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Abstract 

We have developed chemically self-assembled nanostructures (CSANs) as a 

platform to achieve targeted drug delivery. CSANs are composed of dihydrofolate 

reductase (DHFR) and its inhibitor methotrexate. We have demonstrated that DHFR 

nanorings spontaneously self assemble in a controlled manner, when two fused DHFR 

molecules (DHFR2) are mixed with two chemically attached methotrexate (bis-MTX) 

molecules. Targeting CSANs selectively to the cancer cells was achieved by fusing one 

of the DHFR molecules with a single chain variable fragment (scFv) of an antiCD3 

antibody. Delivery of antiCD3 scFv functionalized CSANs to CD+ leukemia T-cells have 

been demonstrated. The next step was to exploit the targeting ability of CSANs towards 

delivery of payload molecules such as drugs, nucleic acids and imaging agents. 

The research presented in the thesis focuses on evaluating the CSANs for its 

ability to achieve targeted drug delivery. In the first part of the thesis, we have engineered 

DHFR-DHFR dimer interface to drive the equilibrium towards formation of preferential 

heterodimers of DHFR. We have performed a series of point mutations at the dimer 

interface and screened mutants for the formation homodimeric and heterodimeric species. 

We have demonstrated that 65 % heterodimers of DHFR could be obtained by this 

method compared to 50 % obtained when protein mixed in the stoichiometric proportion. 

The second part of the thesis focuses on CSANs mediated targeted delivery of 

oligonucleotides. CSANs were functionalized with antisense oligonucleotides (ASO) 

targeting eukaryotic translation initiation factor 4E (eIF4E) via bis-MTX. Targeting was 

achieved using cyclic RGD peptide that binds to the αvβ3 integrin receptors. We have 
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demonstrated that ASO bearing RGD CSANs bind to the αvβ3 integrin positive breast 

cancer cells, undergo receptor-mediated endocytosis and knock down the expression of 

eIF4E protein.  

In the third part, we have assembled bispecific CSANs that engage the immune 

cells to attack the cancerous cells. Bispecifc CSANs are composed of DHFR2antiCD3 

scFv that binds to the CD3 receptor on immune T-cells and DHFR2 linked to a small 

peptide that target the epitopes on cancer cell surface. In the current study, we have 

targeted epithelial growth factor receptor (EGFR) that is over-expressed on several solid 

tumors. We observed about 70 % killing of EGFR positive glioblastoma cells over 24 hrs 

when incubated with T-cells that were functionalized with bispecific CSANs. 

In the last part of the thesis, we have evaluated targeted CSANs for their in-vivo 

biodistribution in mice bearing human tumors. Our preliminary studies demonstrate 

higher uptake of the CSANs by organs such as the liver, pancreas and kidneys primarily 

due to the macrophage uptake. To overcome this problem we have site-specifically 

PEGylated the CSANs using non-natural amino acid mutagenesis. In the in-vitro studies, 

we have demonstrated that PEGyaltion of CSANs does not affect their cancer cell 

binding ability but significantly reduced their macrophage uptake. In addition, we have 

also performed the biodistribution of PEGylated CSANs in mice tumor models. 
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Chapter 1 (A): Literature Review – Targeted Drug Delivery 
Cancer is a disease, resulting in an uncontrolled growth of abnormal cells within 

the human body affecting millions of lives worldwide.1 Currently, cancer accounts for 

one in four deaths in USA every year. In the past 20 years significant advancement in the 

field of cancer treatment, had led to a 20 % reduction in the cancer related deaths.2 In 

spite of the progress, failure to achieve earlier diagnosis and complete cure are major 

hurdles in the treatment of cancer. Thus, there is an increasing need for the discovery of 

new diagnostic and therapeutic agents. 

 

i] Small molecule chemotherapeutic agents 

The current approach for the treatment of cancer involves surgical removal of the 

tumor. This is followed by residual cell killing using either radiation and/or 

chemotherapy.1 Small molecule cytotoxic agents, have typically been the hallmark for the 

treatment of cancer.3 The use of chemotherapeutic agents such as nitrogen mustards and 

antifolates (methotrexate) for the treatment of non-Hodgkin lymphoma and acute 

lymphoblastic leukemia dates back to the1940s. Methotrexate has also been employed for 

the treatment of ovarian, breast, bladder and head and neck cancers.4 Other small 

molecule agents such as vinca alkaloids (paclitaxel), alkylating agents 

(cyclophosphamide), anti-metabolites (5-Florouracil) and topoisomerase inhibitors are 

currently used in combination therapy for the treatment of cancer. The mechanism of 

action of these agents is to interfere at the various stages of the cell cycle and ultimately 

cause cell death. These drugs lack target selectivity and attack cancerous cells as well as  
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rapidly dividing healthy cells of hair follicle, skin, gastrointestinal lining and bone 

marrow leading to severe side-effects and toxicity.3,4 Often, dose limiting toxicity results 

in administration of suboptimal doses of these small molecule chemotherapeutic agents. 

Administration of lower doses results in an incomplete tumor regression and the 

development of resistance to these agents.5 To overcome the problems of toxicity and 

severe side effects associated with these molecules, efforts are being directed to develop 

target selective small molecule chemotherapeutic agents. These molecules achieve site 

specificity by targeting the receptors and proteins upregulated in cancer cells. One such 

example is imatinib mesylate (Glivec®, Novartis) a small molecule chemotherapeutic 

agent that targets BCR (breakpoint cluster region), a protein involved in the pathogenesis 

of chronic myeloid leukaemia (CML). Similarly, gefitinib (Iressa®, Astra Zeneca), the 

first selective competitive inhibitor of the ATP binding domain of epidermal growth 

factor receptor (EGFR) was approved by the FDA for the treatment of non small-cell 

lung cancer that over-expresses EGFR receptors.4  

 

ii] Problems associated with small molecule anticancer drugs 

Resistance to small molecule chemotherapeutic agents by the cancer cells can 

either be acquired or intrinsic. Acquired resistance is developed over the course of 

treatment where initially cancerous cells are sensitive to these drugs but eventually 

become ineffective. This can be due to (i) mutations in the target protein or receptors, (ii) 

over-expression of the target or (iii) activation of an alternate compensatory pathway 

(Table 1). For example, a single mis-sense mutation in the kinase domain of BCR 
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decreases the binding affinity of imatinib for cancerous cells while still maintaining its 

catalytic ability leading to healthy cell killing. Similarly, the T790M gatekeeper mutation 

in EGFR is observed in 50 % of the patients treated with gefitinib within one year of 

treatment.6 The bulky methionine residue at position 790 prevents the binding of gefitinib 

to the target, but maintains full kinase catalytic activity.7  

Resistance to anti-metabolite drugs such as methotrexate and 5-Fluorouracil 

occurs by the down-regulation of the enzyme required for their activation.6 Several 

hydrophobic drugs such as doxorubicin, vincristine and imatinib are substrates for ABC 

transporters. Energy dependent efflux transporters such as ATP-binding cassette (ABC) 

pump the drugs out of the target cells. These transporters are over-expressed in various 

cancers making them resistant to these drugs. Combination therapy of anticancer drugs 

with inhibitors of efflux transporters is being extensively studied clinically.8 Ideally drug 

induced DNA damage or enzyme inhibition will lead to cell death but downstream 

resistance mechanisms can promote cell survival. Several adaptive mechanisms such as 

up-regulation of anti-apoptotic proteins (BCL-2), inhibitors of apoptosis, mutations in 

cell death pathways and caspase-8 inhibition have been reported in cancer cells.6,9  
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Table 1: Commonly used chemotherapy drugs and their resistance mechanisms 

 

 

Different chemotherapeutics drugs used for the treatment of cancer and their resistance 

mechanisms. Table adapted from Holohan et al.6 

Cytotoxic Agent Cancer Type Target Resistance 
Mechanism 

Antimetabolites 
(5-Fluoruracil, 
methotrexate, 
gemcitabine) 

Breast cancer, 
colorectal cancer, 
pancreatic cancer  

Thymidylate 
synthase and 
DNA synthesis 

Increased target 
expression 
(thymidylate synthase) 

Platinum 
compounds  
(cisplatin and 
oxaliplatin) 

Ovarian cancer, 
testicular cancer, 
small-cell lung 
carcinoma 

DNA 
Reduced cellular 
uptake 
Increased efflux 

Topoisomerase I 
inhibitors 
(irinotecan) 

Colorectal cancer 
and small-cell lung 
carcinoma 

Topoisomerase I 

Drug efflux 

Reduced target 
expression 
Topoisomerase I 
mutations 

Topoisomerase II 
inhibitors 
(doxorubicin and 
etoposide) 

Kaposi’s sarcoma, 
lung cancer, 
testicular cancer, 
lymphoma, 
leukaemia and 
glioblastoma 

Topoisomerase II 

Mutation or decreased 
expression of 
topoisomerase II 
Decreased apoptosis 
due to mutation of p53 

Microtubule 
poisons (paclitaxel 
and vinorelbine) 

Lung cancer, 
ovarian cancer, 
breast cancer, head 
and neck cancer, 
Kaposi’s sarcoma 

Tubulin 
Tubulin mutations 

MDRI overexpression 

Imatinib CML, ALL and 
GIST 

 Mutations of the target  

Gefitinib NSCLC  EGFR kinase domain 
mutations  

!



