molecule kinase inhibitors.  

 

2.4 Challenges of currently used combination treatments for metastatic breast cancer 

Beneficial therapeutic effectiveness from combination treatment is promising 

when considering theoretically non-overlapping mechanisms of action of each anticancer 

agent. However, current combination treatments in metastatic breast cancer are far from 

perfection with moderate enhanced efficacy but additive toxicity as described above. 

Commonly these anticancer agents are administered together as a physical mixture of 

each agent without pharmacokinetic modification. These agents (free drugs) therefore 
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distribute are eliminated independently of each other. As a result the additive effects are 

seen not only in anticancer activity but concurrently in adverse effects. Combining 

molecularly targeted agents is an improved strategy, but brings added complications 

including patient compliance issue. For example, in HER2 targeted combination therapy 

with TRZ and lapatinib, these two agents have two different routes of administration. 

TRZ is given intravenously weekly while lapatinib is administered daily as an oral 

formulation. Due to two different ways of administration with different schedules it is 

challenging to manage proper pharmacokinetic and pharmacodynamic profiles and 

virtually impossible to achieve uniformly temporal and spatial co-delivery. Storniolo et al. 

reported the results of a pharmacokinetic study of coadministration of TRZ and lapatinib 

to 27 patients. Serial blood samples were collected over a 24-hour period after ingestion 

of the lapatinib dose and/or the initiation of the 0.5-hour TRZ infusion. They reported 

that lapatinib area under the plasma drug concentration versus time curve within a 24-

hour period after dosing (AUC24) and Cmax were not significantly different in comparing 

the combination with lapatinib alone. AUC24 and Cmax of TRZ were not significantly 

different when comparing the combination to trastuzumab alone
96

. However since the 

courses of TRZ last almost one year and the possible drug resistance development from 

chronic tyrosine kinase inhibitor therapy are reported it is not simple to apply this short-

term result to chronic combination regimens. Patients would find it difficult to follow the 

direction which may cause more frequent office visits to improve compliance to the 

regimen which also increases healthcare costs.  
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2.5 Carrier-mediated combination anticancer therapy 

The challenges discussed above have driven researchers to investigate novel 

approaches by incorporating nanotechnology with combination anticancer treatment. The 

promising hypothesis is that by delivering two of more drugs simultaneously using a 

carrier-mediated drug delivery system the combination system can generate synergistic 

anticancer effects, and reduce individual drug related toxicity. However this area of 

delivering multiple drugs with a single vehicle remains largely unexplored while most 

research efforts focus on single agent delivery systems. Therefore, here we will review 

carrier-mediated drug delivery systems containing multiple anticancer agents for cancer 

treatment in general not limited to MBC. Carrier-mediated drug delivery systems can 

offer many advantages over delivery of physical mixture of multiple drugs. The 

advantages include 1) prolonged drug circulation half-life mediated by the carrier, 2) 

reduced nonspecific uptake, 3) increased accumulation at the tumor site through passive 

enhanced permeation and retention (EPR) effect and/or active targeting by incorporation 

of targeting ligands
97

, 4) predominantly endocytic uptake with the potential to bypass 

mechanisms of multidrug resistance, and 5) ratiometric dosing i.e. ability to tailor the 

relative ratios of each agent based on its pharmacological disposition. Also a single 

delivery system carrying multiple drugs in the same platform can lead to synchronized 

and controlled pharmacokinetics of each drug, resulting in improved drug efficacy, single 

formulation with improved solubility and bioavailability etc
98

. When carrier mediated 

systems containing multiple drugs come to fruition as novel drug delivery systems in 

general cancer therapy it can also be adapted to metastatic breast cancer treatment, which 

requires aggressive therapy. Widely investigated carriers for multiple drug delivery such 
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as liposomes, dendrimers, polymeric nanoparticles and water soluble polymer-drug 

conjugates are reviewed below.  

 

2.5.1 Combination drug delivery systems based on liposomes 

Liposomes are spherical vesicles composed of one or more lipid bilayers with a 

drug containing aqueous core (Figure 2.3A). Liposomes are one of the most widely used 

pharmaceutical carriers with several unique characteristics such as 1) ability to 

encapsulate both hydrophilic and hydrophobic drugs and (2) protect the encapsulated 

drugs from the external environment
9
. Unmodified liposomes are rapidly cleared from the 

blood by phagocytic cells of the RES system, resulting in premature degradation and 

systemic clearance
9
. To overcome this challenge long-circulating stealth liposomes have 

been developed by coating the surface with an inert and biocompatible polymer such as 

polyethylene glycol (PEG). The polymer layer provides a protective shell over the 

liposome surface and suppresses liposome recognition by opsonins, and therefore 

prevents rapid clearance by the RES
99

. Several examples of combination drug delivery 

systems based on liposomes are listed in Table 2.3. Zuker et al. has developed a 

PEGylated nanoliposome (LipoViTo) for simultaneous delivery of two chemotherapeutic 

agents (topotecan and vincristine)
100

. In mice xenograft studies, the simultaneous delivery 

of two agents by the LipoViTo system altered the biodistribution of each individual drug 

in favor of the tumor resulting in >100-fold higher tumor levels. This ultimately resulted 

in a higher therapeutic response (91% tumor suppression) from the dual-drug liposome 

formulation, which could not be achieved by either administering a combination of free 
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drugs (29% tumor suppression) or liposomal formulations containing only one drug (38- 

43%).  

Another unique liposomal system is a polymer-caged nanobin (PCN, Figure 2.3B) 

developed by Lee et al.,  which illustrates the different ways to incorporate multiple drugs 

in the same liposome such as encapsulation of one drug and covalent conjugation of the 

other. PCN comprising of a doxorubicin (Dox)-loaded liposomal core and surrounded by 

a cisplatin (Pt) conjugated pH-responsive polymer cage was developed with tunable drug 

ratios (Pt/Dox) and surface charge potentials. This dual-agent formulation dramatically 

enhanced the overall efficacy of each drug against breast and ovarian cancer cells at 

reduced doses.  Combination index and isobologram analysis confirmed higher 

synergistic drug effects over a wider range of concentrations compared to combinations 

of either the free drugs or nano-packaged single drugs. The extent of synergism was 

further dependent on the individual drug ratios which highlights the importance of single 

carrier mediated combination drug delivery platforms that allow such tunable drug 

loading.  In vitro studies with the PCN system further demonstrated that during cellular 

uptake via endocytosis, the initial drug-combination ratio in the liposome was 

preserved
101

.  

Attaching targeting ligands such as antibodies and peptides to a drug carrier is a 

widely applied strategy drastically increasing carrier accumulation in the desired cells, 

tissues and organs. Several such targeted liposomes have been developed for combination 

drug delivery applications
102

. Wu et al. synthesized and evaluated transferrin (Tf)-

conjugated liposomes co-loaded with Dox and verapamil (Ver). The targeted liposome 

showed high specificity for Tf receptor overexpressing cancer cells. Due to the weakly 
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basic nature of Dox and Ver, it was possible to load both agents into liposomes via a 

transmembrane pH gradient. The Dox and Ver co-loaded liposome showed threefold 

increase in anticancer activity compared to liposomal Dox alone while concurrently 

minimizing Ver-related adverse effects including cardiotoxicity, which typically occur 

with systemic administration of Ver
103

 . In addition the combination of Tf receptor 

targeting and co-encapsulation of Dox and Ver was highly effective in overcoming MDR 

in Dox resistant cells. These results indicate that active targeting plays a pivotal role in 

enhancing receptor mediated endocytosis of the drug delivery carrier bypassing P-gp 

mediated efflux and resistance mechanisms.  

As with any carrier mediated codelivery system, determination of the optimal 

dose as the relative ratio of multiple drugs is a complex aspect in liposome-based 

combination drug delivery system. Mayer et al. reported precise control over 

combinatorial drug dosing in liposomes
104

. The combination of drugs loaded into 

liposomes at desirable ratios could be achieved by adjusting liposome synthesis and drug 

encapsulation process. Various products based on this formulation such as CPX-351 

(cytarabine + daunorubicin)
105

 and CPX-1 (irinotecan + floxuridine)
106

 are currently 

investigated in clinical trials.  
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Figure 2.3 Combination drug delivery systems based on liposomes. (A) combination 

of drugs encapsulated in the hydrophilic core of liposome (B) polymer-caged nanobin 

(PCN); liposome based hybrid system carrying a combination of encapsulated drug and 

conjugated drug. 
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Table 2.3 Combination drug delivery systems based on liposomes. 

Formulation Therapeutics Indication Status Targeting Ref. 

PEG-Liposome Topotecan + 

Vincristine 

Brain cancer In vivo Passive  

Polymer caged 

nanobins (PCN); 

Liposome 

surrounded by 

cholesterol-

terminated 

poly(acrylic acid) 

Cisplatin + 

Doxorubicin 

Various 

cancers 

In 

vitro 

Passive  
101

 

Liposome Cytarabine + 

Daunorubicin 

Acute 

myeloid 

leukemia 

Phase 

II 

Passive  
105

 

Liposome Irinotecan + 

Floxuridine 

Colorectal 

cancer 

Phase 

II 

Passive 
106, 

107
 

Mixture of two 

Liposomes 

Irinotecan + Cisplatin Small-cell 

lung cancer 

In vivo Passive 
108

 

PEG-Liposome  Quercetin + 

Vincristine 

Hormone- 

and TRZ-

insensitive 

breast 

cancer 

In vivo Passive 
109

 

Cationic, anionic 

PEG-Liposome  

siRNA + Doxorubicin MDR-breast 

cancer 

In vivo Passive 
110

 

Liposome  6-Mercaptopurine + 

Daunorubicin 

Acute 

myeloid 

leukemia 

In 

vitro 

Passive 
111

 

Transferrin (Tf)-

conjugated PEG-

Liposome 

Doxorubicin + 

Verapamil 

MDR-

leukemia 

In 

vitro 

Active 

(Tf 

receptor) 

103
 

Legends: PEG, polyethylene glycol; MDR, multidrug resistant; TRZ, trastuzumab 
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2.5.2 Combination drug delivery systems based on dendrimers 

Dendrimers are well-established three-dimensional, branched polymers that have 

been thoroughly investigated as controlled and targeted drug delivery systems. The 

structure of dendrimers can be defined by an initiator core and layers of branched 

repeating units (each layer is called generations) with functional end groups on the 

outmost layer (Figure 2.4). Dendrimers differ from conventional polymers, in that they 

are nanoscopic in size (1–100 nm), well defined, spherical, possess a high degree of 

molecular uniformity, and bear ample number of modifiable surface groups
112

. The 

structural configuration of dendrimers also confers a large drug loading by various 

techniques such as adsorption to the surface (ionic interaction), encapsulation within 

hydrophobic micro-cavities inside branching clefts or direct covalent conjugation to the 

surface functional groups. These unique properties make dendrimers a desirable platform 

for concurrent delivery of water soluble and insoluble drugs
13, 113, 114

. Examples of 

dendrimer based combination drug delivery systems that are currently investigated are 

listed in Table 2.4. For example Ren et al. has developed a poly (amidoamine) (PAMAM) 

dendrimer for simultaneous co- delivery of gene therapy and chemotherapy agents. 5-

fluorouracil (5-FU) was encapsulated in the cavities of the dendrimer core via hydrogen 

bonding while an antisense microRNA (miR-21) was complexed to the surface through 

cationic surface charge based interaction
115

. Successful synchronous delivery of the two 

therapeutic agents was achieved resulting in synergistic anticancer efficacy, apoptotic 

activity, and decreased migration ability of the cancer cells compared to each agent alone. 

In another example Kaneshiro et al. developed a targeted nanoglobular dendrimer based 
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on a poly(l-lysine) core for intracellular codelivery of doxorubicin (Dox, 

chemotherapeutic) and siRNA (nucleic acid)
116

. An endothelial targeting peptide 

c(RGDfK) was conjugated to the dendrimer surface  via a PEG spacer. Dox was 

covalently conjugated while siRNA was complexed to the dendrimer. The targeted 

dendrimer dual agent delivery system resulted in significantly higher gene silencing 

efficiency in U87 glioblastoma cells than dendrimer-Dox conjugates or dendrimer siRNA 

complexes
116

. Lee and coworkers have developed a targetable dendrimer for combination 

chemo-immunotherapy delivery.  A single-stranded DNA-A9 PSMA (prostate-specific 

membrane antigen) RNA aptamer hybrid was conjugated to a PAMAM dendrimer as the 

tumor targeting moiety. This system was complexed with a plasmid bearing 

unmethylated CpG that acts as both an immune-stimulating agent and a carrier of the 

drug, Dox. The dendrimer based conjugate showed greater antitumor efficacy with much 

lower toxicity than the same dose of free Dox or aptamer-free dendrimer conjugate in 

murine tumor models
117

.  
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Figure 2.4 Combination drug delivery systems based on dendrimers: concurrent 

delivery of water soluble and insoluble drugs by adsorption to the surface (ionic 

interaction), encapsulation within hydrophobic micro-cavities inside branching clefts or 

direct covalent conjugation to the surface functional groups.  
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Table 2.4 Combination drug delivery systems based on dendrimers. 

Carrier 

Composition 

Therapeutics Indication Status Targeting Ref. 

G5 PAMAM 

dendrimer 

Antisense-miRNA21 

+  

5-FU 

Glioblastoma In 

vitro 

Active; miRNA 

overexpression 

115
 

Aptamer–G4 

PAMAM 

dendrimer 

conjugates 

Unmethylated CpG-

ONTs + Doxorubicin 

Prostate 

cancer 

In 

vivo 

Active; a 

single-strand 

DNA-A9 

PSMA, RNA 

aptamer hybrid 

117
 

Dendritic PEG Paclitaxel + 

alendronate 

Cancer bone 

metastases 

In 

vivo 

Active; Bone 

metastasis 

118
 

RGDfK-G3 

Poly-lysine 

dendrimer 

Doxorubicin + 

siRNA 

Glioblastoma 

 

In 

vitro 

 

Active; αvβ3 

integrin 

116
 

Folate-G5 poly-

propyleneimine 

dendrimer with 

ethylenediamine 

core 

Methotrexate + all-

trans retinoic acid 

Leukemia In 

vitro 

Active; folate 

receptor 

112
 

Legends: PAMAM, poly (amidoamine); PEG, polyethylene glycol; PSMA prostate-specific 

membrane antigen; ONT oligonucleotides; 5-FU, 5-fluorouracil 
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2.5.3 Combination drug delivery systems based on polymeric nanoparticles 

Polymeric nanoparticles are submicron sized aggregate structures (3-200 nm) that 

are prepared using random or block copolymers.   Polymeric nanoparticles are widely 

used as drug delivery carriers where the active drug may be physically encapsulated or 

covalently bound to the polymer matrix depending upon the method of preparation 

(Figure 2.5). Several polymeric nanoparticle systems have been explored specifically for 

combination drug delivery in cancer using both passive and active targeting strategies 

(Table 2.5). For example nanoparticles comprising of hydrophobic copolymers such as 

poly(lactic-co-glycolic acid) (PLGA)
119

 and polyalkylcyanoacrylate (PACA)
120

 have 

been used to co-encapsulate chemotherapeutic agents and MDR inhibitors for delivery to 

various cancers.  Polymeric nanoparticles can also be formed by self-assembly of 

amphiphilic block copolymers resulting in a micellar core shell structure (Figure 2.5 A). 

Such a block copolymer typically consists of a hydrophilic or ionic copolymer block and 

a hydrophobic block that can be a copolymer or a lipid (Table 2.5). For example, 

nanomicelles based on diblock copolymers such as PEG/PLGA or PEG/PLA have been 

used to co-encapsulate or conjugate several combinations of anticancer drugs
121-124

. Zhu 

et al described a biodegradable cationic nanomicelle based on a triblock copolymer of 

poly(N,N-dimethylamino-2-ethyl methacrylate)-polycaprolactone-poly(N,N-

dimethylamino-2-ethyl methacrylate) (PDMAEMA-PCL-PDMAEMA). The hydrophobic 

anticancer drug paclitaxel was encapsulated in the micellar core while siRNA was 

simultaneously complexed to the outer hydrophilic PDMAEMA shell of the micelle. 
125

. 

Micellar nanoparticles have also been developed using hybrid block structures such as 

polymer-lipid blocks e.g. PEG-b-[distearoylphosphatidyl ethanolamine] (DSPE)
126, 127

, 
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PEG-b-[(cholesteryl oxocarbonylamido ethyl) methyl bis(ethylene) ammonium bromide 

sebacate] (CES)
128

 and PEG-b-[poly(N-hexyl stearate l-aspartamide)] (PEG-b-PHSA) 
129

.  

In general it has been shown that polymeric nanoparticles compared to liposomes, 

have greater stability, controlled size distribution, more tunable physicochemical 

properties, sustained and more controllable drug-release profiles, and higher loading 

capacity for poorly water-soluble drugs. While majority of the nanoparticle systems 

described above have demonstrated synergistic therapeutic efficacy in both in vitro and in 

vivo models some of these studies specifically illustrate that synergistic therapeutic effect 

is primarily due to the ability to administer two drugs in a tunable mass ratio with 

predictable spatial and temporal drug release profiles. For example Sengupta et al. 

developed a hybrid polymeric micelle
127

  comprising of a nanoscale PEG-phospholipid 

block copolymer envelope coating a nuclear PLGA nanoparticle. A chemotherapeutic 

agent Dox was conjugated to the nanoparticle while an anti-angiogenesis agent 

combrestatin (Com) was trapped within the lipid envelope. The antitumor effect of this 

tailor made combination drug delivery system was far superior to either physical mixtures 

of the drugs, mixtures of single agent micellar formulations and even liposomal drug 

formulations. Detailed biological evaluation showed a good correlation between the 

spatial-temporal-drug release kinetics and the pathophysiological conditions. It was 

shown that the disruption of the outer lipid envelope occurred inside a tumor resulting in 

a rapid deployment of the anti-angiogenesis agent Com, which caused vascular collapse 

and the intra-tumoral trapping of the nanoparticles. The subsequent slow release of the 

cytotoxic drug Dox from the nanoparticle killed tumor cells more efficiently by 

increasing its apoptotic potential.  
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Figure 2.5 Combination drug delivery systems based on polymeric nanoparticles (A) 

micellar polymeric nanoparticle (B) non-micellar polymeric nanoparticles  
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Table 2.5 Combination drug delivery systems based on polymeric nanoparticles. 

Carrier 

Composition 

Therapeutics Indication Status Targeting Ref. 

Polymer-polymer micellar nanoparticles 

PEG-PLGA  Lonidamine + 

Paclitaxel 

MDR breast 

cancer 

In 

vivo 

Active; 

EGFR  

121
 

Methoxy PEG-

PLGA   

Doxorubicin + 

Paclitaxel 

Various 

cancer 

In 

vitro 

Passive 
123

 

PEG-PLA  Paclitaxel, 

Etoposide, or 

Docetaxel + 17-

AAG 

Various 

cancer 

In 

vitro 

Active; 

HSP90 

122
 

PEG-PLA  Combretastatin A4 

+ Doxorubicin 

Various 

cancer 

In 

vitro 

Active; 

angiogenesis 

124
 

PDMAEMA-

PCL-

PDMAEMA  

Paclitaxel + siRNA Prostate 

cancer 

In 

vitro 

Active;VEGF 
125

 

      

Polymer-Lipid micellar nanoparticles 

PEG-

DSPE/PLGA  

Combretastatin + 

Doxorubicin 

Lung 

carcinoma 

In 

vivo 

Passive 
127

 

PEG-PLA and 

PEG-

DSPE/TPGS  

Paclitaxel + 17-

AAG (HSP90 

inhibitor) 

Ovarian 

cancer 

In 

vitro 

Active; 

HSP90 

126
 

P(MDS-co-CES)  Paclitaxel + 

Interleukin-12 or 

siRNA 

Breast cancer In 

vivo 

Active; Bcl-2 
128

 

PEG-b-PHSA   Doxorubicin + 

Wortmannin  

Breast cancer In 

vitro 

Passive 
129

 

      

Non-micellar polymeric nanoparticles     

PLGA  Vincristine + 

Verapamil 

Hepatocellular 

carcinoma 

In 

vitro 

Passive 
119

 

PACA  Doxorubicin + 

Cyclosporine A 

Various 

cancer 

In 

vitro 

Passive 
120

 

Legends: 17-AAG, 17-allylamino-17-demethyoxygeldanamycin; EGFR, epidermal growth factor 

receptor; HSP90, heat shock protein; PDMAEMA-PCL-PDMAEMA, poly(N,N-dimethylamino-

2-ethyl methacrylate)-polycaprolactone-poly(N,N-dimethylamino-2-ethyl methacrylate); PEG, 

polyethylene glycol; PEG-b-PHSA , PEG-block-poly(N-hexyl stearate l-aspartamide); PEG-PLA, 

polyethylene glycol-poly lactic acid; PEG-DSPE, PEG-distearoylphosphatidyl ethanolamine; 

PACA, polyalkylcyanoacrylate; PLGA, poly(d,l-lactide-co-glycolide); P(MDS-co-CES), poly(N-

methyldietheneamine sebacate)-co-[(cholesteryl oxocarbonylamido ethyl) methyl bis(ethylene) 

ammonium bromide] sebacate; TPGS, tocopheryl polyethylene glycol; VEGF, vasculature 

epidermal growth factor 
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2.5.4 Combination drug delivery systems based on water soluble polymer conjugates 

Polymer–drug conjugates are drug delivery systems in which a drug is covalently 

bound to a water-soluble polymeric carrier, normally via a biodegradable linker (Figure 

2.6). Such nanoconstructs were first proposed in the 1970s
130

, developed pre-clinically in 

the 1980s
131

 and started entering the clinical development in the 1990s
132

. Numerous 

studies are available on water soluble polymer–drug conjugates including HPMA, PEG, 

dextran and polyglutamic acid (PGA) backbones carrying a single drug entity. Only very 

recently such backbones have been extended to carrying multiple drugs for combination 

therapy. Polymer conjugates-based combination strategies can be categorized in three 

groups of (1) polymer-single drug conjugate plus free drug, (2) polymer-single drug 

conjugate plus polymer-single drug conjugate, and (3) single polymer carrier carrying 

multiple drugs on the same backbone. Examples of group 1 include coadministration of 

PGA copolymer-paclitaxel plus platinum based chemotherapeutic agents
133

 or 

radiotherapy
134

. Combinations of HPMA copolymer-Dox conjugate plus HPMA 

copolymer-phototherapeutic agent conjugate
135

 or PEG-ZnPP (heme oxygenase inhibitor) 

conjugate plus PEG-DAO (enzyme) conjugate
136

 are examples of group 2. Examples of 

group 3 are extremely limited in the literature with only a few drugs being combined 

within a single polymeric carrier. While groups 1 and 2 have been reviewed elsewhere
137, 

138
 the preset review is focused on the drug delivery system of combination therapy using 

a single water soluble polymeric carrier (Table 2.6). 

 The first conjugate of this type was an HPMA copolymer carrying the 

combination of endocrine therapy (aromatase inhibitor aminoglutethimide (AGM)) and 

chemotherapy (Dox), HPMA copolymer–AGM–Dox conjugate
98

. The drug loading in 
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this conjugate was approximately 5% w/w for AGM and 7%w/w for Dox and the drugs 

were linked via a tetrapeptide linker designed to be cleaved within the lysosomal 

compartment of cancer cells. In model breast cancer cell lines this polymer dual drugs 

conjugate was shown to be more active than the combination of two HPMA copolymer 

conjugates each carrying a single drug. A follow on study suggested that such increased 

activity could be due to a variety of factors, including drug release rate, conjugate 

conformation in solution and possibly, activation of certain molecular pathways 

(induction of apoptosis, e.g. downregulation of Bcl-2 protein)
98, 139

. Generally for a 

polymer conjugate drug system the biodistribution of the polymer is dependent on its 

molecular weight, polydispersity and solution conformation. Hence it is easier to more 

correctly predict the pharmacokinetics of the individual drugs since they are attached to 

the same polymer. Another HPMA copolymer conjugate, carrying two chemotherapeutic 

drugs gemcitabine (Gem) and Dox was developed by Lammers et al.
140

 assessed in vivo 

and proved able to deliver the two drugs to tumor tissue. HPMA–Gem–Dox was more 

active and less toxic than the combination of two polymer conjugates each carrying a 

single drug, and even more than the combination of the free drugs. Furthermore, HPMA–

Gem–Dox inhibited angiogenesis and induced apoptosis more strongly than the 

controls
140

. Satchi-Fainaro et al. recently reported an HPMA copolymer containing the 

antiangiogenic drug TNP-470 and aminobiisphosphonate alendronate
141

. Alendronate had 

the dual function of a bone targeting moiety and a pharmacologically active agent. In 

vitro this combination conjugate confirmed its antiangiogenic and antitumor properties 

and in vivo caused complete tumor regression in a human osteosarcoma model
141, 142

. 
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Others have explored modifications of the PEG backbone to conjugate a 

combination of chemotherapeutic agents. While unmodified PEG can only conjugate two 

drug molecules per chain (one on each end), Pasut et al developed a PEG with a dendritic 

structure on one end that allowed coupling of upto 8 nitric oxide (NO) and one epirubicin 

(EPI) molecule per chain
143, 144

.  In vivo studies confirmed that the PEG–NO–EPI 

conjugate displayed anticancer activity but was less cardio-toxic
144, 145

. This combination 

is of particular interest as EPI and NO induce different pharmacological responses that 

are tissue-dependent. In cancer cells, EPI and NO act synergistically, while in 

cardiomyocytes NO counterbalances EPI induced cardio-toxicity
144

. Conjugation of both 

drugs onto a single chain ensured that they undergo the same body distribution, thus 

maximizing the benefits of this combination.  A branched PEG polymer was developed 

by Minko et al. who synthesized a six-branched conjugate containing equimolecular 

amounts of CPT, BH3 and LHRH. In vitro studies showed that such multidrug 

conjugated systems was almost 100 times more cytotoxic than the single conjugates and 

displayed enhanced antitumor activity in vivo when compared with monotherapy
146

. 
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Figure 2.6 Combination drug delivery systems based on water soluble polymer 

conjugates.  
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Table 2.6 Combination drug delivery systems based on water soluble polymer conjugates.  

Carrier 

Composition 

Therapeutics Indication Status Targeting Ref. 

HPMA 

copolymer 

Aminoglutethimide + 

Doxorubicin 

Breast cancer In 

vitro 

Passive 
98, 

139
 

HPMA 

copolymer 

Gemcitabine + 

Doxorubicin 

Prostate 

cancer 

In vivo Passive 
140

 

HPMA 

copolymer 

Doxorubicin + 

Dexamethasone 

General 

cancer 

In vivo Passive 
147

 

HPMA 

copolymer 

TNP-470 + 

Alendronate 

Bone 

metastasis 

In vivo Active; 

bone 

141
 

HPMA 

copolymer 

Paclitaxel + 

Alendronate 

Bone 

metastasis 

In vivo Active; 

bone 

142
 

Branched PEG Epirubicin + Nitric 

oxide 

 In vivo Passive  
143-

145
 

Branched PEG Camptothecin +  

BH3 domain peptide  

 Iv vivo Active; 

LHRH 

146
 

Legends: HPMA, N-(2-hydroxypropyl)methacrylamide; LHRH, luteinizing-hormone release 

hormone 
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CHAPTER 3 

HER2 TARGETED HPMA COPOLYMERS: SYNTHESIS, 

CHARACTERIZATION AND IN VITRO EVALUATION 

3.1 Introduction 

 Two types of antibody-HPMA copolymer conjugate structures have been studied 

namely classical comb-like conjugates and semitelechelic star-like conjugates
148-150

. In 

comb-like structures (Figure 3.1A), conjugation occurs randomly between primary amine 

groups on the antibody and multiple reactive functional groups on the random HPMA 

copolymer (PHPMA) side chains. Such multipoint attachment to the antibody  often leads 

to branching resulting in reduced affinity towards target receptors
148

. In star-like 

structures (Figure 3.1B), an antibody molecule is conjugated to several semitelechelic 

HPMA copolymer (ST-PHPMA) precursors via reactive functional group present only at 

one end of the polymer chain. This enables single-point attachment to the antibody and 

represents a well-defined system without cross-linking or branching and narrow 

molecular weight distribution. ST-PHPMAs have demonstrated improved stability and 

bioactivity, when conjugated to various types of proteins and antibodies
19, 148, 150-152

.  In 

this study both random and semitelechelic HPMA copolymers and their conjugates to 

TRZ were synthesized and characterized. 
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Figure 3.1 Scheme of antibody (Ab)-HPMA copolymer conjugates (A) Comb-like 

structure with random HPMA copolymer (PHPMA) (B) Star-like structure with 

semitelechelic HPMA copolymer (ST-PHPMA). 
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The aim of studies described in this Chapter was to investigate and select one out 

of two distinct conjugate structures as an optimal drug carrier that we can further use to 

attach a second anticancer agent for targeted combination drug delivery. We 

hypothesized that TRZ conjugates with semitelechelic HPMA polymers will have 

favorable physicochemical and in vitro characteristics. The anticancer efficacy of the 

conjugates was evaluated against breast cancer cell lines with varying HER2 expression 

levels. The mechanism of action of the conjugates was studied by monitoring expression 

levels of downstream signaling proteins over a treatment period of 72h. The cellular 

binding and internalization of TRZ-ST-PHPMA conjugates were additionally monitored 

by fluorescence microscopy and compared to free TRZ. 

 

3.2 Materials and methods 

3.2.1 Chemicals 

TRZ (Herceptin) was purchased from Genentech (South San Francisco, CA). 

Dulbecco's Modified Eagle Medium (DMEM), Leibovitz’s L-15 medium, 

penicillin/streptomycin solution (10,000 IU each), 0.25% trypsin-

ethylenediaminetetraacetic acid (EDTA) (1mmol/L) solution, FBS, polyvinylidene 

difluoride (PVDF) membrane, and phosphate buffered saline (PBS) were purchased from 

Invitrogen (Grand Island, NY). SpectraQuant-PS Clear kit was obtained from Bridgepath 

(Fredrick, MD). Criterion XT precast gel (4-12% Bis-Tris) was purchased from Bio-Rad 

Laboratories, Inc. (Hercules, CA). Antibodies against HER2, phosphorylated HER2 

(pHER2), MAPK, and phosphorylated (pMAPK) were purchased from Cell Signaling 

Technology (Beverly, MA). Enhanced chemiluminiscence (ECL) kit was purchased from 
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Thermo Scientific (Rockford, IL). Alexa Fluor 488 carboxylic acid, 2,3,5,6-

tetrafluorophenyl ester (Alexa Fluor 488 5-TFP) were purchased from invitrogen (Grand 

Island, NY). Amicon Ultra and Centricon YM-10 were purchased from Millipore 

(Billerica, MA). Unless otherwise mentioned, all other chemicals were of reagent grade 

and obtained from Sigma (St. Louis, MO). 

 

3.2.2 Cell lines 

BT-474 and SK-BR-3 human breast cancer cells (ATCC) were grown in DMEM 

supplemented with 10% (v/v) FBS, 1:100 penicillin/streptomycin at 37°C in 5% CO2. 

MDA-MB-231 human breast adenocarcinomas cells (ATCC) were grown in Leibovitz’s 

L-15 medium supplemented with 10% (v/v) FBS, 1:100 penicillin/streptomycin at 37°C 

in a humidified atmosphere of 100% air exchange. For all experimental procedures, 

confluent cells in culture were harvested with 0.25% trypsin-EDTA solution. 