 

 6 

 iii] Targeted drug delivery 

Toxicity and development of resistance are the two stumbling blocks in the 

success of small molecule chemotherapeutic agents for the treatment of cancer. This has 

redirected significant efforts towards the discovery and development of target selective 

macromolecular anticancer agents. In targeted drug delivery, tumor selectivity is 

achieved by targeting receptors or markers that are expressed or over-expressed on the 

cancer cell surface. The targeting molecule can be a monoclonal antibody or an antibody 

fragment, a peptide, small molecule such as vitamin, or a growth factor such as epidermal 

growth factor.10 These targeting molecules act as a ‘trojan horse’ that ferries toxic drugs 

selectively to the cancer cells. Targeted therapeutics such as nanoparticles, antibody drug 

conjugates and engineered immune cells have shown significant therapeutic improvement 

and reduced toxicity as compared to small molecule drugs.3 In addition, antibodies and 

peptides targeting surface receptors are less prone to the development of resistance as 

cells will need several mutations to completely eliminate their binding to targeted cells.  

 

a] Nanoparticles 

Nanoparticles are comprised of therapeutic entities such as small-molecule drugs, 

toxins, peptides, proteins and nucleic acids. Their size ranges from 10 to 200 nm in 

diameter.11 Nanoparticles are widely studied for both their therapeutic and diagnostic 

applications in cancer treatment. They usually consist of drugs and imaging agents 

encapsulated into a core material such as liposomes (lipid), polymers and virus capsules 

(Figure 1). The nanoparticles can also be coated with hydrophilic polymers and targeting 
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peptides, proteins or small molecules.12 Hydrophilic polymers such as polyethylene 

glycol (PEG) are used to neutralize the surface charge, optimize size and improve 

pharmacokinetics by reducing opsonization and macrophage uptake (Figure 1).13 

Nanoparticles provide a unique ability to achieve targeted delivery of small molecules 

drugs (pactlitaxel, doxorubicin), imaging agents (metals, dyes) and nucleic acids 

(antisense oligonucleotides, RNAi) selectively to the cancer cells. In addition, they can 

also be used for the simultaneous delivery of drugs and imaging agents.14 Nanoparticles 

can be classified into either passively targeted or actively targeted nanoparticles.13,15  

 

Passively targeted nanoparticles 

Passive targeting takes advantage of the optimum size of the nanoparticles and the 

unique structure of the tumor vasculature.15 The fast growing cancer cells in the tumor 

requires new blood vessels (neovascularization) for growth and progression.13 However, 

tumor angiogenesis, unlike normal tissue is discontinuous and has gaps of 600 – 800 nm 

between adjacent endothelial cells. In addition, the vasculature has poor lymphatic 

drainage.15 These two factors together induce the enhanced permeation and retention 

(EPR) effect. Due to this effect, nanoparticles in the circulation can start accumulating in 

the tumor (Figure 2 A).16 In addition, the selective release of drugs in the tumor can be 

achieved by taking advantage of the unique tumor microenvironment. Cancer cells 

express and release matrix metalloproteinases (MMPs) in the tumor environment, which 

is required for tumor migration, invasion, and metastasis.15 
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Figure 1: Nanostructures for targeted drug delivery 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme representing a typical targeted nanoparticle. Figure adapted from Ferrari, M.12 
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Mounsar and coworkers have developed nanoparticles where doxorubicin was 

conjugated to albumin via a MMP-2 cleavable peptide (GPLGIAGQ).17 The authors 

demonstrated that doxorubicin in a nanoparticle formulation shows a significant decrease 

in tumor volume as compared to just doxorubicin, in mice bearing A375 melanoma 

tumors. Another approach for targeted release of the drug in the tumor takes advantage of 

the hypoxia induced acidic environment.13 Yatvin and coworkers have developed pH 

sensitive liposomes of lipid palmitoyl homocytsteine that are stable at physiological pH 

7.4 but release the drug at pH 6.0.18 Although attractive, these approaches rely entirely on 

the EPR effect which can be variable due to the differences in the vasculature and 

lymphatic system of each tumor.15 

 

Actively targeted nanoparticles 

An alternative approach to passive targeting is active targeting. In this approach, 

nanoparticles are functionalized with targeting peptides, antibodies, aptamers or small 

molecules that bind selectively to cancer cell surface antigens (Table 2).15 The antigens 

can be markers or surface receptors that are exclusively expressed or over expressed on 

cancer cells and are uniformly present on all the cancer cells.19 Binding of certain 

targeting ligands to the receptors causes receptor- mediated endocytosis. This receptor-

mediated ligand internalization occurs by either clathrin or caveolin facilitated 

mechanisms.20 This approach can be used for the delivery of drugs inside the cell 

cytoplasm. In contrast, some receptor ligand pairs such as antiCD20 antibody and CD20 

receptors expressed on B–leukemia cell surface do not undergo endocytosis. 
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Figure 2: Delivery of passively and actively targeted nanoparticles 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the figure above, scheme A represents delivery of nanoparticles to the tumor through 

leaky vasculature (EPR Effect). Scheme B represents the receptor-mediated 

internalization of the targeted nanoparticle followed by release of drug inside cell 

cytoplasm. Figure was adapted from Davis el. al.11 
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Table 2: Different ligands used for targeted drug delivery of nanoparticles 

Targeting 

Ligand 

Target Therapeutic 

Agent 

Tumor Target 

Folate (small 

molecule) 

Folate Receptors Paclitaxel Head and neck cancer, 

metastatic tumor tissues13 

Galactosamine 

(small molecule) 

Galactosamine 

receptors  

Doxorubicin Hepatoma19 

Cyclic RGD 

(peptide) 

αvβ3 integrins Platinum Based 

Prodrugs 

Breast Tumors, Vascular 

Endothelial Cells in 

Tumors21 

Transferrin 

(protein) 

Transferrin 

Receptors 

Oxaliplatin Solid Cancers21 

Anti-PSMA 

(Aptamer) 

PSMA 

Receptors 

Anti-lamin 

siRNA 

Prostate Cancer22 

Anti-HER2 scFv HER2 Receptor Doxorubicin Breast Cancer21 

Anti-HER2 Fab HER2 Receptor Doxorubicin Breast Cancer21 

 

PSMA, prostate specific membrane antigen; scFv, single chain variable fragment of 

antibody and Fab, antigen binding fragment of antibody. 
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Nanoparticles bearing these targeting ligands bind to the cancer cells and release 

the drug outside the cancer cell without internalization. (Bystander Effect).19 Several 

actively targeted nanoparticles are in various stages of preclinical and clinical 

development.21 Farokhzad and coworkers have developed Docetaxel nanoparticles 

(BIND-014) made of PLA (poly lactic acid) and PLGA [poly (lactic-co-glycolic) acid] 

polymers.23 The nanoparticles target prostate specific membrane antigen (PSMA) 

receptor by a small molecule ligand. They demonstrated that BIND-014 shows significant 

tumor suppression as compared to the parent drug in pancreatic animal tumor models. 

Chang and coworkers have developed liposomal nanoparticles (SGT53) that encapsulate 

p53 DNA plasmid.24 The nanoparticles are targeted to the transferrin (Tf) receptors over-

expressed on various solid cancers via anti-Tf scFv. The clinical Phase I results 

demonstrate a tumor targeted delivery of SGT53 and a significant restoration of p53 

activity in solid tumors.24 

 

(b) Antibodies 

The typical antibody or immunoglobulin (Ig) consists of two antigen-binding 

fragments (Fabs), linked to a constant (Fc) region attached via a flexible hinge region.25 

The Fab region contains two identical pairs of polypeptide chains, each pair containing a 

light and a heavy chain. The variable domain (Fv) contains one variable light chain (VL) 

and one variable heavy chain (VH) and this domain recognizes and binds to the antigens 

via the complement determining regions (CDR).  
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Figure 3: Antibody and antibody fragments 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure above represents full monoclonal antibody (A) IgG containing CH 1–3, constant 

regions of Ig-heavy chain; CL, constant regions of Ig-light chain; Fab, antigen binding 

fragment; Fc, constant fragment; VH, variable region of Ig-heavy chain; VL, variable 

region of Ig-light chain and complement determining regions (CDR). When IgG is 

digested with enzyme pepsin, it results in F(ab’)2 fragment (B) which on reduction gives 

Fab fragment (B). Single chain variable fragment (scFv) is the smallest fraction of 

antibody that retains antigen binding.26 
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The Fc region contains two heavy chains (CH2 and CH3) and binds to the effector 

molecule of the immune system (Figure 3 A).26 The primary function of these antibodies 

is to neutralize or eliminate pathogenic infections (bacteria, viruses) and diseased targets 

such cancer cells.25  

Therapeutic antibodies function by three primary mechanisms (1) Antagonism -

antibodies bind to the receptors and block the binding of growth factors, cytokines and 

other soluble mediators to the receptors. For example, Infliximab (Remicade), an anti-

tumour necrosis factor-alpha (TNF-alpha) antibody neutralizes the binding of TNF-alpha 

to their receptors. Infliximab is approved for the treatment of inflammatory diseases such 

as rheumatoid arthritis and Crohn's disease.27 (2) Antibody dependent cellular 

cytotoxicity (ADCC) – antibodies bind to the target cells and the Fc portion interacts with 

Fcγ receptors on T-cells, natural killer cells, macrophages, and neutrophils. This 

interaction leads to the killing of antibody bound target cells.28 For example, Rituximab 

(Genentech), a chimeric anti-CD20 IgG which is approved for the treatment of follicular 

B-cell Non-Hodgkin Lymphoma (NHL), operates by ADCC.26 (3) Complement-

dependent cytotoxicity (CDC) – antibody binding to the target cell causes the recruitment 

of complement component (C1q) that binds to the Fc region of IgG. Subsequently, killing 

of the target cells occurs by either immune cell dependent pathway or activation of a 

proteolytic cascade.29 For example, Alemtuzumab (Campath; Genzyme) is a humanized 

antiCD52 monoclonal antibody that causes sustained depletion of T-cells, B-cells, NK 

cells and monocyotes by ADCC and CDC. Alemtuzumab was initially approved for bone 

marrow transplantation but currently is also approved for chronic lymphocytic leukemia  
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(CLL).30 Several monoclonal antibodies have now been approved for the treatment of 

cancer. Although antibodies show great promise, success of the treatment depends on the 

patient immune response thereby making their therapeutic efficacy very variable.31 