 

3.2.3 Synthesis and characterization of comonomers 

The comonomers of HPMA
153

 and methacryloylglycylglycyl-paranitro phenyl 

ester (MAGGONp)
154

 were synthesized and characterized according to previously 

published procedure. The HPMA comonomer was purified by recrystalization and the 

purified product was characterized by melting point (67-69°C) and mass spectroscopy 

(MW 143.2, Figure 3.2). The MAGGONp comonomer was purified by dissolving in 

methanol and precipitating into diethyl ether for three times. The purified product was 

characterized by melting point (164-166°C) and mass spectroscopy (MW 321.1, Figure 

3.3).  
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Figure 3.2 Mass spectrum of HPMA comonomer. 
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Figure 3.3 Mass spectrum of MAGGONp comonomer. 
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3.2.4 Synthesis of random polymer precursors (PHPMA) and random polymer-TRZ 

conjugates (TRZ-PHPMA) 

Random HPMA-GGONp copolymer precursor (PHPMA) with 10 mol% of 

reactive MAGGONp ester group was synthesized by free radical precipitation 

polymerization
154

 (Figure 3.4A). Briefly the reactive HPMA copolymer-drug conjugates 

were synthesized by free radical precipitation copolymerization of HPMA (0.8 g, 5.6 

mmol)  and MAGGONp (0.2 g, 0.62 mmol) comonomers in acetone/DMSO (10.6 mL) 

with N,N’-azobisisobutyronitrile (AIBN, 48 mg, 0.29 mmol) used as the initiator. The 

mixtures of comonomers were sealed in an ampoule under nitrogen and stirred at 50°C 

for 24h. The precipitated polymeric precursor was dissolved in methanol (10 mL) and 

DMSO (0.6 mL) removed by evaporation. The crude copolymer mixtures were dialyzed 

against deionized water with 0.5% acetic acid (CH3COOH) and lyophilized. The content 

of reactive paranitrophenyl group (ONp, 0.8 mmol/g polymer) was measured by UV 

spectroscopy (at 273 nm). A series of conjugates were subsequently synthesized with 

constant amount of TRZ and varying amount of PHPMA precursor. The number of 

reactive primary amine groups on TRZ was first determined by the 

trinitrobenzenesulfonic acid (TNBS) assay
155, 156

. Briefly, TNBS (1.65 mM) in 0.4 mL of 

borate buffer, pH 8 was added to 0.4 mL of TRZ (0.75 mg/mL) and stirred at room 

temperature for 90 min. The absorbance at 420 nm corresponds to the amount of primary 

amine available on the surface of TRZ. Unreacted PHPMA precusors were eliminated by 

50kD MWCO centrifugal filter device and lyophilized. Subsequently TRZ and PHPMA 

precursors were reacted in molar ratios of NH2: ONp = 1:0.75, 1:1.5 and 1:3 respectively. 

TRZ and the PHPMA were dissolved in PBS, pH 7.4 and stirred at room temperature for 
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24 hours (Figure 3.4A). The reaction was monitored at different time points by measuring 

release of paranitrophenol using UV spectrophotometry. The degree of conjugation was 

determined similarly by the TNBS assay as described above. The weight-average (Mw) 

and number-average (Mn) molecular weight and polydispersity (Mw/Mn) were determined 

by size-exclusion chromatography (SEC) on Superose 6 column calibrated protein 

standards provided by manufacturer using a Fast Protein Liquid Chromatography (FPLC) 

system (GE Healthcare, PBS buffer, pH 7.4); Mw=20 kD, Mw/Mn=1.4.  

 

 3.2.5 Synthesis of semitelechelic polymer precursors (ST-PHPMA) and 

semitelechelic polymer-TRZ conjugates (TRZ-ST-PHPMA)  

Semitelechelic HPMA copolymer precursor with terminal –COOH groups was 

first synthesized based on modification of established procedures (Figure 3.4B)
150

. 

Briefly HPMA (1 g, 7.0 mmol), 3-mercaptopropionic (MPA, 14 µL, 0.21 mmol), and 

4,4’-azobis(4-cyanopentanoic acid) (ACA, 84.1 mg, 0.3 mmol) were dissolved in 10 mL 

of methanol. The solution was sealed in an ampule and polymerized overnight at 50°C. 

The polymer was isolated and purified by precipitation from methanol solution into 

diethyl ether followed by filtration and washing. The content of -COOH end groups was 

determined by acid-base titration against a standard 0.001 N NaOH solution. The 

molecular weights (Mw and Mn) and polydispersity (Mw/Mn) were determined by SEC on 

Superose12 column calibrated with PHPMA samples using FPLC system (PBS buffer, 

pH 7.4); Mw=4600, Mw/Mn=1.3. The number average molecular weight (Mn(end)) 

calculated from end group content = 3700; the ratio of molecular weights obtained from 

SEC and end group determination, Mn/Mn(end)=0.95 (Table 3.1).  
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Figure 3.4 Synthetic schemes for TRZ conjugation to (A) random and (B) semitelechelic 

HPMA copolymer backbones. 
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The terminal –COOH groups of ST-PHPMA were next converted into reactive 

succinimide ester (-COOSu). ST-PHPMA-COOH (200 mg, 0.08 mmol) and N-

hydroxysuccinimide (HOSu, 150 mg, 1.3 mmol) were dissolved in 8 mL of 

dimethylformaldehyde (DMF) and cooled to 0°C. N,N’-Dicyclohexylcarbodiimide 

(DCC, 269 mg, 1.3 mmol) was dissolved in 1.6 mL of DMF and dropped slowly into the 

polymer solution. The solution was stirred at 4°C for 48 h and for an additional 12h at 

room temperature. Acetic acid (80 µL) was added to terminate the reaction and stirred for 

2h. Dicyclohexylurea (DCU) was filtered off and the polymer was precipitated into 

diethyl ether. The conversion of –COOH to –COOSu was determined by model 

aminolysis with an excess of Gly-NAp and MALDI-TOF mass spectroscopy
150

. ST-

PHPMA precursors with reactive COOSu groups were then conjugated to the –NH2 

groups of TRZ (Genentech) via aminolysis (in PBS, pH 7.4 at RT for 24h) (Figure 3.4). 

The number of reactive primary amine groups on TRZ was first determined by the TNBS 

assay. For optimizing conjugation reactions, feed composition was varied in the molar 

ratio of NH2: –COOSu = 1:0.75, 1:1.5 and 1:3 respectively. Molecular weight and 

polydispersity were determined by SEC on Superose6 column calibrated with protein 

samples using FPLC system. The average number of polymer chains (Np) on each TRZ 

molecule was obtained based on TNBS assay (Table 3.1).  The molecular weight 

distributions of conjugates were additionally estimated by Spectra Quant-PS Clear 

(Bridgepath) staining of proteins following gel electrophoresis (Bio-Rad, Sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (SDS-PAGE)). Constant amount of 20 μg 

TRZ, TRZ-ST-PHPMA, and mixture of TRZ + ST-PHPMA were subjected to 

electrophoresis using manufacturer’s protocol (2h at 100V).   
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Table 3.1 Characteristics of polymer precursors and TRZ-polymer conjugates.  

 Polymer 

or 

conjugate 

Mw 

(kD) 

Mw/Mn Mn(end)
a
 

(kD)
 

Mn/Mn(end)
b
 TRZ 

(wt.%) 

Np
c
 

 TRZ 156 1.1 - - 100 - 

Polymer 

precursors 

PHPMA 20 1.4 - - - - 

ST-

PHPMA 

4.6 1.3 3.7 0.95 - - 

Conjugates 

TRZ-

PHPMA 

5723

0 

4.7 - - 100 - 

TRZ-ST-

PHPMA 

1638 2.6 - - 65 28.5 

a
 Mn(end)  = number average molecular weight determined from titration of COOH end 

groups. 
b
 Mn/Mn(end)  = functionality of a polymer. 

c
 Np = average number of polymer chains on each TRZ molecule. 
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3.2.6 In vitro cytotoxicity studies 

The cytotoxicity of TRZ conjugated to ST-PHPMA was assessed with 3-(4,5-

dimethyl-2-tetrazolyl)-2,5-diphenyltetrazolium bromide (MTT) assay against model 

human breast cancer cell lines namely BT-474 (HER2 +ve , Estrogen (ER) +ve), SK-BR-

3 (HER2 +ve , ER -ve) and MDA-MB-231 (HER2 -ve , ER -ve). Briefly 5 x 10
3
 tumor 

cells were taken from the exponential phase of growing and seeded in 100 μL of 

corresponding complete medium  on a 96 well plate followed by incubation at 37°C and 

5% CO2 for one day. On day 2 and day 5, TRZ, TRZ-PHPMA, or TRZ-ST-PHPMA was 

added to a final concentration of 0.1 to 400nM TRZ-equivalent. On day 8, the growth 

media was removed and 100 l (0.5 mg/mL) MTT in serum-free medium was added and 

incubated for 2h at 37°C. The reduced formazan products of MTT were dissolved to 

DMSO and spectrophotometrically read at 570 nm. Cell viability was expressed as  a 

percentage of the cell number in the vehicle-treated control wells. Half maximal 

inhibitory concentrations (IC50) were calculated from the non-linear regression plot of 

cell viability versus log inhibitory concentration using Prism5 (GraphPad Software, Inc.). 

 

3.2.7 Western blotting 

BT-474 cells were seeded on 6-well plates and incubated at 37°C and 5% CO2 for 

one day. TRZ, TRZ-PHPMA or TRZ-ST-PHPMA was then added to a final 

concentration of 10nM TRZ-equivalent. At assigned time (4h and 72h) cells were washed 

with PBS and collected in a buffer with 0.1mmol/L Tris, 0.5% Triton X-100 and protease 

inhibitor cocktail (complete, Boehringer Mannheim, Germany). Bio-Rad method was 

used to measure protein concentration in each cell lysate. Equal amount of proteins 
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(20μg) were subjected to SDS-PAGE (2h at 100V) and transferred to a PVDF membrane 

(2h at 100V). The membrane was probed for specific primary antibody against HER2, 

MAPK, and pMAPK (Cell Signaling Technology) as per the manufacturer’s protocol
157

. 

Immunoactive bands were visualized using the enhanced chemiluminiscence detection 

reagents (Thermo Scientific) and quantitated by densitometry using ImageJ 1.43 software 

(http://rsbweb.nih.gov/ij/index.html).  

 

3.2.8 Statistic analysis 

Results of cytotoxicity assay were expressed as mean ± SD (n=4). For the 

Western immunoblotting studies, the reported blots are a single representative of three 

independent experiments. Differences in protein expression (HER2, pHER2, MAPK and 

pMAPK) were analyzed using student’s t-test (95% confidence). 

 

3.2.9 Fluorescence labeling and Microscopy 

For fluorescent microscopy studies TRZ and TRZ-ST-PHPMA (TRZ-STP, 

without PKI166) were labeled with Alexa Fluor 488 5-TFP (Alexa Fluor 488 carboxylic 

acid, 2,3,5,6-tetrafluorophenyl ester, Invitrogen). Briefly TRZ or TRZ-STP was dissolved 

in 0.1M sodium bicarbonate buffer (pH 8) (10 mg/mL). Alexa Fluor 488 5-TFP was 

dissolved in deionized water (10 mg/mL) and added dropwise to the TRZ or TRZ-STP 

solution with stirring. The reaction mixture was continuosuly stirred for 1 h at RT and 

then the labeled conjugate was purified from unreacted labeling reagent by ultrafiltration 

(10kD MWCO centrifugal filter, Amicon Centricon YM-10, Millipore)  . The degree of 

labeling were measured and calculated by UV spectrophotometry (Alexa Fluor 488, ε495 

http://rsbweb.nih.gov/ij/index.html
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nm =71000 M
-1

cm
-1

). BT-474 cells were plated on coverslips in 12-well plates and 

allowed to attach overnight. The cells were treated with Alexa488 labeled compounds in 

100nM (TRZ equivalent concentration) at 37ºC for various incubation times (10 min, 1 h, 

2 h, or 4 h). At the end of the incubation time cells were fixed with 3.7 % formaldehyde/ 

Tris-Buffered Saline with Tween (TBS-T) at RT for 10 min. After washing with PBS the 

coverslips were mounted on microscope slides using Fluoroshield with DAPI nuclear 

staining. The mounted cells were were imaged on a Nikon E800 fixed-stage microscope 

with a PlanFluor 100x/1.3 oil immersion objective lens and equipped with epi filter cubes 

and SPOT Advanced imaging software. Fluorescence intensity of Alexa488 and DAPI 

from the images were quantified with ImageJ 1.43 software.  

 

3.3 Results and Discussion 

3.3.1 Synthesis of polymer precursors and polymer-TRZ conjugates 

A series of random and semitelechelic HPMA copolymer conjugates of TRZ 

were synthesized. Based on the TNBS assay, the degrees of conjugation were 37%, 65% 

and 74% of the molar feed ratios of TRZ to random PHPMA precursor respectively. The 

results showed that higher degree of conjugation occurred when more HPMA polymer 

precursors were added. Based on the TNBS assay results, SEC results (Figure 3.5 and 

preliminary in vitro growth inhibition studies (Figure 3.6), 1:3 conjugate (referred as T/P) 

as selected for further studies. SEC was used to confirm successful conjugation of TRZ. 

According to SEC results, the hydrodynamic sizes appeared to increase upon conjugation 

compared to free TRZ as evidenced by decreased elution volume of the conjugates. 
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Figure 3.5 Size exclusion chromatography (SEC) comparing elution profile comparing 

hydrodynamic volume of  TRZ and series of  TRZ-PHPMA conjugates (T/P) with 

various molar feed ratio of –NH2(from TRZ) / -ONp (from PHPMA), respectively. 

Superose 12 column and PHPMA standards used for calibration. 
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Figure 3.6 Cytotoxicity profiles of TRZ and series of TRZ-PHPMA conjugates (T/P) 

with various molar feed ratio of –NH2 (from TRZ) / -ONp (from PHPMA), respectively. 

in HER2 overexpressing human breast cancer cell lines (BT-474). 
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In comparison, ST-PHPMA precursors were synthesized by free radical 

polymerization using –COOH containing initiator (ACA) and transfer agent (MPA). A 

series of ST-PHPMA conjugates of TRZ were first synthesized. Based on TNBS assay, 

the degrees of conjugation increased (89%, 92% and 95%) in accordance with the molar 

feed ratio of -NH2 (TRZ): -COOSu (ST-PHPMA precursor) varied (1:0.75, 1:1.5 and 

1:3). Also TRZ-ST-PHPMA conjugates showed higher conjugation efficiencies 

compared to TRZ-PHPMA conjugates. According to SEC results, the hydrodynamic 

sizes appeared to increase upon conjugation compared to free TRZ as evidenced by 

decreased elution volume of the conjugates (Figure 3.7). Upon preliminary in vitro 

cytotoxicity assay, 1:3 conjugate (referred as T/STP) was selected for further evaluation 

(Figure 3.8). Based on SEC results the hydrodynamic size appeared to increase upon 

conjugation compared to free TRZ as evidenced by decreased elution volume of the 

conjugates (Figure 3.9A). TRZ-PHPMA conjugate showed a wide size distribution 

(Mw/Mn=4.7) while TRZ-ST-PHPMA conjugate showed much narrower size distribution 

(Mw/Mn=2.6) (Figure 3.9A). The polymer precursor functionality (Mn/Mn(end)=0.95) of 

TRZ-ST-PHPMA was close to unity indicating that every polymer contained one reactive 

group on the end chain. The polydispersity (Mw/Mn =2.6) and average number of 

polymer chains (Np=28.5) bound to each TRZ molecule (Table 3.1) were comparable to 

similar structures (e.g. immunoglobulin-containing ST-PHPMA conjugate) reported in 

the literature
148, 158

. 
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Figure 3.7 Size exclusion chromatography (SEC) comparing elution profile comparing 

hydrodynamic volume of TRZ and series of  TRZ-ST-PHPMA conjugates  (T/STP) with 

various molar feed ratio of –NH2(from TRZ) / -COOSu (from ST-PHPMA), respectively. 

Superose 6 column and protein standards used for calibration. 
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Figure 3.8 Cytotoxicity profiles of TRZ and series of TRZ-ST-PHPMA conjugates 

(T/STP) with various molar feed ratio of –NH2(from TRZ) / -COOSu (from ST-

PHPMA), respectively.  in HER2 overexpressing human breast cancer cell lines (BT-

474). 
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Figure 3.9 A) Size exclusion chromatography (SEC) comparing elution profile and B) 

Gel electrophoresis comparing molecular weight of TRZ, TRZ-PHPMA  (T/P) and TRZ-

ST-PHPMA conjugates (T/STP). T+P and T+STP are equivalent physical mixtures of 

TRZ and HPMA polymer precursors of PHPMA or ST-PHPMA, respectively. 
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However SEC provided Mw based on hydrodynamic volume of the conjugates, 

which did not represent the actual Mw. Therefore, gel electrophoresis was used as a 

supplemental method to confirm conjugation
159

. In gel electrophoresis the bands 

corresponding to the conjugates was distinct from TRZ or the mixture of TRZ and 

PHPMA (TRZ + PHPMA) or the mixture of TRZ and ST-PHPMA (TRZ + ST-PHPMA), 

which confirms successful conjugation (Figure 3.9B). It appears that random TRZ-

PHPMA conjugates were distributed widely in the higher Mw range which indicates 

possible cross-linking, i.e. multiple TRZs (Mw =145kD) conjugated to multiple PHPMAs 

(Mw =27kD). The Mw of TRZ-ST-PHPMA conjugates appeared to be between 150kD 

and 225kD suggesting that one TRZ (Mw =145kD) is bound to multiple ST-PHPMA (Mw 

=4600). The theoretical average Mw of TRZ-ST-PHPMA conjugate is 277kD (=145kD 

(Mw of TRZ) + 28.5(Np) x 4600 (Mw of ST-PHPMA)).  

Overall these results demonstrated successful conjugation and physicochemical 

characterization. Also TRZ conjugate with ST-PHPMA backbone showed narrower 

polydispersity and possibility to avoid cross-linking with TRZ compared to random 

PHPMA backbone. 

 

3.3.2 Retained TRZ bioactivity after conjugation to ST-PHPMA 

Cytotoxicity of both TRZ-PHPMA conjugates and TRZ-ST-PHPMA conjugates 

were concentration dependent. The IC50 of TRZ-PHPMA conjugate was 16.1 nM and 

10.0 nM in BT-474 and SK-BR-3 cells respectively. In comparison the IC50 of TRZ-ST-

PHPMA conjugate was 8.8 nM and 7.9 nM in BT-474 and SK-BR-3 cells respectively. 

These were comparable to IC50 of TRZ (6.4 nM in BT-474 and 8.4 nM in SK-BR-3). In 
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the low HER2 expressing MDA-MB-231 cell line neither TRZ, TRZ-PHPMA  or TRZ-

ST-PHPMA conjugates reached IC50  even at the highest studied concentration (200 nM) 

(Figure 3.10C) which demonstrates the specificity of anticancer effect of TRZ and its 

conjugates towards HER2. The PHPMA and ST-PHPMA precursor showed no 

cytotoxicity on any cell lines. There is a possibility that polymer precursors (PHPMA and 

ST-PHPMA) could react with the  Fab region of the antibody, potentially affecting the 

receptor binding
160

, however from our studies such an effect seems insignificant  since 

both types of conjugates showed comparable anticancer activity to free TRZ.  Overall 

TRZ-ST-PHPMA conjugates appear to be a better choice than classical random antibody-

PHPMA conjugates
148, 158

 which often show compromised bioactivity due to cross-linked 

structures and uncontrollable multipoint attachment of the polymer to the antibody. 
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A 

 
B 

 
C 

 
 

Figure 3.10 Cytotoxicity profiles of TRZ, TRZ-PHPMA conjugate (T/P) and TRZ-ST-

PHPMA conjugate (T/STP) in three different human breast cancer cell lines. 
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3.3.3 Prolonged anticancer activity TRZ-ST-PHPMA conjugate 

Overexpression of the tyrosine kinase receptor HER2 promotes tumor cell 

proliferation by phosphorylating and activating downstream signal transduction cascades 

such as the RAS-MAPK pathway
34

.  TRZ binds to HER2 and downregulates 

phosphorylation of MAPK (pMAPK) which is the key signaling protein that was 

monitored in our study. 

In HER2 +ve BT-474 cells (Figure 3.11), free TRZ exhibited a different temporal 

protein expression pattern compared to both types of conjugates (TRZ-PHPMA conjugate 

and TRZ-ST-PHPMA conjugate). After 4h of treatment, pMAPK level of free TRZ 

treated cells was decreased to a greater extent than that of conjugates.  However by 72h 

the pMAPK level of free TRZ treated cells increased while that of conjugates treated 

cells decreased relative to 4h. Thus polymer conjugation prolonged the effect of TRZ on 

MAPK activity. Especially, TRZ-ST-PHPMA conjugate decreased pMAPK level to a 

greater extent than TRZ-PHPMA conjugate. Interestingly the pHER2 levels increased in 

all instances of treatments with free TRZ or TRZ-HPMA polymer conjugates. One 

possible explanation could be that in the absence of TRZ HER2 may undergo proteolytic 

cleavage of the extracellular domain and produce a truncated membrane-bound fragment, 

p95
161

. For example Molina et al., who found that TRZ inhibits HER2 cleavage, also 

demonstrated increased pHER2 expression upon TRZ treatment (10 and 100 nM for 15 

min in BT-474 cells) but no change in HER2 expression. They explained that in absence 

of TRZ, less full-length pHer2 expression was detected since more p95 was produced, 

which was less sensitive to anti-pHER2 antibody. Conversely more full-length pHER2  
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Figure 3.11 Representative western immunoblot showing protein expression profile of 

BT-474 cells treated with TRZ, TRZ-PHPMA conjugate (T/P) and TRZ-ST-PHPMA 

conjugate (T/STP) for 4h or 72h. Untreated cells served as controls. Blot shows HER2 

and pHER2 at 185kD in single band, MAPK and pMAPK at 42 to 44 kD in double bands, 

and β-actin at 45kD. β-actin was probed to verify equal amount of protein loaded in each 

line. 
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expression was detected in TRZ treated cells
162

. The same reasoning can be applied to 

explain our results although this warrants further investigation of the mechanism of 

action. Such an effect is significant as it suggests a possible means to overcome HER2 

resistance which is a major problem with current TRZ therapy
2, 163

. HER2 upon binding 

to TRZ gets internalized but is rapidly recycled back to the cell surface
164

. 

In our study HER2 levels in TRZ treated cells were similar to control upto 72 h. 

However, HER2 levels in conjugates treated cells were reduced further for 72h. The 

conjugated system possibly enhanced HER2 internalization and prolonged the retention 

of the conjugate/HER2 complex in lysosome. Delaying HER2 recycling might explain 

prolonged pMAPK suppression. Recently TRZ-dendrimer conjugates
165, 166

 were 

similarly shown to induce rapid HER2 internalization and prolonged lysosomal residence 

which further supports our findings. However such mechanisms need to be clearly 

investigated in detail. Polymer conjugated TRZ could potentially be more effective in 

vivo due to altered biodistribution mediated by the polymer. Over the years several 

preclinical and clinical studies have demonstrated that by conjugating drugs to HPMA 

copolymers one can overcome drug resistance, achieve increased tumor localization, and 

decreased non-specific binding
167-169

.  

 

3.3.4 TRZ-ST-PHPMA conjugate showed distinct internalization and localization pattern 

compared to free TRZ 

In order to investigate the mechanism of cellular uptake of the polymer-drug conjugate, 

we monitored the fate of fluorescently labeled conjugates. Alexa488 was successfully 

conjugated to TRZ and TRZ-ST-PHPMA conjugate with degrees of labeling in 4 and 2.5 
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moles of Alexa488 per one mole of TRZ, respectively. In this study we successfully 

observed cellular binding, internalization and localization of Alexa488 conjugated to free 

TRZ and TRZ-ST-PHPMA conjugate under fluorescence microscope. Unconjugated 

TRZ was rapidly bound to the surface of HER2 positive BT-474 cells by 10 min and 

showed some internalization from 1 to 4 h post incubation (Figure 3.12). In contrast, 

TRZ-ST-PHPMA conjugate was found to be bound on the cell surface to a lesser extent 

at all times points compared to free TRZ (Figure 3.13). However the conjugate appeared 

to localize to a greater extent in distinct intracellular vesicles. It was previously reported 

that both HER2 receptor and TRZ are remarkably internalization resistant
170, 171

. 

However, such an effect appears to be overcome upon conjugation with the polymer. It is 

possible that TRZ-ST-PHPMA conjugates may be internalized not only upon HER2 

receptor binding but also by non-receptor mediated endocytosis (pinocytosis) as is 

typically seen with polymer based macromolecules. Such an uptake mechanism has been 

previously reported for HPMA based structures
172

 and more recently for an anti- HER2-

dendrimer conjugate
166

. However for better understanding on the fate of the dual drug 

conjugate system in the cell detailed subcellular trafficking studies would be needed. The 

present study was an initial effort to confirm the successful binding and internalization of 

the conjugates possibly via endocytosis. The kinetics of internalization of the conjugate 

appears to be different than free TRZ in HER2 positive breast cancer cells which could 

possibly result in prolonged anticancer effects that were observed. 
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Figure 3.12 Distribution of TRZ in BT-474 cells at 10 min, 1 h, 2 h and 4 h of incubation 

by fluorescence microscopy. (A) green fluorophore Alexa488 conjugated to TRZ (B) 

nuclei stained with DAPI (blue) (C) merged images of A and B (D) fluorescence intensity 

of Alexa488 normalized by background and number of cells using fluorescence intensity 

of DAPI. 
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Figure 3.13 Distribution of TRZ-STP in BT-474 cells at 10min, 1h, 2h and 4h of 

incubation by fluorescence microscopy. (A) green fluorephore Alexa488 conjugated to 

TRZ (B) nuclei stained with DAPI (blue) (C) merged images of A and B (D) 

fluorescence intensity of Alexa488 normalized by background and number of cells using 

fluorescence intensity of DAPI. 
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3.4 Conclusion 

The results overall suggest that TRZ-HPMA copolymer conjugation (TRZ-

PHPMA and TRZ-ST-PHPMA conjugates) may prolong activity of TRZ while retaining 

the efficacy. Also the results supported semitelechelic TRZ-ST-PHPMA as a favorable 

conjugate with higher conjugation rate, narrower size distribution, more potent anticancer 

activity, and more prolonged TRZ activity over TRZ-PHPMA. Also the conjugate drug 

delivery system were successfully internalized and localized within HER2 

overexpressing breast cancer cells. Therefore for subsequent studies we chose this 

semitelechelic HPMA copolymer backbone to conjugate a combination of drugs (TRZ 

and PKI-166) for targeting HER2 overexpressing breast cancer. 
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CHAPTER 4 

HER2 TARGETED DUAL DRUG CONJUGATES USING SEMITELECHELIC 

(ST) HPMA COPOLYMER BACKBONE 

4.1 Introduction 

In Chapter 3
173

, the synthesis and characterization of TRZ-ST-PHPMA as a 

favorable conjugate platform over TRZ-PHPMA was reported. The aim of the studies 

described in this Chapter was to design a semitelechelic HPMA copolymer based 

conjugate that combines different molecularly targeted agents in the same backbone, 

specifically HER2 inhibitors with the hope of eliciting a more complete blocking of 

HER2 signaling and improved anticancer activity in metastatic breast cancer. We 

hypothesized that the combination of TRZ and small molecule TKI by simultaneous 

attachment to a polymer carrier would be significantly advantageous. The combination 

could be administered as a single systemic dose; which would decrease cost and improve 

patient compliance. It also provides the opportunity to tailor polymer-drug linkers to 

impart temporal and spatial control of drug release for each agent, thus allowing them to 

act synergistically. TRZ was selected as drug 1 that will target the extracellular domain of 

the HER2 receptor. PKI166, a TKI with comparable anticancer activity to lapatinib was 

chosen as a model drug 2 to target the intracellular domain of HER2. Building from our 
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previous studies we established the synthesis and characterization of this new 

combination drug delivery system (Figure 4.1). Antiproliferative effects of the dual-drug 

conjugate was evaluated in hormone responsive (BT-474) and hormone resistant (SK-

BR-3) breast cancer cell lines overexpressing HER2 and compared to a control i.e. HER2 

negative breast cancer cell line (MDA-MB-231). Synergistic effects of anticancer activity 

were evaluated by combination index and isobologram analysis. The mechanism of 

action of the conjugate was studied by monitoring inhibition of downstream signaling 

proteins associated with anticancer activity (pMAPK and phosphorylated Akt (pAkt)) 

over time up to 72h.  

 

4.2 Materials and methods 

4.2.1 Chemicals 

PKI166 was kindly provided by Novartis (Basel, Switzerland). Antibodies against 

Akt and pAkt were purchased from Cell Signaling Technology (Beverly, MA). All other 

chemicals used were obtained as described in Section 3.2.1. 

 

4.2.2 Cell lines 

BT-474, SK-BR-3 and MDA-MB-231 human breast cancer cells (ATCC, 

Manassas, VA) were grown and harvested as described in Section 3.2.2.  
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Figure 4.1 Scheme of TRZ-ST-PHPMA-PKI conjugates. 
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4.2.3 Synthesis and characterization of comonomers 

The comonomer of methacryloyl-glycylphenylalanylleucylglycine 

(MAGFLGOH, MW 460.5, Figure 4.2)
174

 was synthesized and characterized according to 

previously published procedures. The tyrosine kinase inhibitor, PKI166, was conjugated 

to MAGFLGOH comonomer before polymerization (Figure 4.3). Briefly MAGFLGOH 

(300 mg, 0.65 mmol), PKI166 (323 mg, 1.0 mmol) and 1-hydroxybenzotriazole (132 mg, 

1.0 mmol) was dissolved in 2 mL of dimethylformaldehyde (DMF) and cooled to -10°C. 

DCC (202 mg, 1.0 mmol) dissolved in DMF (0.9 mL) was added dropwise to the 

comonomer solution with stirring for 5 min. The reaction mixture was stirred at 0°C for 1 

h and at room temperature (RT) overnight. The reaction byproduct DCU was filtered off 

and the crude conjugate was isolated by evaporation of DMF. The MAGFLG-PKI166 

comonomer was purified by dissolving in methanol and precipitating into diethyl ether 

for three times. All the monomers were characterized by mass spectroscopy (Figure 4. 4).  
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Figure 4.2 Mass spectrum of MAGFLGOH comonomer. 
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Figure 4.3 Synthesis of MAGFLG-PKI166 comonomer.  

 

 

 

 

 

 

 

O NH

O

HN

O

N
H

O

H
N

O OH

O NH

O

HN

O

N
H

O

H
N

O O
HOBT, DCC, DMF

RT, overnight

HN N

N

HN

HO

HN N

N

HNPKI166

MAGFLGOH MAGFLG-PKI166



 

 

 91 

 

Figure 4.4 Mass spectrum of MAGFLG-PKI166 comonomer. 
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4.2.4 Synthesis and characterization of semitelechelic HPMA copolymer precursor and 

dual drug conjugate 

Semitelechelic HPMA copolymer precursor with terminal -COOH groups (ST-

PHPMA-PKI166-COOH) was first synthesized based on modification of established 

procedures
150

. Briefly HPMA (400 mg, 2.8 mmol), MAGFLG-PKI166-COOH (55.4 mg, 

0.072 mmol), MPA (7.3 µL, 0.08 mmol), and ACA (33.6 mg, 0.12 mmol) were dissolved 

in 4 mL of methanol. The solution was sealed in an ampule and polymerized overnight at 

50°C. The polymer solution was purified by precipitation into diethyl ether. The content 

of carboxylic acid end groups was determined by acid-base titration of the polymer 

against a standard 0.001 N NaOH solution
19

. The terminal -COOH groups of ST-

PHPMA-PKI166-COOH were next converted into reactive -COOSu groups. ST-

PHPMA-PKI166-COOH (150 mg, 0.033 mmol) and N-hydroxysuccinimide (HOSu, 76.1 

mg, 0.66 mmol) were dissolved in 3.6 mL of DMF and cooled to 0°C. DCC (136 mg, 

0.66 mmol) was dissolved in 0.72 mL of DMF and added dropwise to the polymer 

solution. The reaction mixture was stirred at 4°C for 48 h and for an additional 12 h at 

RT. Acetic acid (36 µL) was added to terminate the reaction and stirred for 2 h. DCU was 

filtered off and the filtrate was precipitated into diethyl ether. The conversion of -COOH 

to -COOSu was determined by model aminolysis with an excess of Gly-NAp
150

. Finally 

the ST-PHPMA-PKI166 precursors with reactive -COOSu groups were conjugated to 

TRZ via aminolysis of the -NH2 groups of TRZ (Figure 4.5). For this reaction, the 

number of reactive primary amine groups available on TRZ was first determined by the 

TNBS assay
156

. Briefly, TNBS (1.65mM) in 0.4mL of borate buffer, pH 8 was added to 

0.4mL of TRZ (0.75mg/mL) and stirred at room temperature for 90 min. The absorbance 
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at 420 nm corresponds to the amount of primary amine available on the surface of TRZ. 