 

(c) Antibody drug conjugates  

With limited success of unmodified monoclonal antibodies (mAbs), attention is 

being turned towards arming the antibodies with cytotoxic drugs, toxins and particle 

emitting radionuclides (payloads). The antibody drug conjugates (ADCs) approach 

combines the target selectivity of antibodies with the cytotoxicity of drugs to achieve 

higher therapeutic efficacy.32 Modifying the linker between the antibody and the payload 

can help optimize the drug release characteristics and pharmacokinetics of the ADCs 

(Figure 4 A). The ideal linker should be stable in systemic circulation and release drug 

inside the target cancer cell.33 Unique intracellular conditions of the tumor cells such as 

low pH in the lysosomes (acid cleavable hydrazone linker), reducing environment 

(disulfide linkers) or lysosomal enzymes (cathapsin cleavable linker) can be used to 

achieve targeted drug release (Figure 4 B).33 

Commercially available antibodies have utilized some of the approaches 

mentioned above. Brentuximab vedotin (Adcetris), the first antibody drug conjugate 

(ADC) developed by Seattle Genetics was approved (2011) for the treatment of Hodgkin 

Lymphoma. It is composed of anti-CD30 antibody linked to monomethyl auristain-E 

(MMAE toxin) via an enzyme cleavable linker. The linker between the drug and toxin 

consists of a dipeptide, valine-citrulline (Val-Cit), which is stable in the plasma 
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 but is very rapidly hydrolyzed by lysosomal enzymes such as cathepsin-B. On an 

average four drug-linker molecules are attached per anti-CD30 antibody via the reduced 

disufides in the hinge region.32 A similar approach has been utilized by Genentech, in the 

development of Trastuzumab emtansine for the treatment of breast cancer. It consists of 

maytansinoid DM1 (microtubule poison) conjugated to anti-HER2 mAb trastuzumab 

through a non-cleavable linker and is currently in the late stages of clinical trials for the 

treatment of HER2 positive metastatic breast cancers.32,34  

Antibody radionuclide conjugates are also being studied clinically. Targeted 

delivery of beta emitters such as 131I, 90Y, 177Lu, 67Cu and alpha-emitting radionuclides 

such 213Bi and 211At are currently being investigated.31 These particle-emitting 

radionuclides kill the cells by either breaking DNA strands or damaging cellular 

processes.26 Biogen IDEC Pharmaceuticals has developed a 90Y (Yttrium)-labeled 

ibritumomab tiuxetan for the treatment of B-cell Non-Hodgkin lymphomas (NHL). The 

ibritumomab (anti-CD20) mAb is directly conjugated to 90Y chelator tiuxetan.31 

GlaxoSmithKline has developed an ADC (Bexxar) where in 131I is directly covalently 

linked to an anti-CD20 antibody (tositumomab). Bexxar was approved for the treatment 

of patients with CD20-positive relapsed or refractory, low-grade, follicular or 

transformed NHL.28 The clinical success of these drugs has stimulated a great deal of 

effort in developing ADCs that target different solid and hematological tumors. 
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Figure 4: Mechanism of antibody drug conjugates mediated drug delivery 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the figure above, scheme A represents antibody drug conjugate (ADC) where a 

monoclonal antibody is linked to payload (toxic drug or radionuclide) via a cleavable 

linker. Scheme B represents binding of ADC to target antigen (receptor) on the cell 

surface (a), receptor mediated internalization into early endosomes (b), trafficking into 

lysosomes (c), cleavage of the linker to release free drug into the cytoplasm, and finally 

bind to the target which could be, for example DNA (d) or microtubule (e), thereby 

killing the cell. Figure adapted from Senter et. al.33 
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Table 3: Antibody based drugs  

Name (Generic) Target Drug Cancer Status 
Unconjugated Antibodies 

Rituximab (mAb) CD20 - B-cell lymphoma 1997 
Trastuzumab (mAb) HER2 - Breast cancer 1998 

Cetuximab (mAb) EGFR, 
HER1 - Head/neck cancer 2006 

Bevacizumab (mAb) VEGF - Colorectal cancer 2006 
Ofatumumab (mAb) CD20 - Refractory CLL 2009 

Pertuzumab 
(mAb) 

EGFR2, 
HER2 - Breast cancer 2012 

Antibody Drug Conjugates 
Gemtuzumab 

orogamicin (mAb) CD33 Calicheamicin AML 2000-
2010 

Brentuximab vedotin 
(mAb) 

CD30 
(TNFR) 

Monomethyl 
auristatin E 

Hodgkin’s 
lymphoma 2011 

Trastuzumab 
emtansine (mAb) HER-2 Maytansinoid 

DM1 
Metastatic breast 

cancer 
Phase 

III 
Inotuzumab 

ozogamicin (mAb) CD22 Calicheamicin Non-Hodgkin’s 
lymphoma (NHL) 

Phase 
III 

MDX-1203 (mAb) CD70 Duocarmycin NHL Phase I 
Antibody Radionuclide Conjugates 

Satumomab 
pendetide (mAb) TAG-72 111In Colorectal, ovarian 1992 

Nofetumomab 
merpentan (Fab’) EGP-1 99Tc SCLC 1996 

Arcitumomab (Fab’) CEA 99Tc Colorectal cancer 1996 
Capromab pendetide 

(mAb) PSMA 131I Prostate cancer 1996 

Ibritumomab tiuxetan 
(mAb) CD20 90Y B-cell lymphoma 2002 

Tositumomab CD20 131I B-cell lymphoma 2003 
EGFR, epithelial growth factor receptor; VEGF, vascular endothelial growth factor; CLL, 

chronic lymphocytic leukemia; AML, acute myelogenous leukemia; SCLC, small cell 

lung cancer. Table adapted from Sharkey el. al.,26 Firer el. al.34, Sievers et. al.33 and 

Sliwkowski et. al.28 
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(d) Genetically engineered T-cell therapy 

T-lymphocytes are multifunctional effector cells that circulate through the 

bloodstream to detect and destroy diseased cells.35 Diseased cells process and present 

antigenic peptides as major histocompatibility complex (MHC) on their surface. 

Recognition and response of the T-cells are initiated when the T cell receptor (TCR) 

engages with the MHC molecules displayed on these cells.36 Various lymphocytes such 

as T-cells, B-cells and NK cells are cancer antigen specific and reside in the tumors 

called tumor-infiltrating lymphoctes (TIL).37 These TIL can be isolated, expanded ex-vivo 

and re-infused back into the tumor bearing host (adoptive cell therapy).35 Some success 

has been achieved using adoptive cell therapy for the treatment of melanoma.36 However, 

in the majority of cancers, tumor cells evolve over time to escape this T-cell mediated 

immune response. Several mechanisms such as reduced MHC expression, reduced 

antigen processing, secreting growth factors and releasing immunosuppressant’s are 

adopted by the cancer cells to evade the natural immune response.36 To overcome some 

of these problems, two important strategies have been adopted, (1) T-cell receptor (TCR) 

and (2) Chimeric antigen receptors (CARs). These approaches rely on genetically 

incorporating high affinity TCR or tumor antigen specificity into the T-cells.35 In T cell 

receptor gene therapy, the patient’s T-cells are incubated with the cancer cells. The TCR 

α/β chains from the T-cells, which specifically react with tumor cells, are cloned into the 

patient’s T-cells with the help of retrovirus or lentivirus and infused back into the patients 

(Figure 5 A).36,38 CARs are chimeric TCRs that contain an extracellular target-binding 

region, transmembrane domains that anchors to the cell membrane and a cytoplasmic 
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signaling region.35 The target-binding region is a tumor specific scFv and the intracellular 

domain contains TCR signaling components such as CD3ζ, CD28 and CD70. Binding of 

scFv to cancer cell causes activation of TCR signaling leading to proliferation, survival 

and cytokine release.36 CARs are cloned in lentivirus or retrovirus, transfected into the 

patient T-cells and infused back into them (Figure 5 B).37 Several T-cell mediated gene 

therapies are currently under clinical investigation.39 For example, June and coworkers 

have developed CARs targeting tumor specific CD19 antigen and costimulatory CD137 

ligand (CART19) with intracellular CD3ζ signaling domain.40 CART19 is currently in 

phase II clinical trial for the treatment of chemotherapy-resistant chronic lymphocytic 

leukemia (CLL). Rosenberg and coworkers have developed TCRs that target MART-1 

(DMF5) and gp-100 antigens on melanoma cancer cells.41 The preliminary results on 36 

melanoma patients demonstrate an improvement of 30 % and 19 % cancer response with 

DMF5 and gp100 TCRs, respectively. Engineered T-cell therapy provides unique 

advantages such as selective targeting and ability to encode molecules that improve 

efficacy of T-cells.37 Despite the success, engineered T-cell therapy is associated with 

some disadvantages such as high cost, time consuming and off target toxicity. Mispairing 

of TCRs leads to cross-reactivity and can cause severe cytokine storm in patients.37 
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Figure 5: Genetically engineered T-cell therapy 

 

 

 

 

 

 

 

 

Scheme above represents genetically engineered (A) T-cell receptor (TCR) and (B) 

chimeric antigen receptors (CARs) therapy. In TCR therapy, tumor specific TCRs are 

transfected into patient T-cells, expanded ex-vivo and infused back to the patient. In 

CARs therapy, tumor specific chimeric antigen receptors are cloned into retrovirus 

vector, transfected into patient T-cells and infused back to the patients. Figure was 

adopted from Restifo et. al.37 
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Chapter 1 (B): Chemically Self Assembled Nanostructures (CSANs) 

Chemically induced dimerization (CID) is the controlled assembly of proteins 

with a small molecule. This idea has been widely explored to build higher order 

nanostructures.42 For example, Freeman and co-workers have designed diamond shaped 

nanostructures constructed by the non-covalent assembly of tetravalent lectins 

(carbohydrate binding proteins) and Bis-mannopyranoside (bivalent mannose) 

derivatives.43 Schulz and coworkers have assembled tetrameric aldolase with the help of 

biotin and streptavidine.44 They have covalently conjugated cysteine residues of aldolase 

to biotin and assembled into 2-dimensional nanostructure lattices using streptavidine. 