The ST-PHPMA-PKI166 precursors were subsequently conjugated to TRZ with a molar 

feed ratio of -NH2 (TRZ) : -COOSu (ST-PHPMA-PKI166 precursor) of 1 : 1.5. This feed 

ratio was selected from preliminary optimization studies. TRZ and the HPMA copolymer 

precursor were dissolved in PBS, pH 7.4 and stirred at room temperature for 24 h (Figure 

4.5). Unreacted ST-PHPMA-PKI166 precusors were eliminated by ultrafiltration (50kD 

MWCO centrifugal filter, Amicon Ultra, Millipore) and lyophilized. The degree of 

conjugation was determined by the TNBS assay as described above. Hydrodynamic 

volume and polydispersity (Mw/Mn) was estimated by size SEC using a Superose 6 

column (GE Healthcare, Piscataway, NJ) calibrated with protein standards using a FPLC 

system (GE Healthcare).   The molecular weight distributions of the conjugates were 

additionally estimated by Spectra Quant-PS Clear (Bridgepath) staining of proteins 

following gel electrophoresis (Bio-Rad SDS-PAGE). Constant amount of 20 μg TRZ, 

TRZ-STP-PKI166, and physical mixture of TRZ and ST-PHPMA-PKI166 were 

subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE, 2 h 

at 100V). The Np on each TRZ molecule was obtained based on TNBS assay.  The 

contents of drugs in the conjugate were determined by UV spectrophotometry from 

absorbances measured at 278 nm (TRZ) and 328 nm (PKI166).  
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Figure 4.5 Synthesis of semitelechelic HPMA copolymer precursor and its conjugate to 

TRZ. 
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4.2.5 In vitro PKI166 release from the copolymer precursor and the conjugate 

Bovine spleen cathepsin B (CPB) is a lysosomal enzyme involved in the 

intracellular digestion of proteins and HPMA-copolymer drug conjugates
150

. In the 

present study, CPB was used as a model enzyme to evaluate the in vitro release of 

PKI166 from ST-PHPMA-PKI166 copolymer precursor and TRZ-STP-PKI166 

conjugates. Conjugates (~ 5 mg) were dissolved in CPB stock solution (1.0 mL, 0.56 

mg/mL in sodium acetate buffer, pH = 5.5, 1 mM EDTA, 5 mM L-cysteine). At chosen 

time intervals (1, 2, 4, 6, 10, 24, and 48 h), samples were withdrawn (0.1 mL), mixed 

with Na2CO3/NaHCO3 buffer (1 mL, 0.2 M, pH = 9.8), and extracted with ethyl acetate 

(1.5 mL). Extraction efficiency was calculated to be 82%.  The organic layer was 

separated and dried. The concentration of free PKI166 in ethyl acetate was determined 

with UV spectrophotometry (ε328 nm =59300 M
-1

cm
-1

). The activity of the enzyme at 

different times of incubation was monitored using Na-N-carbobenzoxy-L-lysine p-

nitrophenyl ester (Na-CBZ-Lys-ONp) as the substrate. CPB stock solution (0.025 mL), 

phosphate buffer (0.935 mL) and cysteine stock solution (0.02 mL) were mixed and 

incubated at 37 °C for 5 min. Na-CBZ-Lys-ONp (0.02 mL, 50 mM in DMSO) was mixed 

with CPB stock solution (0.98 mL) and the UV absorption of released -ONp was 

monitored at 326 nm.  

 

4.2.6 In vitro anticancer activity of the conjugates 

The anticancer activity of the dual drug conjugate was assessed with MTT assay 

(see Section 3.2.6) against model human breast cancer cell lines namely BT-474 (HER2 

+ve , ER +ve), SK-BR-3 (HER2 +ve , ER -ve) and MDA-MB-231 (HER2 -ve , ER -ve). 
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On  days 2 and 5, TRZ, PKI166 or TRZ-STP-PKI166 was added to a final concentration 

of 0.1 to 400 nM. IC50 values calculated from the non-linear regression plot of cell 

viability versus log inhibitory concentration using Prism5 were then used to calculate the 

combination index (CI). 

 

4.2.7 Analysis of synergistic in vitro anticancer activity of the conjugates 

 Isobologram and CI analysis are common analytical methods to evaluate the 

nature of interaction of two drugs i.e. synergistic, additive and antagonistic
175, 176

. The 

isobologram provides a graphical qualitative evaluation of the combination effects. 

Briefly the concentrations of drugs TRZ and PKI166 required to produce a defined 

single-agent effect (IC50), when used as single agents, are placed on the x and y axes in a 

two-coordinate plot, corresponding to (IC50-TRZ, 0) and (0, IC50-PKI166), respectively. The 

line connecting these two points is the line of additivity. Then the concentrations of the 

two drugs used in combination to provide the same effect, denoted as, C50(TRZ, PKI166), 

are placed in the same plot. Synergism, additivity, or antagonism are indicated when 

C50(TRZ, PKI166) is located below, on, or above the line, respectively
175, 176

. While the 

isobolograms provide only qualitative nature of interaction of two drugs, CI analysis does 

provide both qualitative and quantitative measure of the extent of the drug interaction. 

The following formula was used to calculate CI: 

    
       

        
  

          

           
 …………(1) 
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where, C50-TRZ and C50-PKI166 are the concentrations of TRZ and PKI166 used in 

combination to achieve 50% drug effect. IC50-TRZ and IC50-PKI166 are the concentration for 

single drugs to achieve the same effect. A CI of less than, equal to, and more than 1  

indicates synergism, additivity, and antagonism, respectively
176

. 

 

4.2.8 Western immunoblotting 

Expressions of downstream signaling proteins were monitored with Western 

immunoblotting (see Section 3.2.7) in three model human breast cancer cell lines namely 

BT-474, SK-BR-3 and MDA-MB-231. Free TRZ, PKI166, or TRZ-STP-PKI166 was 

applied to the cells in a final concentration of 100 nM TRZ-equivalent and 1 µM PKI166-

equivalent. At assigned times (2 h, 4 h and 72 h) cells were collected and each cell lysate 

probed for specific primary antibodies against HER2, p HER2, MAPK, pMAPK, Akt, 

and pAkt (Cell Signaling Technology) as described in Section 3.2.7.  

 

4.2.9 Statistical analysis 

Results of cell viability assay were expressed as mean ± SD (n=4). For the 

Western immunoblotting studies, the reported blots are a single representative of three 

independent experiments. Differences in protein expression (pMAPK and pAkt) were 

analyzed using student’s t-test (95% confidence). 
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4.3 Results and Discussion 

4.3.1 Synthesis and characterization of polymer-dual drug conjugates 

The characteristics of the polymer precursors and polymer-(dual drug) conjugates 

are listed in Table 4.1. ST-PHPMA-PKI166 precursors were successfully synthesized by 

free radical polymerization using -COOH containing both an initiator (ACA) and a chain 

transfer agent (MPA).  Such a methodology has been previously established and results in 

a semitelechelic polymer backbone with a single reactive functional group at one end.  A 

series of ST-PHPMA-PKI166 copolymer precursors with varying PKI166 feed content 

were synthesized.  Increasing the molar feed content of MA-GFLG-PKI166 (1, 2.5 and 5 

mol%) resulted in increased incorporation of PKI166 (0.9, 2.3 and 4 mol%) but also a 

concurrent decrease in aqueous solubility. The ST-PHPMA-PKI166 copolymer 

precursors with 2.5 mol % of PKI166 containing monomer were chosen for further 

antibody conjugation as it maintained adequate aqueous solubility. The characteristics of 

copolymer precursor are summarized in Table 4.1. The copolymer precursor had an 

estimated molecular weight of 5.5 kD and a polydispersity of 1.2 as determined from 

SEC. The polymer precursor functionality (Mn/Mn(end)=1.0) was equal to unity confirming 

that every ST-polymer backbone contained one reactive group on the end chain. The 

polydispersity (Mw/Mn =2.2) of the polymer-(dual drug) conjugate and the average 

number of polymer chains (Np=37.4) bound to each TRZ molecule were consistent with 

ST-HPMA-TRZ conjugates previously synthesized and reported by our laboratory
173

 and 

similar structures (e.g. immunoglobulin-containing ST-PHPMA conjugate) reported in 

the literature
148, 158

.  Since SEC provides Mw based on hydrodynamic volume of the 
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conjugates and not the actual Mw, gel electrophoresis was used as a supplemental method 

to confirm conjugation
159

. The higher molecular weight band corresponding to the 

conjugate (TRZ-STP-PKI166) was distinct from TRZ alone or the non covalent mixture 

of TRZ and ST-PHPMA-PKI166, which confirmed successful conjugation (Figure 4.6). 

The Mw of TRZ-STP-PKI166 conjugates ranged between 150kD and 225kD suggesting 

that each TRZ (Mw =145kD) molecule is bound to multiple ST-PHPMA-PKI166 (Mw 

=5.5kD), indicative of a star-like structure
148, 173

.  
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Table 4.1  Characteristics of polymer precursors and TRZ-copolymer conjugates.  

 Mw
a
 

(kD) 

Mw/Mn
b
 Mn(end)

c
 

(kD)
 

Mn/Mn(end)
d
 TRZ 

content
e
 

(wt.%) 

PKI166 

content
f
 

(wt.%) 

Np
g
 

TRZ 151 1.1 - - - - - 

ST-

PHPMA-

PKI166 

5.5 1.2 4.5 1.0 - 3.0 - 

TRZ-ST-

PHPMA-

PKI166 

846 2.2 - - 65 2.2 37.4 

a
 Mw  = weight average molecular weight determined by size exclusion chromatography. 

b
 Mw/Mn = polydispersity. 

c
 Mn(end)  = number average molecular weight determined from titration of COOH end 

groups. 
d
 Mn/Mn(end)  = functionality of a polymer. 

e,f
 Results of UV spectrophotometric analysis at 278nm for 

e
TRZ and at 328nm for 

f
PKI166. 

g
 Np = average number of polymer chains on each TRZ molecule. 
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4.3.2 In vitro PKI166 release from the conjugates by lysosomal enzyme 

The conjugate was designed to contain PKI166 linked to the polymer precursor 

via a tetrapeptidyl Gly-Phe-Leu-Gly (GFLG) spacer. Such a spacer has been shown to be 

stable  in the systemic circulation, but is cleaved intracellularly by lysosomal thiol-

dependent proteases, such as CPB
150

. The extent of PKI166 release by CPB from ST-

PHPMA-PKI166 copolymer and TRZ-STP-PKI166 conjugate were evaluated at 1, 2, 4, 

6, 10, 24, and 48 h (Figure 4.7). Drug release from the conjugates was evaluated presence 

and absence of CPB. In presence of CPB, up to 30% of PKI166 was released in 48 h. 

When compared to a control conjugate containing PKI166 but without TRZ, a 

significantly higher (p < 0.01) amount of drug was released (61% in 48 h) (Figure 4.7). 

This is possibly due to the steric effects of the bulky antibody (TRZ) which may limit the 

accessibility of CPB to the degradable tetrapeptide spacer. For both conjugates however 

the total drug release did not reach 100% in 2 days. Such an observation in not 

uncommon since CPB is only one of several lysosomal enzymes that are present in vivo. 

For example Subr et al. have previously reported that less than 10% of drug release was 

observed when only one lysosomal enzyme (papain) was used whereas almost 70% drug 

was released when a mixture of lysosomal enzymes isolated from rat liver (tritosomes) 

were used
177

. PKI166 release under simulated lysosomal condition (with CPB at pH 5.5) 

was significantly higher when compared to simulated serum conditions (without CPB at 

pH 7.4). These results indicate the potential stability of the dual conjugates in the 

circulatory system and also confirm that drug release is primarily due to enzymatic 

cleavage rather than non-specific hydrolytic effects. Although the dynamic and complex 

geometry of this polymer-(dual drug conjugate) conjugate remains unexplored,  
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Figure 4.6 Gel electrophoresis comparing molecular weight of TRZ and TRZ-ST-

PHPMA-PKI166 (TRZ-STP-PKI166) copolymer conjugate. 
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Figure 4.7 In vitro release of PKI166 from conjugates. Legends: ■: TRZ-STP-PKI166 

conjugate in the presence of bovine spleen cathepsin B (CPB) at pH 5.5, □: TRZ-STP-

PKI166 conjugate in the absence of CPB at pH 7.4, ▲: ST-PHPMA-PKI166 copolymer 

precursor in the presence of CPB at pH 5.5, ∆: ST-PHPMA-PKI166 copolymer precursor 

in the absence of CPB at pH 7.4 
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results of our initial in vitro release studies suggest the potential for increased 

intracellular concentration of PKI166 within cancer cells which in turn could successfully 

inhibit the intracellular kinase domain of EGFR (or HER1) and HER2. 

 

4.3.3 Dual drug conjugate showed synergistic anticancer activity 

The TRZ-STP-PKI166 conjugate showed potent anticancer activity in a 

concentration dependent manner (Figure 4.8). The TRZ-STP-PKI166 dual drug conjugate 

appeared to have synergistic anticancer activity from two different modes of action drugs 

of TRZ (extracellular domain of HER2) and PKI166 (intracellular domain of HER2). The 

dose response curve for dual drug conjugate treated cells (both HER2 positive BT-474 

and SK-BR3) showed cytotoxic synergism when compared to individual single agents. In 

BT-474 cells the IC50 of TRZ-ST-PHPMA-PKI166 conjugate was calculated to be 5.2 

nM in TRZ-equivalent and 0.12 µM in PKI166-equivalent compared to the single agents 

(TRZ =10.7 nM and PKI166 =4.7 µM) (Figure 4.8A). Similarly in SK-BR-3 cells (Figure 

4.7B), the IC50 of TRZ-STP-PKI166 conjugate was 4.7 nM in TRZ-equivalent and 0.11 

µM in PKI166-equivalent compared to the IC50 of single agents TRZ (11.2 nM) and 

PKI166 (4.4 µM).  
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(A)  BT-474 cells (HER2 +ve, ER +ve)   

 

 

 

 

 

 

 

 

 

 

 

(B) SK-BR-3 cells (HER2 +ve, ER -ve) 

 

 

 

 

 

 

 

 

 

 

 

(C) MDA-MB-231 cells (HER2 -ve, ER -ve) 

Figure 4.8 Dose-response curves comparing anticancer activity of TRZ, PKI166 and 

TRZ-ST-PHPMA-PKI166 polymer conjugates (TRZ-STP-PKI166) in three different 

human breast cancer cell lines including (A) BT-474 cells, (B) SK-BR-3 cells and (C) 

MDA-MB-231 cells. 
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For drugs that are mutually nonexclusive in terms of their individual modes of 

action, the nature of interaction of two drugs (TRZ and PKI166) can be further evaluated 

by isobologram and CI analysis
178

. In both HER2 positive cell lines, the plotted points of 

C50 (TRZ, PKI166) are located below the line of additive effect (Figure 4.9) indicating 

synergism of TRZ and PKI166. CIs of the dual drug conjugate in both HER2 positive cell 

lines are less than 1 indicating synergism of TRZ and PKI166.  