Recently, Liu and coworkers have used Histidine (His) and Nickel interactions to 

assemble highly ordered Glutathione S‑Transferase (GST) nanorings.45 The authors have 

site-specifically installed His residues in GST protein, which on addition of Nickel 

assembles into nanorings due to the formation of bis-Histidine Nickel clamp. One of the 

greatest advantages of self-assembly is the simplicity of the building blocks. These 

building blocks can be cleverly designed to form protein-based materials and 

nanostructures, which can be used for various biomedical applications and drug delivery. 

 

i] Chemically self assembled Dihydrofolate Reductase (DHFR) nanostructures 

Dihydrofolate reductase (DHFR) is a key enzyme involved in the synthesis of 

thymidylate, purine nucleotides, and methionine. It catalyzes the reduction of 

dihydrofolate to tetrahydrofolate with the help of NADPH. All the organisms express 

DHFR and hence different classes of DHFR inhibitors (anti-folates) are used for the 
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treatment of various diseases. For example, trimethoprim is used for the treatment of 

bacterial and fungal infections, pyrimethamine for protozoal infection and methotrexate 

for cancer, inflammation and immunosupression.46 

 Methotrexate (MTX) is a folate analog that binds to DHFR very tightly and the Kd 

for the interaction with E.coli DHFR (ecDHFR) is ~0.6 nM.47,48 Although the complex of 

methotrexate bound to ecDHFR is monomeric in solution, the crystal structure shows it in 

the form of a dimer (PDB: 4DFR).49 Wagner and coworkers noted that the C2-symmetric 

protein dimer is suitably oriented for potential chemical bridging of two methotrexate 

molecules. Further inspection by molecular modeling indicated that a 9 Å gap between 

the carboxylates of methotrexate can be filled with a 9 to 12 carbon linker without 

perturbing the ligand orientation significantly.50 In support of this hypothesis, Kopytek 

and coworkers had reported that a dimer of methotrexate separated by 10 methylenes and 

2 oxygens (12 atoms) can partially dimerize ecDHFR.47 Wagner and coworkers also 

demonstrated that the bivalent methotrexate separated by 12-carbon atoms can dimerize 

ecDHFR proteins upto 97 %.50 Further optimization of dimerizer where two methotrexate 

molecules were separated by 9-carbon linker (bis-MTX) (Figure 6 A) demonstrated a 

rapidly and completely dimerized ecDHFR protein (Figure 6 B).51  

Wagner and coworkers extended this idea towards the design of higher order 

nanostructures.51 Ideally, if two DHFR molecules are tethered together and mixed with 

bis-MTX, they would oligomerize into linear and circular DHFR nanostructures (Figure 7 

A). With this hypothesis, two ecDHFR molecules (DHFR2) were fused together via a 

flexible amino acid linker of variable length (1 to 13 amino acids) (Figure 7 B). The 
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proteins upon addition of bis-MTX, self –assembled in nanorings. The nanorings were 

found to extremely stable at low concentration of 50 nM at room temperature.51  

From the theories of macrocyclization, ring formation is highly favored over their 

linear counterparts, because the intramolecular effective molarity is much higher than the 

solution protein concentration and thus, provides a strong driving force for the 

cyclization.51,52 The dimerization of DHFR2 proteins with different size linker (1DHFR2, 

3DHFR2, 7DHFR2 and 13DHFR2) was analyzed by gel filtration chromatography. The 

results showed that the ring size depends on the number of amino acid residues between 

the two DHFR molecules. 1DHFR2 and 13DHFR2 protein when mixed with bis-MTX, 

predominantly yielded octameric and dimeric chemically self-assembled nanostructures 

(CSANs), respectively (Figure 8). 3DHFR2 and 7DHFR2 proteins yielded a mixture of 

rings of different sizes. The formation dimer from 13DHFR2 and octamer from 1DHFR2 

protein was confirmed by dynamic and static light scattering microscopy. In addition, 

characterization of octamers by transmission electron microscopy showed the rings with 

sizes ranging from 20 to 28 nm in diameter (Figure 9). This corresponds to a mixture of 

nanorings ranging from 6 to10 monomeric 1DHFR2 units per ring.51 With the ability to 

form the nanorings in a controlled and reproducible manner, the next step was to evaluate 

them for target selective delivery. 
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Figure 6: Bis-methotrexate and bis-methotrexate induced DHFR dimer 

 

 

 

 

 

 

 

 

 

 

 

 

The figure above represents, bis-Methotrexate (A) where two methotrexate molecules are 

linked by a 9-carbon linker and (B) bis-Methotrexate (multicolored spheres) induced 

dimer of ecDHFR proteins (purple ribbon). Figure was adapted from White et. al. 53 
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Figure 7: Chemically self-assembled DHFR nanostructures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the figure above, (A) represents bis-methotrexate induced assembly of DHFR2 protein 

in circular or linear nanostructures and (B) represents DHFR2 protein with different linker 

lengths (linker sequence in blue). The figure was adapted from Carlson et al.51 and Fegan 

et al.42 
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Figure 8: Formation of dimeric and octameric CSANS 

  

 

 

 

 

 

 

 

 

 

 

When 13DHFR2 (A) or 1DHFR2 (B) protein is mixed with bis-Methotrexate, they 

spontaneously self assemble in dimeric and octameric nanostructures (CSANs). 
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Figure 9: Transmission electron microscopy (TEM) of octameric CSANs 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

TEM results of octameric CSANs at 20000 X (A) magnifications show the field full of 

circular nanorings. A single nanoring is viewed at 63000 X magnifications (B) with outer 

diameter (26.8 nm), inner diameter (13.71 nm) and thickness of 5.54 nm).51 
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ii] Targeted chemically self assembled nanostructures 

 It was hypothesized that the DHFR nanorings can serve as a scaffold to attach a 

targeting small peptide or scFv. The nanorings decorated with peptides/ scFv will 

selectively bind to the cells expressing the receptors. The anti-CD3 scFv was cloned from 

parent mAb UCHT1 into the C-terminus of the second DHFR via a 13 amino acid 

linker.54 The resulting 1 or 13DHFR2antiCD3 proteins were expressed and purified from 

E.coli cells. When 13 and 1DHFR2antiCD3 proteins were mixed with bis-MTX, dimeric 

and octameric CSANs (Figure 10) decorated with antiCD3 scFv were observed by gel 

filtration chromatography. 54,55 Characterization of antiCD3 octameric CSANs by atomic 

force microscopy (AFM) demonstrated rings with mean diameter of 50 nm.55 Analysis of 

binding affinity to CD3+ leukemia T-cells demonstrated about 25-fold decrease in 

binding of 1/13 DHFR2 antiCD3 monomers (Kd 51 nM) compared to parent mAb 

UCHT1 (Kd 1.8 nM).54 The CD3 specific cell binding and receptor-mediated endocytosis 

of antiCD3 dimeric and antiCD3 octameric CSANs was demonstrated by confocal 

microscopy and flow cytometry.54,55  

 After successfully demonstrating the cell specific delivery, the ability of CSANs 

to carry payload (drug, dyes, toxins) to the cancers cells was evaluated. To achieve this, a 

trivalent bis-MTX ligand (bis-MTX-Amine) was synthesized wherein the third arm 

would aid in linking the payload molecules (Figure 11 A).56 Bis-MTX-amine was linked 

with fluorescein via a thiourea linkage (bis-MTX-FITC) to trace the CSANs within the 

cells (Figure 11 B). When 1 and 13DHFR2antiCD3 proteins were mixed with bis-MTX 
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FITC, the resulting CSANs were observed inside CD3+ leukemia T-cells by confocal 

microscopy.56 

 In addition to controlled assembly, CSANs also provide the ability to disassemble 

rings in a controlled manner.54 Trimethoprim is a US Food and Drug Administration 

(FDA) approved competitive inhibitor of DHFR. Despite its lower binding affinity to 

DHFR (Kd 4.6 nM) compared to that bis-MTX (Kd 21 pM), rapid disassembly of CSANs 

has been demonstrated by addition of excess trimethoprim.54,56 Chemically controlled 

assembly of DHFR2 proteins will result in macrocyclic rings of molecular weight greater 

than 300 KDa. These rings when delivered in-vivo are expected to stay in the circulation 

for extended periods. However, in cases of toxicity, the effect of CSANs can be 

terminated by an intravenous injection of trimethoprim. Trimethoprim treatment will lead 

to rapid disassembly of CSANs and the resulting monomers (<70 KDa) will be 

eliminated by kidney filtration.  
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Figure 10: Formation of antiCD3 scFv functionalized dimeric and octameric 

CSANS 

  

 

 

 

 

 

 

 

 

 

 

When 13DHFR2antiCD3 (A) or 1DHFR2antiCD3 (B) protein is mixed with bis-

Methotrexate, they spontaneously self assemble in antiCD3 functionalized dimeric and 

octameric nanostructures (CSANs). DHFR2 (blue), bis-Methotrexate (green) and antiCD3 

scFv (yellow).  
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Figure 11: Structure of bis-Methotrexate-amine and bis-Methotrexate-FITC 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The figure above represents, bis-Methotrexate-amine (A) and bis-Methotrexate-FITC 
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Figure 12: Assembly and disassembly of payload bearing targeted CSANs 
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Chapter 1 (C): Summary and Thesis Goals 

Chemically self-assembled DHFR nanostructures (CSANs) provide a diverse and 

flexible platform to achieve targeted drug delivery. CSANs can be targeted to different 

cancers by simply fusing a targeting peptide or antibody fragment to the DHFR2 proteins. 

Targeted delivery of payloads such as small molecule drugs, toxins and nucleic acids can 

be achieved by conjugating them to the bis-MTX-amine. In addition, CSANs can be used 

for in-vivo tumor imaging by attaching imaging agents and dyes to bis-MTX-amine. 

Multivalent CSANs display multiple copies of targeting peptides/ scFv, thus increasing 

the cell binding avidity. CSANs also carry multiple drug molecules per nanostructure 

thereby increasing cell killing efficacy. Finally, the ability to disassemble CSANs gives a 

unique opportunity to control the pharmacokinetics of CSANs. 

The overall goal of the thesis work was to evaluate the CSANs for targeted drug 

delivery. The first goal of the project was to design and develop bispecific CSANs 

(analogous to bispecific antibodies) that could redirect immune cells to cancer cells. In 

this project, the effort was directed towards assembly of monovalent bispecific CSANs 

with the help of dimers and multivalent bispecific CSANs with the help of octamers. The 

monovalent bispecific CSANs can be assembled by engineering the DHFR-DHFR dimer 

interface or DHFR-methotrexate interactions to favour the formation of DHFR 

heterodimers. Multivalent bispecific CSANs can be assembled by stoichiometrically 

mixing two different 1DHFR2 proteins fused with targeting elements with bis-MTX. The 

second goal was to evaluate the CSANs for their ability to deliver nucleic acid based 

drugs selectively to the cancer cells. The final goal of the project was to conduct in-vivo 
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biodistribution studies of targeted and non-targeted CSANs in mice bearing human 

tumors.  
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Approaches Towards the Design of 

Heterodimeric CSANs  

 

 



 

 37 

I. Introduction 
i) Chemically induced dimerization 

Chemically induced dimerization (CID) is a controlled dimerization of a pair of 

proteins. The dimerizer usually consists of a small molecule that can bind to the two 

proteins simultaneously bringing them in close proximity.57 CID can be homodimeric 

where two identical proteins are dimerized with a symmetrical dimerizer or heterodimeric 

where two different proteins are dimerized by an asymmetrical dimerizer (Figure 1 A). 

Schreiber and coworkers have used this method to develop a synthetic small molecule 

FK1012 (homodimeric FK506) that can dimerize two FK12-binding protein (FKBP) 

molecules.58 By fusing FKBP to the proximity regulated γ-chain of the T-cell receptor, 

they demonstrated that FK1012 activated the endogenous signal transduction via tyrosine 

kinases (Figure 1 B).42 Rapamycin (natural product) was one of the first examples of 

chemically induced heterodimerization. It dimerizes FKBP12 and the FKBP–rapamycin-

binding (FRB) domain of the mTOR (mammalian target of rapamycin). They 

demonstrated that induced heterodimerization of these two proteins by rapamycin can 

lead to inhibition of cell cycle progression (Figure 1 C).59 Chemically induced 

heterodimerization has wide applications in the study of signal transduction, gene 

transcription, post-translational modification, protein function and protein assembly to 

form nanostructures, which will be discussed in the next section.57 There are two 

practical approaches to achieving protein heterodimerization – ligand directed and protein 

directed chemically induced heterodimerization.  
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 Figure 1: Chemically induced dimerization (CID) 

  

  

  

 

 

 

 

 

 

 

 

 

 

 

 

  

In the figure above, scheme A shows chemically induced homodimerization of two 
identical proteins (green) using symmetric dimerizer (red) and chemically induced 
heterodimerization of two different protein (green and blue) using asymmetric dimerizer 
(red).42 Scheme B represents homodimerization of FK12-binding protein (FKBP) (i) by 
FK1012 symmetric ligand (ii) and FK1012 mediated activation of the endogenous 
tyrosine kinases by cross-linking FKBP (iii).42 Scheme C represents heterodimerization 
of FKBP12 (red) and FKBP–rapamycin-binding (FRB, blue) with rapamycin (black). 
FKBP12 and FRB can be fused with protein of interest (POI, grey) to assemble into 
homo or heterodimers57. 
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 a) Ligand directed chemically induced heterodimerization 

The ligand-directed approach involves asymmetric chemical synthesis of the 

dimerizer so it can bind two different targets. Several examples in the literature have used 

this approach to probe cellular events. Schreiber and coworkers have developed an 

asymmetric dimerizer (FKCsA) where, (i) FK506 binds to FKBP and (ii) cyclosporine A 

(CsA) binds to cytoplasmic cyclophilin.60 Fusion of FKBP to a membrane targeting 

domain and cyclophilin to the Fas tail led to apoptosis when the dimerizer was added to 

the cells transfected with the fusion proteins (Figure 2 A). Cornish and coworkers have 

generated a dexamethasone-methotrexate (Dex-Mtx) heterobifunctional ligand capable of 

recruiting a glucocorticoid receptor-B42 fusion protein to a DHFR-LexA fusion protein.61 

With the help of a yeast three-hybrid assay, the authors have demonstrated that the Dex-

Mtx ligand dimerizes the DNA binding protein-receptor chimera (LexA-DHFR) and a 

transcription activation protein-receptor chimera (B42-GR), leading to transcriptional 

activation of a lacZ reporter gene (Figure 2 B). In the area of therapeutic development, 

Portoghese and coworkers have developed µ-δ agonist-antagonist (MDAN) ligands that 

are composed of an agonist of the µ opioid receptor (oxymorphone) and an antagonist of 

the δ receptor (naltrindole).62 The authors have prepared a library of ligands, with one 

such dimerizer, MDAN-21 (containing a 21-atom linker between the two drugs), 

producing neither tolerance nor dependence in mice dosed with the ligand. The authors 

have concluded that the formation of heterodimers between the two opioid receptors may 

result in this effect (Figure 2 C).62 
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Figure 2: Examples of chemically induced heterodimerization  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Examples of chemically induced heterodimerization using asymmetric ligands (A) 

asymmetric dimerizer (FKCsA) dimerizes FKBP and cytoplasmic cyclophilin fused to 

FAS tail induces apoptotic signal in the cells.60 (B) Dexamethasone-Methotrexate (red, 

green) ligand dimerizes the DNA binding protein-receptor protein chimera (LexA-

DHFR) and a transcription activation protein (B42)- glucocorticoid receptor (GR) protein 

chimera (B42-GR) that causes transcriptional activation of a lacZ reporter gene.61 (C) 

MDAN ligand (µ-δ agonist-antagonist) - agonist of the µ opioid receptor (blue) and an 

antagonist of the δ receptor (red) crosslink’s µ and δ receptor.62 

Extracellular Space 

FKCsA 

Cytoplasm 

FKBP Apoptotic 
Signal 

FKBP 

FKBP 

!"

lacZ Reporter Gene 

Lex A 

Lex A Binding Site 

DHFR 

GR 

B42 

MTX

Linker

DEX

!"

µ ! µ ! 

MDAN !"



 

 41 

Even though the ligand-directed approach has received significant attention, it is 

associated with several drawbacks.63 Often linking two molecules (pharmacophores) 

without altering their binding ability can be synthetically challenging. In addition, the 

length of the linker between the two ligands require optimization if steric effects are to be 

avoided. Another drawback associated with this approach is the bifunctional molecules 

can be very hydrophobic making them less suitable as drugs.63 

 

b) Protein directed chemically induced heterodimerization 

A less explored approach of inducing heterodimerization is a protein-directed 

method where the contacts or the interface between the two proteins are modified to 

achieve selective heterodimer formation.64 Carter and coworkers have demonstrated that 

selective heterodimers of antiCD3/ antiHER2 dibodies can be formed by installing a 

cysteine disulphide.65 A disulfide bond was introduced at the interface of antiHER2 VL/ 

VH via point mutations L46C (VL) and D101C (VH) to achieve 97 % heterodimer without 

influencing the cell binding affinity (Figure 3 A).65 Another method for achieving 

heterodimers is by installing knobs and holes in the protein pair i.e. steric or electrostatic 

complementary mutations.65 Knobs can be constructed by replacing small side chains 

with larger ones whereas, holes of complementary size can be created by replacing the 

larger side chains with the smaller ones. Carter and coworkers have shown that by 

inserting complementary mutations at the antiCD3 VL (Y87W) and VH (L45A) interface, 

84 % functional heterodimer of antiCD3/ antiHER2 dibodies was obtained (Figure 3 B).65  
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Figure 3: Induced heterodimerization by engineering protein interface 

  

  

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure representing induced heterodimerization by inserting cysteine disulfide (A) and 

knobs/ bumps & holes (B) in antiCD3/ antiHER2 dibodies. Disulfide bridge was installed 

in VL (light red) and VH (red) chain of antiHER2 single chain. Bump was inserted by 

mutating Y87W in VL (light blue) and hole was inserted by mutating L45A in VH (blue) 

of the antiCD3 single chain antibody fragments.65 
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ii) Chemically self assembled DHFR nanostructures (CSANs) 

Our laboratory has shown that when a DHFR2 fusion protein is incubated with the 

bis-MTX ligand, it results in formation of dimeric and octameric nanostructures.51 The 

size of the nanostructures formed can be varied depending on the length of the amino 

acid linker between the two DHFR proteins.51 We have also demonstrated that fusion 

proteins of DHFR2 and an antiCD3 single chain antibody (scFv) can be assembled into 

octameric and dimeric nanostructures.55 In theory, bispecific dimeric CSANs can be 

potentially obtained by mixing two different 13DHFR2 fusion proteins with bis-MTX.  