The synergism of two drugs is marginally more evident in the SK-BR-3 cell line 

(CI = 0.47 ± 0.03) than in BT-474 cell line (CI = 0.55 ± 0.04) (Figure 4.9). The concept 

of combining two molecularly targeted drugs grafted on a single polymer backbone is 

presented here for the first time. Such a combination system can be expected to 

demonstrate enhanced activity in vivo due to tumor specific targeting mediated by the 

anti- HER2 antibody TRZ.  In addition the tyrosine kinase activity of PKI166 will 

potentially enhance cancer cell killing when delivered to specific tumor sites with 

reduced nonspecific toxicity. In the HER2 negative MDA-MB-231 cell line no effects of 

TRZ were observed even at high concentrations (up to 200 nM) which demonstrates the 

specificity of anticancer effect of TRZ and its conjugates towards HER2. 

Limited inhibitory effects of PKI166 were seen This is believed to be due to non-

selective tyrosine kinase activity of PKI166 which is a dual EGFR/ HER2 kinase 

inhibitor
179

 (Figure 4.8C).  As a comparison, the ST-PHPMA precursor without any drug 

was evaluated but showed no effect on any cell lines demonstrating the biocompatibility 

of the polymer backbone.  
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Figure 4.9 Isobologram and combination index (CI) analysis of synergistic interaction 

between TRZ and PKI166 conjugated in TRZ-STP-PKI166 on HER2 positive breast 

cancer cells: (A) BT-474 and (B) SK-BR-3. 
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4.3.4 Dual drug conjugate prolonged anticancer activity compared to free TRZ and 

PKI166 

Overexpression of the tyrosine kinase receptor HER2 promotes tumor cell 

proliferation by phosphorylating and activating downstream signal transduction cascades 

such as the RAS-MAPK and PI3K/Akt pathway
34

. The two individual drugs TRZ and 

PKI166 binds to the extracellular and intracellular domain of HER2 respectively and 

downregulates phosphorylation of MAPK (pMAPK) and Akt (pAkt) signaling proteins 

that was monitored in our study. In HER2 positive BT-474 cells (Figure 4.10), single 

agents TRZ and PK166 exhibited a different temporal protein expression pattern 

compared to the TRZ-STP-PKI166 conjugate. TRZ alone had no effect on pMAPK over 

72 h. PKI166 alone inhibited phosphorylation of MAPK up to 2 h but the effect 

decreased from 2 to 72 h. The dual conjugate on the other hand maintained suppression 

of pMAPK over the entire period of study. The dual conjugate treatment resulted in 

complete inhibition of pAkt compared to the single agents. The prolonged suppression of 

both pMAPK and pAkt by the dual drug conjugate was observed in the SK-BR3 cell line 

as well (Figure 4.11). Once again the inhibitory effects were more significant than the 

effects of each single agent which is in agreement with the synergistic effects observed 

earlier. In all instances of treatment there was no decrease in total MAPK or Akt protein 

levels. Therefore, the change in phosphorylation represents a decrease in activity and not 

down-regulation of the proteins. 
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Figure 4.10 Western immunoblot showing protein expression profiles of BT-474 cells 

treated with TRZ, PKI166 and TRZ-ST-PHPMA-PKI166 polymer conjugates (TRZ-

STP-PKI166) for 2 h, 4 h or 72 h. Untreated cells served as controls. Protein expression 

was examined using Western immunoblotting. Blot shows MAPK and pMAPK at 42 to 

44 kD in double bands, Akt and pAkt at 60 kD in single band, and β-actin at 45 kD. The 

blots show a single representative of three independent experiments. Densitometric 

analysis of pMAPK and pAkt levels (normalized to β-actins) were performed from three 

experiments and expressed as arbitrary units ± SD related to controls. 
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Figure 4.11 Western immunoblot showing protein expression profiles of SK-BR-3 cells 

treated with TRZ, PKI166 and TRZ-ST-PHPMA-PKI166 polymer conjugates (TRZ-

STP-PKI166) for 2 h, 4 h or 72 h. Untreated cells served as controls. Protein expression 

was examined using Western immunoblotting. Blot shows MAPK and pMAPK at 42 to 

44 kD in double bands, Akt and pAkt at 60 kD in single band, and β-actin at 45 kD. The 

blots show a single representative of three independent experiments. Densitometric 

analysis of pMAPK and pAkt levels of treated cells (normalized to β-actins) from three 

experiments were expressed as arbitrary units ± SD related to controls. 
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These results were supported by previously reported studies and confirmed that 

TRZ inhibited Akt kinase activity but not MAPK activity
180

.  No effect of single agents 

or the dual drug conjugate was observed on the levels of phosphorylation of the signaling 

proteins in the HER2 negative MDA-MB-231 cell line (Figure 4.12). The result further 

confirms the specificity of action of the dual conjugate which is retained as compared to 

each single agent. Overall polymer conjugation prolonged the inhibitory effects of both 

TRZ and PKI166. The results are consistent with our previous findings
173

 that TRZ 

conjugated to a semitelechelic HPMA backbone delayed HER2 recycling which 

prolonged pMAPK suppression. Such an effect is significant as it suggests a possible 

means to overcome one of the major problems with current single agent therapy with 

TRZ or small molecule TKIs
2, 163

. The conjugated system possibly enhanced HER2 

internalization and prolonged the retention of the TRZ-ST-PHPMA conjugate/ HER2 

complex in the cancer cell. TRZ conjugated macromolecular systems like dendrimers
165, 

166
 have similarly shown to induce rapid HER2 internalization and prolonged lysosomal 

residence. Our novel targeted dual drug delivery system (TRZ-STP-PKI166) 

demonstrated the potential to overcome TRZ resistance and reduce nonspecific toxicity 

of PKI166. The TRZ resistance can be overcome by an enhanced half life and hence 

bioactivity of the conjugate as compared to the free antibody (TRZ), and with 

concurrently delivered 2
nd

 drug (PKI166) having different mode of action on the same 

targeted receptors. For the same reason half-life and bioactivity of PKI166 could be 

enhanced thus its nonspecific hepatotoxicity could be reduced by targeted delivery also 

with bypassing the first-pass metabolism via IV administration. 

 



 

 

 112 

 

Figure 4.12 Western immunoblot showing protein expression profiles of MDA-MB-231 

cells treated with TRZ, PKI166 and TRZ-ST-PHPMA-PKI166 polymer conjugates 

(TRZ-STP-PKI166) for 2 h, 4 h or 72 h. Untreated cells served as controls. Protein 

expression was examined using Western immunoblotting. Blot shows MAPK and 

pMAPK at 42 to 44 kD in double bands, Akt and pAkt at 60 kD in single band, and β-

actin at 45 kD. The blots show a single representative of three independent experiments. 

Densitometric analysis of pMAPK and pAkt levels of treated cells (normalized to β-

actins) from three experiments were expressed as arbitrary units ± SD related to controls. 
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Further investigation of the mechanism of internalization (endocytic uptake) and in vivo 

efficacy studies of these conjugates are necessary although it could be similar to 

macromolecular carriers in general such as PEG, nanoparticles or dendrimers
14

.  

 

4.4 Conclusions 

Targeted semitelechelic HPMA copolymer conjugate with dual mode of drugs 

(TRZ and PKI166) was successfully synthesized and characterized. PKI166 appeared to 

be released mainly by lysosomal enzyme activity in vitro. Administration of the dual 

conjugate resulted in synergistic anticancer activity specifically against HER2 

overexpressing breast cancer cell lines. The protein expression profiles of HER2 

downstream signaling corresponding to suppression of cancer cell proliferation and 

survival showed semitelechelic HPMA copolymer conjugation prolonged the effect from 

each drug alone. Together, our present studies suggest that TRZ-STP-PKI166 

conjugation may prolong the activity of TRZ and PKI166 while synergistically enhancing 

their efficacy. Polymer conjugated dual drug combination systems such as the one 

reported could potentially be more effective in vivo due to altered biodistribution 

mediated by the polymer. The TRZ-STP-PKI166 conjugate therefore appears to be a 

promising novel drug delivery system that can deliver a combination of drugs with 

different mechanisms of action for molecularly targeted therapy to overcome the 

limitations from each individual drug alone. 
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CHAPTER 5 

IN VIVO PILOT STUDY TO EVALUATE ANTITUMOR EFFICACY OF HER2 

TARGETED POLYMERIC DUAL DRUG CONJUGATES  

5.1 Introduction 

The studies described here represent a logical progression from in vitro to 

preclinical in vivo development of polymer based dual drugs conjugate. In vitro, we have 

shown that TRZ-ST-HPMA-PKI166 conjugates possess synergistic cytotoxic activity 

against HER2 overexpressing breast cancer cell lines (BT-474 and SK-BR-3). However, 

while promising, in vitro cytotoxic activity does not necessarily equate with in vivo anti-

tumor activity. The dynamic nature of biodistribution and the complex pathophysiology 

and microenvironment of tumors make in vitro to in vivo correlation extremely 

challenging. The next logical step is therefore to test these polymer-dual drug conjugates 

in animal tumor models. It can be hypothesized that the overall tumor accumulation of 

polymer dual drug conjugates will be the combination of active tumor targeting by TRZ 

specific binding to HER2 receptors as well as by passive tumor extravasation of the 

delivery system owing to the well established EPR effect. The experiments described 

herein were designed to test whether polymer-dual drug conjugates can reduce tumor 

burden in vivo and whether the two drugs can work synergistically in vivo. This is the 
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first in vivo study evaluating TRZ-ST-PHPMA-PKI166, polymer-dual drug conjugate for 

the ability to reduce tumor burden in tumor xenograft bearing mice. To evaluate 

antitumor efficacy of the conjugate, the SK-BR-3 breast tumor xenograft model was used 

since BALB/c athymic mice bearing SK-BR-3 xenografts are well established with its 

HER2 positive but ER negative (no need to supplement with estrogen pellets) 

properties
161, 181, 182

. Also the model showed tumor suppression upon TRZ treatment
183

. 

The antitumor efficacy was evaluated by monitoring reduction of tumor volume and 

tumor visualization following necropsy. For the comparison, different mice groups were 

also treated with free TRZ, free PKI166 and physical mixture of TRZ and PKI166. To 

preliminarily assess any acute toxicity potential the conjugate was also administered in 

non-tumor bearing mice at the highest concentration used for the efficacy studies (40 

mg/kg for 3 weeks). The body weights, physical appearance, and abnormal behavior were 

generally monitored for indications of toxicity from the treatments. 

 

5.2 Materials and methods 

5.2.1 Chemicals 

All reagents and materials were obtained as described in Section 3.2.1. The 

synthesized conjugates were prepared as described in Section 4.2.4 and formulated in 

sterile PBS. 

5.2.2 Cell lines 

SK-BR-3 and BT-474 human breast cancer cells (ATCC) were grown and 

harvested as described in Section 3.2.2. The SK-BR-3 cell line was prior tested to ensure 

absence of any harmful pathogens.  
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5.2.3 Xenograft studies 

Female BALB/c athymic mice (average weight 25g) were studied under the 

University of Maryland Institutional Animal Care and Use Committee (IACUC) protocol.  

Subcutaneous tumor xenografts were generated by injection of SK-BR-3cancer cells 

mixed with Matrigel (Becton Dickinson Labware, Bedford, MA) in the two flanks of the 

mice. All the steps were performed under aseptic conditions (inside a laminar flow hood) 

with sterile reagents. Each mouse was inoculated subcutaneously with 100µL of the cell 

suspension (2 x 10
6
 cells)

184
 using a 21G needle into each flank. The flanks were 

prepared for injection by wiping with an alcohol swab. There was no risk or complication 

associated with the injection of the cells. All tumors were measured every alternate day 

using digital calipers. The mice were restrained by hand and tumor measured. Tumor 

volumes were calculated according to the widely used formula
185

: (length × width
2
) × 

(π/6). After ~2 weeks of growth and when tumors reached a measurable size (~100 mm
3
), 

treatments were administered. Animals were injected intraperitoneally with 100µl of PBS 

containing free drugs, physical combination of the free drugs or the selected HPMA-dual 

drug conjugates at incremental but equivalent doses. Based on literature reports, chosen 

dosing was 10, 20 and 40 mg/kg body weight for TRZ (drug equivalent dose)
186, 187

 and 

0.23, 0.46 and 0.92 mg/kg body weight for PKI166 (drug equivalent dose), both 

administered twice weekly for 3 weeks. Body weight and tumor volume was measured 

every two days or as scheduled and decrease in weight and tumor volume compared to 

control was expressed as a % inhibition. All mice were euthanized at the end of the 3 to 4 

week-long treatment or if death occurred earlier, or if mice appeared to be seriously ill. 
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Post necropsy, tumors were removed surgically, weighed and then images of tumors were 

captured using a digital camera. 

 

5.2.4 Statistic analysis 

The object of this pilot study was to see the qualitative effect of drugs in the novel 

drug delivery system. Animal numbers were therefore determined by the investigator’s 

experience and personal judgment. Data collected in pilot studies will be used to 

determine statistically relevant sample size calculations for future experiments. The 

minimum number of animals that can give meaningful data was determined as follows: 

(number of tumor=4 per treatment or control group; (number of mice=2) x (number of 

tumor=2/mice)). Tumor growth curves were constructed by use of the mean tumor 

volume at each measurement point along with 95% confidence intervals expressed as 

mean ± SD (n=4). 

 

5.2.5 In vitro evaluation of synergistic in vitro anticancer activity 

The anticancer activities of the dual drug conjugate and physical mixture of two 

drugs were assessed with MTT assay (see Section 3.2.6) and compared via isobologram 

and CI analysis (see Section 4.2.7) to evaluate the nature of interaction of two drugs. 

 

5.3 Results and Discussion 

5.3.1 Antitumor activity of dual drug conjugates 

 To determine whether treatment with TRZ-ST-PHPMA-PKI166, polymer-dual 

drug conjugate (referred to TSP), could inhibit tumor growth in SK-BR-3 xenograft 
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bearing mice, an initial dose of 10mg/kg of TRZ equivalent was injected intraperitoneally 

to a group of two mice. A total of 6 injections were made over a period of three weeks 

(injections were always made on days 1, 3, 7, 10, 14 and 17). Following the last injection 

mice were continuously monitored upto at least day 28. Compared to the control group 

which was concurrently injected with PBS, the conjugate treated group showed 

significant antitumor activity within a week of treatment (Figure 5.1). The mean tumor 

volume of the conjugate treated group consistently decreased for 20 days while those of 

the control group increased for a week and then reached a plateau. A tumor size reduction 

of 53 ± 6% was observed after 4 days and continued to 84 ± 10% reduction after 20 days. 