Based on a simple statistical analysis, if there is no selectivity for homo- or 

heterodimer formation a 50:50 mix of protein A and protein B will give three dimeric 

species with a 1:2:1 ratio of AA:AB:BB where proteins A and B would be fusion proteins 

of DHFR with different targeting moieties (Figure 4). The ability to have greater control 

over the dimerization state would greatly increase yields by 50 %, as well as provide 

avenues for greater control over CSANs assembly. Two different approaches were 

explored to achieve selective heterodimer formation; the engineering of the DHFR-

DHFR dimer interface and the redesign of both the protein and ligand interactions by 

reversing polarity of the DHFR and bis-MTX.  



 

 44 

Figure 4: Statistical distribution of wildtype DHFR nanostructures 

 

  

 

 

 

 

 

 

 

 

 

 

When wild type 13DHFR2 proteins fused with two different proteins/ dyes (red and blue) 

are mixed with bis-MTX, a stoichiometric mixture of homodimer: heterodimer: 

homodimer (1:2:1) is obtained. Figure above represents 13DHFR2 (grey) labeled with 2 

different protein/dyes red and blue and bis-MTX (green). 
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 a) Engineering the DHFR dimer interface 

To engineer an asymmetric protein-protein interface, we hypothesized that 

heterodimer formation can be favored when the formation of homodimers are 

destabilized at the protein-protein interface. The relatively smaller DHFR dimer interface 

of about 5202 °A makes it practical to observe the impact of different mutation pairs on 

dimerization (Figure 5 A). With the help of molecular modeling, we have previously 

reported different interfacial contact residues and key residues involved in side chain: 

side chain interactions at that DHFR interface (Table 1).53 The residues at the interface 

were mutated so that the formation of homodimers is disfavored due to steric or 

electrostatic interactions, while formation of heterodimers is favored at the same time 

(Figure 5 B). The preliminary studies were performed on DHFR monomers for simplicity 

and then extended to 13DHFR2 based bivalent CSANs (unpublished data).  
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Figure 5: Engineering DHFR-DHFR dimer interface 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The above figure represents the residues that form the DHFR dimer interface (PDB: 

4DFR). Residues of each DHFR are labeled with different color (red and blue) (A). This 

interface can be engineered by making mutations such that when the DHFR mutants are 

mixed with bis-MTX (green), the formation of homodimers (pink-pink or blue-blue) is 

disfavored and formation of heterodimer (pink-blue) is favored (B).  
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Table 1: Sites of interfacial contacts in the DHFR dimer interface 

Residue A Residue B Types of Contact 

Asn 18 Ala 143 S-S 

 Asp 144 S-B 

Ala 19 Asn 23 S-S 

Ala 19 Asp 144 B-B 

Asn 23 Asn 23 S-S 

Ala 145 Glu 48 S-S 

 Ser 49  

Gln 146 Gly 51 S-S 

 Glu 48  

 Ser 49  

Ser 148 Pro 21 S-S, S-B 

 

In the table above, DHFR residue pairs (of two different DHFR’s) are classified on the 

basis of type of dimer interface contact: sidechain–sidechain (S–S), sidechain–backbone 

(S–B), and backbone– backbone (B–B).53 
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b) Reversing polarity of DHFR and bis-MTX 

The second approach for achieving DHFR heterodimers is to optimize the ligand 

(methotrexate) DHFR binding. From the crystal structure (PDB: 4DFR), Arginine 57 

(R57) of the DHFR protein interacts with the acid group of methotrexate (Figure 6). We 

have previously observed that the R57E mutant of DHFR has very low enzyme activity 

and does not dimerize with bis-MTX. The hypothesis was to reverse the polarity of the 

ligand and the protein while maintaining the same interaction. This can potentially be 

achieved by replacing the acid of methotrexate (Figure 7 A) with an ethylamine group 

(Figure 7 B). It is expected that bis-MTX bearing an amine will dimerize R57D or R57E 

mutant of DHFR. If this approach is successful, then synthesis of an asymmetrical bis-

MTX (bearing each of acid and amine) can form 100 % heterodimers with wild type 

DHFR and R57E DHFR (Figure 7 C). 
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Figure 6: Interaction of methotrexate with R57 of DHFR 
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The figure above (PDB: 4DFR) shows the interaction of Arginine 57 (purple) with acid 

group of methotrexate (green) via hydrogen bond (dotted line in orange box). 
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Figure 7: Reversing polarity of DHFR and bis-MTX 

  

 

 

 
 
 
 

 
 
 

 
 

 
 
 
 
 
 
 
 
 

When bis-methotrexate (red and green) is mixed with wild type 13DHFR2 (grey) it forms 

a homodimer of wild type protein (A). In contrast, when bis-Methotrexate with reversed 

polarity (bis-MTX-RP, orange and green) is mixed with 13DHFR2-R57E (blue) it forms a 

homodimer of 13DHFR2-R57E (B). Finally, if wild type and R57E 13DHFR2 proteins are 

incubated together with asymmetric dimerizer (red, orange and green), it will result in the 

formation of heterodimer of wild type and R57E protein (C).  
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 iii) Analysis of homo and heterodimers by ALEX assay 

Analysis of the ratio of homo and heterodimeric species was performed using 

single molecule alternating-laser excitation (ALEXA) assay. ALEX assay is a powerful 

technique which has been widely used to assess protein:protein and protein:DNA 

complex formation as well as to study protein:protein interactions mediated by another 

proteins.66,67 In this technique, the biological species under investigation are differentially 

labeled with spectrally distinct fluorophores. The ALEX assay relies on the selective 

excitation of each of the fluorophores and separating the emission from each fluorophore 

(Figure 8). The number of fluorescent bursts in each channel is measured as a function of 

time. The appearance of coincident bursts in both the channels indicates the presence of 

heterodimers. By observing the emission from single molecules it is possible to ascertain 

the composition of the species in solution.  
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Figure 8: Alternating Laser Excitation Assay (ALEXA)66 
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In the figure above, Scheme A represents the ALEXA microscope with two alternating 

lasers of 514 nm (green) and 638 nm (red) after passing through a series of dichroic 

mirrors (DM) excites the sample passing through a tube at low concentration of 50 pM. 

The light emitted from the sample is detected by the APD1 (green) and APD2 (red) 

detectors. The number of fluorescent bursts is measured as a function of time (Scheme 

B). The green (channel 1) and red (channel 3) bars represent the number of bursts in each 

channel and the blue (channel 2 & 4) bars represents the spill over from one channel into 

another.66 
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II. Results and Discussion 

i) Mutagenesis and protein preparation 

Initially the monomeric DHFR and 13DHFR2 plasmids were mutated to remove 

the naturally occurring cysteines and were replaced with either alanine or serine. The 

quadruple mutant C85A/C152S/C257A/C324S has previously been shown to retain 

activity and to not affect ring formation.54 A C-terminal tag comprised of glycine-

glycine-cysteine was added to the plasmids. In this way each protein contains only one 

cysteine residue that can be labeled by the maleimide Alexa Fluor dyes, thus enabling a 

one to one stoichiometry of dye to protein. For the monomeric DHFR proteins 16 

mutants were prepared with mutations of either Alanine-19 or Asparagine-23 to a variety 

of charged, polar and hydrophobic amino acids. Previously these residues have been 

identified from the crystal structure to form side chain-side chain interactions upon 

dimerization (Table 1).53 All proteins were expressed as soluble proteins and purified by 

methotrexate affinity column followed by diethyl aminoethyl (DEAE) ion exchange 

column. Typical protein yields were 5-15 mg per liter of LB culture. The purity of the 

proteins was assayed by gel filtration and SDS-PAGE electrophoresis.68  

 

ii) Protein labeling 

 DHFR and 13DHFR2 proteins were labeled with Alexa Fluor 488 C5- or 647 C2-

maleimide. Alexa Fluor 488 and 647 dyes were selected in the study to avoid Foster 

resonance energy transfer (FRET) between them. In the ALEXA assay individual dyes 

are excited sequentially and their emissions are recorded separately.  
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An indirect excitation of Alexa Flour 647 dye from the Alexa Fluor 488 emission will 

result in false positive signals. The labeled proteins were purified by SEC and the 

labeling efficiency of ≥ 90 % was achieved. 

 

iii) Determination of ratio of homo and heterodimers by ALEXA assay 

Bis-MTX was added to a mixture of 1:1 wild type (wt) DHFR-Alexa Fluor 488 

and wt DHFR-Alexa Fluor 647. When two populations of the same DHFR, each labeled 

with a different fluorophore, are mixed in equal parts, they will sort into a random 

distribution of “pseudo” homodimers and heterodimers in a 1:2:1 ratio (Figure 9). The 

data is presented in terms of the total number of fluorescent bursts and the manner in 

which the bursts occurred (in either one or the other or both detection channels). Since 

bursts occurring in both channels at the same time can only correspond to dimerized 

protein, a ratio of pseudohomodimer to pseudoheterodimer can be obtained. Given a 

stochastic dimerization, the total fraction of dimer present in the sample will be equal to 

twice the fraction of coincident bursts detected in the course of the acquisition, since half 

of the total coincident bursts will correspond to the number of homodimers present in 

each single channel (i.e. 1:2:1 ratio of A-XX-A to A-XX-B to B-XX-B). Using this 

analysis we observed that wt DHFR has 0.358 fraction dimerized under the experimental 

conditions. Since the total protein concentration in the experiment (50 pM) is below the 

Kd of DHFR complex formation (~250 pM), a homogeneous solution of fully dimerized 

species in not achievable. In addition, the ALEX assay cannot differentiate between 

single labeled homodimeric species and single labeled monomers dissociated due to the  
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effect of dilution. To estimate the amount of homodimeric pairs present in each of the 

singly labeled populations (which contain both homodimers and monomeric DHFR), we 

apply the fraction dimer observed from the appropriate homodimerization experiment as 

a correction factor by multiplying this value by the total number of non-coincident bursts 

observed in each channel (Figure 10). This represents the maximum homodimer that 

could be present in the channel. With the number of bursts corresponding to each species, 

we can then calculate the selectivity for the formation of heterodimers for each pair of 

mutants. 
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Figure 9: Determination of DHFR heterodimers by ALEX assay 

  

  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In the figure above, wild type 13DHFR2 proteins (grey) labeled with two different 

fluorophores (Alexa Fluor 488 – red and Alexa Fluor 647 – blue) when mixed with bis-

MTX (green) will assemble into pseudoheterodimers and heterodimers. Amount of 

heterodimers can be determined by appearance of coincident bursts in both the channels 

(green box). Appearance of bursts in either red or blue channels can be due to either 

labeled monomers (dissociated) or homodimers. 
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Figure 10: Analysis of the ratio of homodimers and heterodimers  

 

   

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

The fraction dimer of each mutant is determined by labeling each mutant (green or 

purple) with two different dyes (red and blue), mixing with bis-MTX and running ALEX 

assay. Fraction dimer will be equal to two times of pseudoheterodimer (coincident 

bursts). The proportion of heterodimers can be determined directly by the coincident 

bursts of mutant A (green) and mutant B (purple) labeled with two different dyes. The 

proportion of homodimers of each mutant is determined by multiplying the number of 

bursts in the individual channel with fraction dimer obtained from previous assay. 