Interestingly even after discontinuation of treatment (at the end of 17 days) the tumor 

volume continued to be suppressed with only slight recovery. Between days 20-29 the 

tumor volume increased only by 13%. Such an effect could be possibly due to prolonged 

retention of the polymer conjugate in the tumor which was also evident in our in vitro 

studies that showed sustained suppression of kinase signaling pathways. All mice in the 

treatment group survived the entire study with no visual indication of toxicity. This is 

indicative of the overall in vivo tolerability of the conjugate. 
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Figure 5.1 Growth of SK-BR-3 xenograft tumors in athymic female mice treated with 

TRZ-ST-PHPMA-PKI166, polymer-dual drug conjugate (TSP) compared to control. 
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In a parallel series of experiments we investigated the dose dependent effect of 

the polymer dual drug conjugate. Optimization of the combination drug ratio in a dual 

drug conjugated system is critical for achieving the maximum therapeutic effect. In TSP a 

10 mg/kg of TRZ equivalent dose concurrently contains only 0.23 mg/kg of PKI166 

equivalent dose which is much lower than the administered dose of TKI in other 

published in vivo studies. For example Rimawi et al. reported in vivo synergistic 

antitumor effect in combination treatment of TRZ and lapatinib (their model TKI). The 

dose was 10 mg/kg of TRZ given intraperitoneally (i.p.) twice weekly in combination 

with 100mg/kg of lapatinib given orally once daily for five days a week
183

. Although this 

study design and ours are different in terms of the route of administration (oral vs. i.p.) 

and formulation (free drug combination vs. dual drug conjugate), there is quite a gap 

between the two doses (100 mg/kg vs. 0.23 mg/kg) when considering dosing frequency 

(five times weekly vs. twice weekly). With this reasoning two additional groups of mice 

(two mice in each group) were assigned to administer incremental TSP doses of 20 mg/kg 

(TRZ: 20 mg/kg and PKI166: 0.46 mg/kg) and 40 mg/kg (TRZ: 40 mg/kg and PKI166: 

0.92 mg/kg). Dosing and monitoring schedules were matched to that of the initial 10 

mg/kg TSP treatment group. All dose regimen of TSP conjugate were well tolerated by 

the mice with no visible signs of toxicity. Only a marginal dose dependent effect was 

seen in tumor reduction possibly due to the limitation of sample numbers. However, 

statistically significant differences were observed between TSP 10 mg/kg and TSP 

40mg/kg groups during the post-treatment monitoring (days 22 (p=0.042), 27 (p=0.014) 

and 29 (p=0.015), Figure 5.2). 
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Figure 5.2 Dose dependent growth of SK-BR-3 xenograft tumors in athymic female mice 

treated with TRZ-ST-PHPMA-PKI166, polymer-dual drug conjugates (TSP). Results are 

means ± SD (n=4), *p < 0.05. 
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5.3.2 Synergistic antitumor activity of dual drug conjugates 

Based on the observed results a subsequent in vivo efficacy comparison study was 

designed based on TSP 40mg/kg conjugate dose to mimic the in vitro anticancer activity 

comparison study (see Figure 4.8). In this study mice (2 per group) were treated with i) 

free TRZ (T, 40 mg/kg), ii) free PKI166 (P, 0.92 mg/kg), iii) a physical mixture of T (40 

mg/kg) plus P (0.92 mg/kg), and iv) TSP (T, 40 mg/kg and P, 0.92 mg/kg). The results 

(Figure 5.3) showed in all of the above treatment groups there was a reduction in tumor 

volume after 6 treatments over 17 days. For true size comparison representative tumors 

from each treatment group were excised following necropsy, placed on a graduated paper 

and a snapshot of image taken (Figure 5.4). Due to the lack of statistical power in limited 

sample numbers the statistically significant difference between treatment groups were not 

seen. The T + P treatment group had only a negligible improvement over T treatment 

alone and showed similar efficacy compared with P treatment alone. In comparison the 

TSP treated group at equivalent T and P doses clearly showed the most significant tumor 

suppression as was further evident from visual inspection (Figure 5.4). Interestingly 

greater tumor suppression was seen with the TSP conjugates compared to the physical 

mixture of the two drugs (T + P) at all dose regimens of TSP conjugates (10, 20 and 40 

mg/kg TRZ equivalent dose, Figure 5.5).  

The promising in vivo results obtained above was further supported by a series of 

in vitro experiments which compared the synergistic effect of the dual drug conjugate 

with a physical mixture of the two drugs. IC50 curves were generated following growth 

inhibition studies on SK-BR-3 and BT-474 cell lines and isobologram analysis were 

performed based on the data. From the results (Figure 5.6) it is seen that the physical 
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mixture and the dual drugs conjugate both have synergistic effects on growth inhibition 

however the dual drugs conjugate does not appear to be superior to the physical mixture. 

This was in marked contrast to our in vivo observations where the dual conjugate was 

clearly synergistic relative to the physical mixture. It is reasonable to assume that in a 

static in vitro setting both TRZ and PKI166 would reach the target cancer cells and exert 

anticancer activity regardless of their targeting ability. Since the two agents target the 

same molecular mechanism of cell proliferation, the net result is often synergistic as was 

observed in our studies. However, in vivo in a physical mixture, both drugs will distribute 

and eliminate differently and independent of each other. As a result the final drug ratio in 

the tumor might not be predictable based on initial dosing. These results therefore 

provided promising supports for further investigation of the targeted dual drug delivery 

system. We have already seen prolonged anticancer activity of TRZ and PKI166 

combination delivered concurrently in the HPMA copolymer conjugated drug delivery 

system in 72 h compared to each free drug alone. The active targeting ability achieved by 

the novel dual drug conjugate system could increase accumulation of both drugs into the 

tumor by simultaneous targeted delivery in one system and enhance internalization via 

endocytic uptake. It was reported that only single carrier-mediated drug delivery system 

can achieve true synergistic effect in combination drug therapy in vivo
127, 140

. For better 

understanding on the fate of the dual drug conjugate system in vivo detailed 

biodistribution studies would be needed. 
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Figure 5.3 Growth of SK-BR-3 xenograft tumors in athymic female mice treated with 

TRZ-ST-PHPMA-PKI166, polymer-dual drug conjugate (TSP) compared to free TRZ 

(T), free PKI166 (P), and TRZ plus PKI166 (T+P) in equivalent dose of 40 mg/kg TRZ 

and 0.93 mg/kg PKI166. Results are means ± SD (n=4). 
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Figure 5.4 Excised HER2 overexpressing SK-BR-3 breast tumor (representative of n=4). 

The smallest graduation represents 1 mm in length. 
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Figure 5.5 Growth of SK-BR-3 xenograft tumors in athymic female mice treated with 

polymer-dual drug conjugate (TSP) in various concentrations compared to physical 

mixture of TRZ and PKI166 (T+P) in equivalent dose of 40 mg/kg TRZ and 0.93 mg/kg 

PKI166. Results are means ± SD (n=4) 
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Figure 5.6 Dose-response curves and comparing anticancer activity (A, B, D, and E) and 

analysis synergistic interaction (C and F) for physical mixture of TRZ + PKI166 and 

TRZ-ST-PHPMA-PKI166 polymer conjugates (TRZ-STP-PKI166) in HER2 

overexpressing human breast cancer cell lines including SK-BR-3 cells (A, B and C) and 

BT-474 cells (D, E and F). 
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5.3.3 Non-toxic and well tolerated dual drug conjugates 

The conjugates were formulated in sterile condition and HPMA copolymer 

systems are well known non-toxic and non-immunogenic drug delivery system
16

. The 

possible toxicity from formulation of the conjugate and the nature of both antitumor 

agents were monitored by physical observations. Upon the scheduled body weight 

monitor of mice brief physical observations were held to check abnormal physical 

appearance, behavior and body weight changes. Toxicity in mice following treatment was 

monitored mainly by body weight loss for up to 30 days (Figure 5.7). No abnormal 

physical change including body weights was observed for any treatments as compared to 

control during the entire study process. For better understanding on toxicity profile of the 

dual drug conjugate system in vivo detailed toxicity monitoring studies would be needed 

including organ weight, serum chemistry and histological analysis. 
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Figure 5.7 Effect of drug and the dual drug conjugate treatments on mouse body weight. 

Mice treated with equivalent drug dose of TRZ and PKI166 show no decrease in body 

weight over 30 days including six i.p. injections. Results are expressed as means of 

treatment groups (n=2 mice). 
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5.4 Conclusion 

 The TRZ-ST-HPMA-PKI166 conjugates showed tumor suppression in vivo in 

HER2 overexpressing tumor xenograft mice model without any notable toxicity. This 

favorable in vivo result of the conjugate compared to free drugs and mixture of them 

make the conjugate a promising drug delivery strategy to increase efficacy of TRZ and 

PKI166 and reduce toxicity by targeting and concurrent delivery of multiple drug with 

reduced doses. 
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CHAPTER 6 

CONCLUSIONS 

The current state of HER2 overexpressing breast cancer was described in Chapter 

2. Metastatic breast cancer is unlikely to be completely cured and the survival is 

extremely low. HER2 overexpression can serve as an important therapeutic target in 

breast cancer strongly correlated with the pathogenesis and prognosis of the disease. The 

clinical application of currently available HER2 targeted biologic therapeutics such as 

TRZ and TKIs, is limited by drug resistance and toxicity, respectively. Also physical 

mixture of combination regimen is applied in clinics and does not only resolve challenges 

in each agent have but also brings another disadvantages including patient compliance 

issue. Polymeric conjugates have shown effectiveness to deliver combination drugs 

tailor-made for specific targets with biocompatible, non-immunogenic, non-toxic, and
 

water-soluble properties. This dissertation described the development of HER2 targeted 

semitelechelic HPMA copolymer conjugate bearing TRZ and PKI166 for treatment of 

HER2 overexpressing breast cancer. 

To select optimal architecture for the targeted dual drug delivery system two types 

of conjugates with star-like and comb-like structures were synthesized by conjugating 

TRZ to semitelechelic and random HPMA polymers, respectively. The results suggested 
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that both TRZ-HPMA copolymer conjugation (TRZ-PHPMA and TRZ-ST-PHPMA 

conjugates) could prolong activity of TRZ while retaining the efficacy. Moreover, the 

results supported TRZ-ST-PHPMA as a favorable conjugate with higher conjugation rate, 

narrower size distribution, more potent anticancer activity, and more prolonged TRZ 

activity over TRZ-PHPMA. Therefore for further study we chose this semitelechelic 

HPMA copolymer to conjugate both TRZ and a small molecule TKI (PKI166) as model 

drug combination for carrier-mediated delivery to HER2 overexpressing breast cancer. 

Also the conjugate drug delivery system was successfully internalized and localized 

within HER2 overexpressing breast cancer cells. 

Based on the results in Chapter 3 semitelechelic HPMA copolymer based 

combination drug conjugate was successfully synthesized and characterized. PKI166 was 

shown to be released from the conjugate in the presence of lysosomal enzyme cathepsin 

B in vitro. Administration of the dual conjugate resulted in synergistic anticancer activity 

specifically against HER2 overexpressing breast cancer cell lines when the efficacy was 

analyzed using isobologram and combination index. The protein expression profiles of 

HER2 downstream signaling corresponding to suppression of cancer cell proliferation 

and survival (pMAPK and pAkt) showed semitelechelic HPMA copolymer conjugation 

prolonged the effect over 72 h compared to each drug alone. Polymer conjugated dual 

drug combination systems such as the one reported could potentially be more effective in 

vivo due to altered biodistribution mediated by the polymer. The TRZ-STP-PKI166 

conjugate therefore appears to be a promising novel drug delivery system that can deliver 

a combination of drugs with different mechanisms of action for molecularly targeted 

therapy to overcome the limitations from each individual drug alone. 
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Chapter 5 of this dissertation evaluated the in vivo antitumor activity of the TRZ-

ST-HPMA-PKI166 conjugates in HER2 overexpressing tumor xenograft mice model. 

The results showed concentration dependent growth inhibition activity of the dual drug 

bearing conjugate in vivo. The conjugate at higher doses prolonged the time to tumor 

relapse compared to lower doses. Also the conjugate demonstrated more potent antitumor 

effect compared to free drugs and even physical mixture of two drugs. All treatments 

including the conjugate showed no notable toxicity for 28 days. Such favorable in vivo 

results make the conjugate a promising drug delivery strategy to increase efficacy of TRZ 

and PKI166 and reduce toxicity by targeting and concurrent delivery of multiple drugs 

with reduced doses. 

The studies described in this dissertation overall demonstrate the utility of 

targetable semitelechelic HPMA copolymer-drug conjugate for delivery of dual 

biological therapeutics (TRZ and PKI166) to solid breast tumors. The presence of two or 

more therapeutic agents on a single carrier platform offers new therapeutic possibilities 

but at the same time poses many new challenges.  In order to identify an appropriate drug 

combination, it is necessary to perform thorough biological evaluation which must be 

supported by a profound understanding of the molecular mechanisms involved. Another 

critical aspect is the determination of the optimal mass ratio of each component within a 

combination drug delivery system. This requires systematic research investigating the 

impact of different drug ratios on the biological activity of the combination delivery 

systems. Future studies must be planned with the optimal conditions including selection 

of appropriate animal and tumor models that provide proper tumor size and intravenous 

injection sites. Determination of the kinetics of release of each drug in a multidrug 
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combination system will be also necessary to determine the optimum ratio as one drug 

may affect the release profile of the other drug and thereby affect activity. Also studies in 

TRZ-resistant cancer cell lines under in vivo conditions are necessary to evaluate the 

potential of the dual drug conjugate to overcome TRZ resistance. 
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APPENDIX A 

 SYNTHESIS AND CHARACTERIZATION OF POLYMER-DRUG 

CONJUGATES TARGETED TO ANGIOGENESIS SITES OF BREAST CANCER 

A.1 Introduction 

As discussed in Chapter 2, HPMA copolymers are water-soluble, biocompatible 

and versatile macromolecular carriers used for targeted delivery of bioactive agents 
188

. 

Before the thesis project was established I was involved in this project that had provided 

me general overview of polymeric carrier mediated drug delivery system and 

experimental skills including synthesis and characterization of comonomers, copolymers 

and conjugates.  

Angiogenic blood vessels in solid tumors have been identified as a target site for 

chemotherapeutic interventions because of their important role in tumor growth and 

metastasis 
189

. Fumagillin isolated from Aspergillus fumigatus and its improved analogue, 

O-(chloroacetylcarbamoyl)fumagillol (TNP-470), were proposed to inhibit endothelial 

cell proliferation by selective inhibition of methionine aminopeptidase type 2 (MetAP-2) 

190
. However, this promising approach to cancer chemotherapy is limited by toxic side 

effects 
191

. For example, in clinical trials of TNP-470, its use as an anticancer agent was 

limited by poor pharmacokinetic profile and dose-limiting neurotoxicity 
192

. Among the 



 

 

 136 

molecular markers associated with tumor angiogenesis, the v3 integrin is a unique, 

highly specific receptor that is essential for angiogenesis 
193

 and cell migration during 

metastasis 
194

 while playing a key role in cell-cell and cell-extracellular matrix (ECM) 

interaction 
195

. High affinity v3 selective ligands such as the doubly cyclized peptide 

RGD4C 
196

 have been identified as targeting moieties to deliver antiangiogenic drugs to 

the tumor vasculature. Recently it has been demonstrated that conjugation of the 

antiangiogenic drug TNP-470 with HPMA copolymers increases passive accumulation in 

solid tumors, and decreases its toxicity 
197

. Passive targeting may result in limited and 

transient accumulation around solid tumors and EPR effect alone can be of reduced 

importance in smaller tumors 
198

. Active targeting of polymeric drug delivery systems by 

attaching molecular markers such as peptides and antibodies can significantly improve 

tumor localization 
148, 199-202

. 

Previously it was demonstrated that HPMA copolymer-cyclic RGD conjugates 

selectively target tumor associated neovasculature with potential utility for systemic 

radiation therapy 
199, 202, 203

.  In this project the design and development of actively 

targeted HPMA copolymer-antiangiogenic drug conjugates were studied for the first 

time. The rationale behind this project is depicted in Figure A.1. By attaching the 

antiangiogenic drug Fumagillol (Fu) to the side chains of HPMA copolymer-RGD4C 

conjugates the drug can be specifically delivered to the endothelial cells of the angiogenic 

vascular bed around tumors thereby killing blood vessels. Specifically the synthesis and 

characterization of HPMA copolymer-Fu-RGD4C conjugates with various spacer lengths 

and evaluation of bioadhesion and efficacy of the conjugates in vitro are reported. 
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Figure A.1 Schematic diagram illustrating the rationale for active targeted delivery of 

antiangiogenic drugs to the neovascular endothelium. The delivery system consists of the 

following components: (1) a non-toxic, non-immunogenic, water-soluble polymeric 

carrier such as HPMA copolymer, to which therapeutic molecules can be covalently 

conjugated and delivered, (2) a targeting moiety, namely the cyclic peptide RGD4C 

which is biorecognized specifically by αvβ3 integrins that are overexpressed on the 

surface of neovascular endothelial cells, (3) an antiangiogenic drug to cause inhibition of 

tumor growth. For chemical structure see Figures A.2 and A.3. 
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A.2 Materials and methods 

A.2.1 Chemicals 

RGD4C (KACDCRGDCFCG, Mw 1273.9) was obtained from AnaSpec (San 

Jose, CA). Unless otherwise mentioned, all other chemicals were of reagent grade and 

obtained from Sigma (St. Louis, MO).  Fumagillol-Glycine was obtained as a kind gift 

from the laboratory of Dr. Kyung Bok Kim, University of Kentucky. 