Coincident Bursts = X 

Fraction Dimer = 2X 

Coincident Bursts = Y 

Fraction Dimer = 2Y 

Homodimer =  
2X * (Number of Bursts) 

Homodimer =  
2Y * (Number of Bursts) 

Heterodimer = Coincident Bursts 
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iv) Analysis of DHFR dimer mutants by ALEX assay 

 Similarly 1:1 mixtures of each mutant labeled with Alexa Fluor 488 and Alexa 

Fluor 647 was incubated with the bis-MTX and examined by ALEX assay.68 The two 

mutant pairs N23H-N23E and N23E-N23K, yield selectivity for the heterodimeric 

species of 4.1 and 2.7 (fold), respectively (Table 2). The appearance of these two mutant 

pairs as the most selective for formation of heterodimeric species is interesting as it 

suggests that electrostatic interactions are being formed between the pairs across the 

dimerization interface. With the N23E-N23K pair this is due to the ionization states of 

the residue at physiological pH. The formation of a stable heterodimer between the N23H 

mutant and the N23E mutant strongly suggests a protonated histidine residue which will 

interact with the mutant glutamic acid residue (N23E) upon dimerization. Although the 

A19 mutants all showed low levels of homodimer formation, the low stability of these 

homodimers does not translate into increased amounts of heterodimers. The N23H, N23E 

and N23K showed relatively low levels of homodimerization. Taken together these 

results suggest that decreasing the stability of the homodimer alone is not enough to favor 

the heterodimer formation. The introduction of favorable mutations will likely be 

required for the formation of heterodimers. In addition, the low concentrations necessary 

for the ALEX assay cause the disassembly of dimeric species. The total fraction dimer 

observed for the wt DHFR experiment was 0.358 revealing that the dissociation occurs at 

low concentration of 50 pM. In contrast, 13DHFR2 protein forms dimeric rings when 

mixed with bis-MTX.  
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Table 2: Heterodimer selectivity of DHFR dimer mutants 

Protein Pair 

(A/B) 
A:A A:B B:B 

Ratio 

AA:AB:BB 

Average 

Heterodimer 

Selectivity 

N23H/N23E 41 171 43 1.0 : 4.2 : 1.1 4.10 

N23E/N23K 30 101 53 1.0 : 3.4 : 1.8 2.67 

N23H/A19S 31 22 9 3.3 : 2.4 : 1.0 1.54 

A19S/A19Q 9 18 40 1.0 : 2.1 : 4.6 1.26 

N23F/A19Y 13 17 17 1.0 : 1.3 : 1.3 1.18 

A19Y/A19L 22 27 24 1.0 : 1.2 : 1.1 1.17 

A19Y/A19S 18 14 10 1.8 : 1.4 : 1.0 1.06 

N23H/N23K 60 59 53 1.1 : 1.1 : 1.0 1.04 

A19Y/A19S 31 24 20 1.6 : 1.2 : 1.0 1.00 

 

Table represents the ratio of homo and heterodimers of different DHFR mutants and 

average selectivity of heterodimers over homodimers. Average heterodimer selectivity is 

calculated by dividing the number of heterodimer bursts (A:B) with the average 

homodimer bursts (A:A + B:B)/2. (White, PhD)68 
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Upon opening of the ring, the enforced localization will result in formation of the ring 

again due to high effective molarity.52 The formation of a macrocycle would result in 

increased stability of the nanostructures. Hence, lower dissociation of the nanorings is 

expected on dilution to 50 pM concentration. Therefore, we decided to examine the 

dimerization and heterodimer formation of wt, N23E and N23H 13DHFR2 proteins.  

 

v) Analysis of 13DHFR2 mutants by ALEX assay 

Based on the results of the ALEX assay for the dimerizations of the monomeric 

proteins two double mutants of the 13DHFR2 protein were prepared with either N23E or 

N23H mutants in each of the DHFR’s of the 13DHFR2 fusion proteins. The proteins were 

expressed as soluble proteins and characterized by SDS PAGE (Figure 11). Each 

13DHFR2 fusion protein was labeled with Alexa Fluor 488 or 647. When 3 equivalents of 

bis-MTX was added to a 1:1 mixture of wt 13DHFR2-Alexa Fluor 488 and wt DHFR2 

Alexa Fluor 647, a mixture of monomer and dimer was observed by SEC, comparable to 

that observed for the non-labeled species. The peak corresponding to the dimer was 

isolated and after dilution to the appropriate concentration was analyzed by the ALEX 

assay. Using the same analysis as that for the monomeric DHFR species the fraction 

dimer within the sample was calculated to be 0.58 (Table 3). This is an increase over that 

observed for the corresponding wt DHFR dimerization (0.385). The increased dimer 

observed can be attributed to the greater stability of the ring afforded by the formation of 

two dimers and also the consequent increase in effective molarity. For both the mutants 

examined N23E and N23H an increase in fraction dimer was also observed, 0.33 and 
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0.57 respectively (Table 3). Thus, it appears that the formation of the ring also stabilizes 

the weak dimer pairs. This can be explained by macrocyclization and positive 

cooperativity.69,70 Both these parameters depend on effective molarity, which is 

quantitatively defined as ratio of Kintra/ Kinter. When the homodimeric rings with unstable 

mutations (N23H pair and N23E pair) are partially formed, the effective molarity is high 

enough to favor the disfavored macrocyclic dimer formation. Formation of the ring is 

also entropically favorable due to the loss in rotational and translational flexibility.70,52 

N23E shows a lower amount of dimer relative to the N23H which correlates with that 

observed for the monomeric DHFR mutants. The greater level of homodimer formation 

by N23H may be a reflection of the pKa of histidine, which would allow charge 

neutralization across the dimerization interface. Finally, the ratio of 

homodimer:heterodimer:homodimer for the N23E and N23H dimer was 1:3.4:1.5 with an 

average heterodimer selectivity of 2.82 or 65 % heterodimers. 
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Figure 11: SDS PAGE characterization of 13DHFR2 Proteins 

  

 

 

 

 

 

 

 

SDS-PAGE of pure 13DHFR2, 13DHFR2 N23H and 13DHFR2 N23E proteins show 

single band at 38 KDa.  
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Table 3: Heterodimer selectivity of 13DHFR2 dimer mutants 

 

 

Protein Pair N23E:N23E N23H:N23E N23H:N23H 
Average 

Heterodimer 
Selectivity 

N23E/N23H 
Corrected 

(Ratio) 
100 (1) 343 (3.4) 155 (1.5) 2.82 (vs 4.1) 

 

ALEX assay results of wild type, N23H and N23E 13DHFR2 labeled with Alexa Fluor 

488 and 647. The ratio of homo and heterodimers was calculated from the fraction dimer 

of individually labeled each protein with both the dyes and running ALEX assay. The 

results of 13DHFR2 are compared to fraction dimer (red) and fold change (blue) of 

DHFR dimers. 

Protein Pair 
Total 

Bursts Ch 1 
Ch 1 & 

Ch 2 Ch 2 Fraction Dimer 

Wild Type 934 357 270 307 
0.58 (vs 0.35)  
2 fold increase 

N23H/N23H 1082 390 306 385 
0.57 (vs. 0.116)  
5 fold increase 

N23E/N23E 1040 423 172 445 
0.33 (vs 0.90)  
3 fold decrease 

Protein 
Pair 

Total 
Bursts Ch 1 Ch 1 & 

Ch 2 Ch 2 Fraction Dimer 

N23E/N23H 916 302 343 272 
0.37 (vs 0.17) 
2 fold increase 
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vi) Preparation of R57 mutants of DHFR 

A double mutant (both the DHFR’s mutated) of R57D and R57E of 13DHFR2 

was prepared from 13DHFR2 by site directed mutagenesis. R57 is a conserved residue in 

the active site and mutation leads to a significant reduction in the folate activity.71,72 The 

protein was expressed in soluble fractions and was purified by methotrexate affinity and 

DEAE ion exchange column. Low yields of 3-5 mg protein per liter of LB media were 

obtained due to lower binding of the R57 mutants to methotrexate column. The pure 

protein was characterized by SDS-PAGE and size exclusion chromatography (SEC). By 

SEC, when R57E (Figure 12 A, blue) and R57D (Figure 12 B, blue) were mixed with bis-