 

A.2.2 Cell lines 

MDA-MB-231 human breast adenocarcinoma cells (ATCC, Manassas, VA) were 

cultured in Leibovitz’s L-15 medium (Invitrogen, Grand Island, NY) supplemented with 

10% (v/v) FBS, 1:100 penicillin/streptomycin at 37 °C in a humidified atmosphere of 

100% air exchange. Human Umbilical Vein Endothelial Cells (HUVECs; Cambrex 

Biosciences, Walkersville, MD) were cultured in endothelial cell growth medium, EGM-

2 (500 mL of endothelial cell basal media supplemented with EGM-2 SingleQuots; 10mL 

FBS, 0.2 mL hydrocortisone, 2 mL hFGF-B, 0.5 mL VEGF, 0.5 mL R3-IGF-1, 0.5 mL 

ascorbic acid, 0.5 mL hEGF, 0.5 mL GA-1000, 0.5 mL heparin) at 37°C in a humidified 

atmosphere of  5% CO2 (v/v). For all experimental procedures, confluent cells in culture 

were harvested with 0.05% trypsin/0.02% EDTA in PBS. 

 

A.2.3 Synthesis and characterization of comonomers 

The monomers of HPMA 
130

 , (MAGGONp) 
204

, and MAGFLGONp 
149

 were 

synthesized according to previously published procedures. Two drug-containing 

comonomers were synthesized with tetra- and penta-peptide biodegradable spacers 
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namely methacryloylglycylphenylalanylleucylglycine-Fumagillol (MA-GFLG-Fu) and 

methacryloylglycylphenylalanylleucylglycylglycine-Fumagillol (MA-GFLGG-Fu). MA-

GFLGG-Fu comonomer was prepared by the reaction of MA-GFLG-ONp, Fumagillol-

glycine (Fu-G) and triethylamine (TEA) in dimethyl sulfoxide (DMSO) at room 

temperature. MA-GFLG-Fu comonomer was synthesized by a procedure similar to that 

of MAGFLGG-Fu with a slight modification. Briefly methacryloylglycylphenylalanine 

(MA-GF-OH, MW 290.2) 
205

 was activated with p-nitrophenol esterification using DCC 

coupling in DMF. The resulting MA-GF-ONp (MW 411.3) was recrystalized from 

ethanol/water 1:1 solution. Leucyl methyl ester hydrochloride (L-OMe.HCl) was 

dissolved in DMSO and added to MA-GF-ONp in DMSO followed by TEA. The 

resulting product methacryloylglycylphenylalanylleucine-methyl ester (MA-GFL-OMe, 

MW 418.1) was purified by recrystallization from methanol. MA-GFL-OMe was then 

hydrolyzed to methacryloylglycylphenylalanylleucine (MA-GFL-OH, MW 403.4) by 1N 

sodium hydroxide (NaOH) in methanol and purified by extraction from ethylacetate. 

MA-GFL-OH was esterified to methacryloylglycylphenylalanylleucine-p-nitrophenyl 

ester (MA-GFL-ONp, MW 525.6) with p-nitrophenol as described above. The final 

comonomer MA-GFLF-Fu (MW 724.7) was prepared by the reaction of MA-GFL-ONp, 

Fu-G-NH2 and TEA in DMSO at room temperature.  The product was purified with 

column chromatography using hexane/ethyl acetate (1:1) as the mobile phase. The overall 

synthetic pathways for all the polymerizable comonomers are described in Figure A.2. 
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Figure A.2 Synthesis of comonomers. 
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A.2.4. Synthesis and characterization of HPMA copolymer-peptide-drug conjugates 

Polymer conjugates were synthesized in a two step procedure. In the first step the 

reactive HPMA copolymer-drug conjugates were synthesized by free radical precipitation 

copolymerization of HPMA, MA-GG-ONp and MA-GFLG (or GFLGG)-Fu 

comonomers in acetone/DMSO. AIBN was used as the initiator. The feed composition of 

the comonomers is listed in Table A 1. Briefly mixtures of comonomers were sealed in an 

ampoule under nitrogen and stirred at 50°C for 24h. The precipitated polymeric precursor 

was dissolved in methanol and DMSO removed by evaporation. The crude copolymer 

mixtures were dialyzed against deionized water with 0.5% acetic acid (CH3COOH) and 

lyophilized. In the second step the targeting peptide RGD4C was conjugated to polymer 

precursors by an aminolysis reaction. RGD4C was added at 1.3 molar excess to that of 

the MA-GG-ONp content in the polymeric precursor. The reaction was carried out under 

nitrogen in a mixture of dry DMF (dried over 3Å molecular sieves) and dry pyridine (1:1 

molar equivalents relative to the ONp content) for 48h at room temperature. The reaction 

was terminated with 0.1 N NaOH. The crude conjugates were dialyzed against 0.5% 

acetic acid in deionized water and lyophilized. The peptide and drug content of the 

conjugates was determined by amino acid analysis (Commonwealth Biotechnologies, 

Richmond, VA). Weight average molecular weight (Mw) and molecular weight 

distribution were estimated by size exclusion chromatography (SEC) on a Superose 12 

column (10 mm x 30 cm) (Amersham Biosciences, Piscataway, NJ) using a fast protein 

liquid chromatography (FPLC) system (Amersham Biosciences) and PBS as mobile 

phase. The column was precalibrated with HPMA homopolymer standards. The synthesis 
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and physicochemical characteristics of the HPMA copolymer-peptide-drug conjugates 

are illustrated in Figure A.3 and Table A.1. 
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Figure A.3 Synthesis of HPMA copolymer-peptide-drug conjugates. 
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Table A.1 Physicochemical characteristics of the HPMA copolymer-RGD4C-Fumagillol 

conjugates. Determined by: 
a
Amino acid analysis, 

b
% conversion of reactive p-

nitrophenyl ester (ONp) as determined by UV spectroscopy and amino acid analysis 

based on %ONp aminolyzed, 
c
Size-exclusion chromatography. For structures of polymer 

conjugates see Figures A.2 and A.3. 

Sample 

Feed comonomer composition (mol %) Fu content
a
 

(mmole/g 

polymer) 

Peptide 

conjugation 

efficiency
b
 

Mw
c
 

(kDa) 
Mw/Mn 

HPMA Spacer (X) RGD4C 

P1 100 0 0 - - 119.4 1.7 

P2 90 0 10 - 40% 38.1 1.4 

P3 95 -GFLGG- (5) 0 0.24 - 83.5 1.7 

P4 85 -GFLGG- (5) 10 0.28 34% 132.0 1.9 

P5 95 -GFLG- (5) 0 0.37 - 101.0 1.8 

P6 85 -GFLG- (5) 10 0.30 33% 110.1 2.2 
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A.2.5 Endothelial cell adhesion assay 

The bioactivity of HPMA copolymer-peptide conjugates was assessed using a 

modified HUVEC adhesion assay as described earlier 
199

. Flat bottom 96-well culture 

plates (Corning Inc., NY) were coated with fibrinogen and blocked with bovine serum 

albumin. Trypsinized HUVECs were resuspended in serum free media, and incubated in 

separate experiments with (1) HPMA copolymer-RGD4C conjugate, (2) HPMA 

homopolymer (control) and (3) free RGD4C (control). Unattached cells were removed by 

rinsing the wells with PBS. Attached cells were fixed with 3.7% formaldehyde, stained 

with 0.5% crystal violet and counted at 540 nm on a microplate reader (SpectraMax Plus, 

Molecular Devices, Sunnyvale, CA). Non-specific binding was determined by adhesion 

on BSA coated plates. All adhesion studies were performed in triplicate. 

 

A.2.6 Growth inhibition assay 

The cytotoxicity of the polymer conjugates and their respective controls were 

assessed using the MTT based cell proliferation assay against the endothelial cell line 

HUVEC and a model metastatic breast cancer cell line MDA-MB-231. Briefly cells were 

seeded into sterile 96-well culture plates (1.5-3 × 10
4
 cells/well) in complete growth 

medium. After 24h the test compounds were added to the wells in the range of 0 to 50 

μM drug-equivalent concentrations. At 72h incubation, MTT (0.05 mg/well in PBS) was 

added to each well and the cells were incubated for an additional 3h. After removal of the 

medium, the precipitated formazan crystals were dissolved in DMSO (100 μL), and the 

plates were read at 570 nm on a microplate reader (SpectraMax Plus, Molecular Devices, 

Sunnyvale, CA, USA). The inhibitory ratio of the test compound was calculated 
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according to the following formula: inhibition ratio (%) = 100 x (C-T)/C, where T is an 

absorbance of well containing a test compound and C is an absorbance of well containing 

no test compound (buffer, blank). 

 

A.3 Results and Discussion 

A.3.1 Synthesis and characterization of HPMA copolymer-peptide conjugates 

A series of HPMA copolymer conjugates containing the antiangiogenic drug Fu 

attached via varying biodegradable peptide linkers were successfully synthesized and 

characterized (Figure A.3 and Table A.1). The HPMA copolymer-drug conjugates 

contained the high affinity v3 binding peptide RGD4C, selectively overexpressed in 

tumor associated neovasculature as well as in certain metastatic cancers 
196, 206, 207

. 

Previous work in our laboratory 
18, 199, 203, 208

 and others 
188, 209

 have demonstrated that in 

addition to limited passive uptake by EPR effect alone, active targeting allows 

biorecognition by tumor tissues and associated neovasculature, resulting in significantly 

higher accumulation of the drug at the tumor site. Targeted drug delivery using water-

soluble polymers therefore has the potential to increase efficacy of the drug and reduce 

toxicity to other non-target cells 
210

. In the current work a model antiangiogenic drug 

Fumagillol (Fu) is conjugated to the previously established angiogenesis targetable 

HPMA copolymer-RGD4C constructs.  Fumagillol is a rational model drug of choice in 

our studies since it is an active metabolite of TNP-470 that has antiangiogenic and 

antitumor effects 
211, 212

 

The drug Fu was attached to the copolymers via two different biodegradable 

peptide linkers namely the tetrapeptide spacer GFLG and the pentapeptide spacer 
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GFLGG 
205

. The drug contents of Fu-containing HPMA copolymer conjugates varied 

from 0.24 to 0.37 mmole/g polymer (Table A.1). The RGD4C peptide content of the 

polymer conjugates (Table A.1) represented a 30 to 40% conversion of reactive ONp 

ester in the polymeric precursor to RGD4C in the final polymer conjugates. The weight 

average molecular weight (Mw) of the conjugates, estimated by size-exclusion 

chromatography, ranged from 84,000 to 132,000 Daltons. The polydispersity of the 

HPMA copolymer-drug conjugates ranged from 1.7 to 2.2 consistent with previously 

reported data for similar polymeric carriers 
17, 18, 213

. 

 

A.3.2  Endothelial cell adhesion assay 

The specific binding of HUVECs to fibrinogen is mediated by v3 and therefore 

is competitively inhibited by its ligand RGD4C. This property was exploited to analyze 

the relative binding of RGD4C containing polymer conjugates. The endothelial cell 

adhesion assay results (Figure A.4) show that HPMA copolymer-RGD4C conjugate 

without drug attached caused inhibition of bioadhesion with increasing concentration of 

peptide. This demonstrates the ability of the conjugates to bind to v3 on endothelial 

cells. Our previously published reports have demonstrated that when HPMA based 

conjugates show bioadhesion in vitro, their targeting efficacy 
203

 is significantly enhanced 

in vivo due to multivalency effect of binding of peptide motifs to the polymer backbone. 

This demonstrates the potential of these conjugates to increase therapeutic efficacy and 

decrease systemic toxicity when they are optimized in terms of drug and targeting moiety 

contents. 
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Figure A.4 Endothelial cell adhesion assay of HPMA copolymer-RGD4C conjugate. 

Compared to HPMA homopolymer and free RGD4C. Legends:  = HPMA 

homopolymer,  = HPMA copolymer-RGD4C conjugate,  = RGD4C. 
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Figure A.5 Cytotoxicity of the HPMA copolymer conjugates toward (A) HUVECs and 

(B) MDA-MB-231 cells in vitro. Legends:  = HPMA homopolymer,  = HPMA-

GFLG-Fu-RGD4C conjugate,  = Fumagillin. * HPMA-GFLG-Fu-RGD4C conjugate is 

more potent in % cell survival than free drug, Fumagillin (p <0.05). 
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Figure A.6 Effect of targeting moiety and spacer length of HPMA copolymer-drug 

conjugates on cytotoxicity against endothelial and cancer cell lines at 50µM drug 

equivalent concentration. Legends:  = HPMA-GFLG-Fu-RGD4C,  = HPMA-

GFLGG-Fu-RGD4C,  = HPMA-GFLG-Fu,  = HPMA-GFLGG-Fu. 

* HPMA copolymer conjugates with targeting moiety, RGD4C showed better cytostatic 

profile than those without targeting moiety (p < 0.001), ** HPMA copolymer-drug 

conjugates with GFLG showed better cytostatic activity than GFLGG spacer (p < 0.05). 
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A.3.3 Growth inhibition assay 

To evaluate the antiangiogenic properties of the targetable polymer-drug 

conjugates, the endothelial cell line of HUVECs were assayed for growth inhibition. In 

addition growth inhibition was also evaluated against a model breast cancer cell line, 

MDA-MB-231 which is known to express v3 integrins 
206, 207

. Both targetable 

(containing RGD4C) and non-targetable (without RGD4C) HPMA copolymer drug 

conjugates demonstrated concentration-dependent growth inhibition of these cell lines 

(Figures A.5 and A.6). This suggests that the polymeric conjugates can target both 

angiogenic vasculature and tumor cells.  

The results in both cell lines show growth inhibitory effects of HPMA copolymer-

Fu conjugates with RGD4C compared to control HPMA homopolymer (Figure A.5 A, 

B). In the HUVEC line, at 5 and 50 µM Fu equivalent concentrations, the HPMA-

(RGD4C)-GFLG-Fu conjugate showed cytotoxicity (78% and 48%) comparable to that 

of the free drug (81% and 38% respectively). In the MDA-MB-231 breast cancer cell line 

the polymer-drug conjugate was significantly (p < 0.05) more potent (67% and 39%) 

compared to the free drug (76% and 67%) at these same concentrations. HPMA 

homopolymer showed limited growth inhibition (in breast cancer cell) at the higher 

concentrations but significantly less than the polymer-drug conjugate (p < 0.001). 

The effect of targeting peptide of RGD4C was apparent in both cell lines. As seen 

in Figure A.6, targetable HPMA copolymer-drug conjugates showed better cytostatic 

profile (p < 0.001) than non-targeted conjugates. Based on the current result of 

bioadhesion assay and previous results from our lab 
202 

it is believed that RGD4C 

attached to the HPMA copolymer conjugates can bind to v3 integrin expressed on the 
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HUVECs and MDA-MB-231 
206, 207

; therefore eliciting a better cytostatic profile due to 

active targeting moiety effect. However it is unclear from the current studies whether the 

enhanced efficacy of the targeted conjugates is solely due to enhanced targeting or due to 

additional inhibitory effect of the RGD motif. Several recent studies have demonstrated 

that RGD peptide moiety may contribute to antiangiogenic and antitumor effects 
214-216

. 

The biological activity of the polymer-drug conjugates also appeared to depend 

on the type of spacer between the drug and the polymer. At 50 µM drug equivalent 

concentration, targetable HPMA copolymer-Fu conjugate with GFLG spacer showed 

marginally better cytostatic activity (p<0.05) than one with GFLGG spacer for Fu. A 

possible explanation could be that lysosomal enzymes are known to more rapidly degrade 

the peptide bond at the terminal glycine of the –GFLG- spacer resulting in faster release 

of free Fu. In case of drug attached via GFLGG spacer it is possible that Gly-Fu is the 

first degradation product which could be less active than the free Fu. This warrants 

detailed investigation of the degradation products in future studies.  

 

A.4 Conclusion 

The present work represents our initial investigation to demonstrate the potential 

utility of HPMA copolymers as actively targeted carriers of antiangiogenic compounds 

for the treatment of solid tumors. Further studies are needed to evaluate the mechanism of 

action of these polymeric prodrugs and optimize their structures for maximizing efficacy 

and reduced toxicity. Also throughout this project applicable knowledge and skills of 

synthesis and characterization of HPMA comonomers and copolymers with targeting 

moiety were considered and practiced. Furthermore successful and encouraging results 
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from this project provides the creative idea to extend this concept to further challenging 

targets with novel targeted HPMA copolymer based conjugate system adopted to my 

thesis project. 
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