MTX no dimerization was observed (Figure 12 A and 12 B, red). This is likely due to the 

electrostatic clash and steric repulsion between the acid groups of the protein and 

methotrexate are expected. In contrast, when wild type 13DHFR2 was mixed with bis-

MTX a mixture of monomer and dimer was observed at 33 and 29 min, respectively 

(Figure 12 A, green). Thus, R57 residue is crucial for wt 13DHFR2 dimerization by bis-

MTX. 
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Figure 12:Dimerization of 13DHFR2 R57 mutants with bis-MTX 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The figure above represents dimerization of 13DHFR2 R57E (A) and 13DHFR2 R57D 

(B). When 13DHFR2 R57E (A, blue) or 13DHFR2 R57D (B, blue) is mixed with bis-

MTX, a single peak with retention time similar to that of individual protein is observed 

(A and B, red). When wild type 13DHFR2 is mixed with bis-MTX a mixture of internal 

monomer and dimer is observed (A, green). 
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vii) Synthesis of bis-methotrexte with reversed polarity (Bis-MTX-RP) 

 Synthesis of bis-MTX-RP was initiated from commercially available protected 

glutamic acid (Figure 13). t-Boc-5-benzyloxy carbonyl protected glutamic acid was 

activated and reduced with sodium borohydride to give primary alcohol (compound 1).73 

The primary alcohol was tosylated (compound 2) and substituted with nitrile group using 

sodium cyanide (compound 3). Benzyloxy group of the acid was then deprotected using 

potassium carbonate (compound 4) and coupled with diaminononane to obtain symmetric 

compound 5. Next the nitrile group was reduced with palladium over carbon-mediated 

reduction to obtain a primary amine (compound 6), which was then protected with 

trifluorocetate group (compound 7). t-BOC group was deprotected with 5 % 

trifluoroacetic acid and the resulting free amine (compound 8) was coupled with pteroic 

acid (compound 9). In the last step, the trifluorocetate group was removed with base to 

obtain the final compound 10 (bis-MTX-RP).  
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Figure 13: Scheme for the synthesis of bis-methotrexate with reversed polarity 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reagents used for the synthesis: (a) DCC, NHS, Ethyl acetate, NaBF4, THF;73 (b) TsCl, 

TEA, DMAP, DCM; (c) NaCN, DMF; (d) K2CO3, DCM, water, methanol; (e) 

Diaminononane, EDC, HOBt, TEA; (f) Raney Ni, Pd/C, H2, NaOH, ethanol, THF; (g) 

Trifluoroethyl acetate, TEA, DCM; (h) TFA, DCM (i) EDC, HOBt, TEA, DCM; (j) 

NaOH, water, methanol. 
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viii) Dimerization of bis-MTX-RP with 13DHFR2 proteins 

 When bis-MTX-RP was mixed with wild type 13DHFR2, a single peak (Figure 

14, green) was obtained with retention time (33 min) similar to that of the parent protein 

(Figure 14, blue). This is largely due to the electrostatic repulsion between the amines of 

bis-MTX-RP and the R57 amine of DHFR. In contrast, when 13DHFR2 was mixed with 

bis-MTX, a mixture of internal monomer and dimer was obtained with retention time of 

33.5 and 30 min respectively (Figure 14, red).  

 When 13DHFR2 R57E protein (Figure 15 A, blue) was mixed with 3 equivalents 

of bis-MTX-RP, no dimerization was observed (Figure 15 A, green). This could be 

attributed to steric clash between the acid group of glutamic acid and the amine of bis-

MTX-RP dimerizer. Hence, the R57D mutant of 13DHFR2 that bears one carbon less was 

prepared. However, when 13DHFR2 R57D protein (Figure 15 B, blue) was mixed with 3 

equivalents of bis-MTX-RP, again no dimerization was observed and a single peak 

(Figure 15 B, green) corresponding to non-dimerized protein was observed. From these 

dimerization experiments it is clear that the single point mutation is not sufficient to 

accommodate the amine of bis-MTX-RP into the active site of DHFR.  
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Figure 14: Dimerization of wt 13DHFR2 with bis-MTX with reversed polarity 

  

 

 

 

 

 

 

 

 

When wild type 13DHFR2  (blue) is mixed with bis-MTX a mixture of internal monomer 

and dimer is obtained (red). In contrast, when 13DHFR2 is mixed with bis-MTX-RP, no 

dimerization is observed (green). 
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Figure 15: Dimerization of R57 mutants with bis-MTX with reversed polarity 

 

 

 

 

 
 
 
 

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The figure above represents dimerization of 13DHFR2 R57E (A) and 13DHFR2 R57D 

(B) with bis-MTX with reversed polarity (bis-MTX-RP). When 13DHFR2 R57E (A, 

blue) or 13DHFR2 R57D (B, blue) is mixed with bis-MTX (A and B, red) or bis-MTX-

RP (A and B, green), a single peak corresponding to non-dimerized protein is observed. 
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III. Conclusion 

With the emergence of new antibody constructs there has been a resurgence of 

interest in bispecific antibodies. 13DHFR2 proteins when mixed with bis-MTX, form 

dimeric CSANs and can be used for bispecific applications. However, wild type DHFR 

fusion proteins yield only 50 % functional heterodimers (bispecificity). Hence two 

different approaches were used: engineering protein-protein interface and engineering 

protein ligand interface (reversing polarity) to drive the equilibrium to 100 % 

heterodimers.  

Through mutation of selected DHFR:DHFR interface residues, we have increased 

the formation of heterodimeric species relative to that which would be formed 

stoichiometrically by wild type DHFR proteins. However, it is not possible to obtain 100 

% heterodimer using this approach due to the relatively small size of the DHFR:DHFR 

interface upon dimerization and the accompanying small ΔG with single point mutations 

at the interface. Hence, use of multiple mutations at the interface may be necessary to 

yield a greater amount of heterodimeric nanostructures. 

 Another approach involved reversing the polarity of the bis-MTX dimerizer (bis-

MTX-RP) and the DHFR protein (R57E). Using this approach, when a mixture of wild 

type DHFR and R57E DHFR is mixed with the asymmetric dimerizer, it would yield 100 

% heterodimer. However, when bis-MTX-RP was incubated with R57E/ R57D mutant of 

13DHFR2, no dimerization was observed. This is possibly due to the steric interactions 

between the amine of dimerizer and the residues of DHFR active site. The DHFR active 

site can be engineered to accommodate the bis-MTX-RP by performing systematic 
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 mutations in the active site or using directed evolution techniques such as phage display 

or mRNA display. Conversely, the size of the bis-MTX-RP dimerizer amine can be 

optimized to be able to fit inside the cavity of the active site. After successfully achieving 

100 % heterodimer, this methodology will be used for assembling bispecific antibodies to 

redirect immune cells to the cancer cells. 

Chemically self-assembled dimerization of two DHFR molecules with bis-MTX 

is a complex 3-component association. Single molecule ALEX experiments enabled us to 

successfully study this association i.e. determine the ratio of homo and heterodimers. 

Most of the single molecule studies reported in the literature involve binary association or 

dissociation. Study of molecules with binding constants greater than 10 nm is technically 

challenging at single molecular level since the analysis is done at picomolar 

concentrations. This was possible with ALEX assay by running additional control 

homodimeric experiments. In addition, we were also able to study the stability of 

nanostructures at low picomolar concentration and the effect of macrocyclization. 
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IV. Materials and Methods 

Instrumentation 

High-pressure liquid chromatography (HPLC) - Beckman Coulter with UV 

Detector, Size exclusion chromatography (SEC-HPLC) – Beckman Coulter with UV 

Detector, Liquid chromatography electrospray ionization mass ppectrometry (LC-ESI-

MS) – Agilent MSD SL Ion Trap (1100 Series), Nuclear magnetic resonance 

spectroscopy (NMR) - Varian MR 400 MHz NMR spectrometer, Fluorescence confocal 

microscopy - Olympus FluoView 1000 BX2 Upright Confocal microscope, Flow 

cytometry - FACSCalibur (BD Biosciences), Luminometer – Lumat LB 9507 

Luminometer. 

 

i) Protein expression and purification 

DHFR and 13DHFR2 mutant plasmid DNA was transformed into the BL21*DE3 

(Stratagene) competent E.coli expression cell line. Resulting colonies were inoculated 

into 5 mL LB broth containing 100 µg/mL ampicillin and grown 37˚C overnight with 

shaking at 250 rpm. Glycerol was added to cell cultures to a final concentration of 15 % 

(v/v) and stocks were frozen at -80˚C until use. For protein expression, starter cultures 

were prepared using 5 mL LB broth containing 100 µg/mL ampicillin, and 50 µL 

inoculation of BL21*DE3 cells bearing the plasmid of interest. These cultures were 

grown for a minimum of 8 hours at 37˚C with shaking at 250 rpm and then a 2.5 mL 

aliquot was transferred to 50 mL LB media containing the same antibiotics and grown 

overnight under the same conditions. 1 L LB broth containing 100 µg/mL ampicillin was 

inoculated with 25 mL of the 50 mL culture and grown for about 2-3 hours under the 

same growth conditions till the cell OD600 reaches 0.6. Cells were then induced by 300 
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µM Isopropyl β-D-1-thiogalactopyranoside (IPTG) and allowed to grow under same 

conditions for 3-4 hours. Finally cells were pelleted by centrifugation at 7500g for 15 min 

at 4˚C and the cell pellet was stored at -80˚C until use. 

The cells were lysed via a 30 min incubation at room temperature in lysis buffer 

(10 mM KH2PO4, 100 µM EDTA, 1 mM DTT, 1 mg/mL Lysozyme, pH 8.0) containing 

Complete© protease inhibitor tablet (Roche) and 8 x 15 seconds sonication. The crude 

lysate was then centrifuged at 40,000g for 40 min at 4 °C. The lysate was dialyzed 

against 2 L equilibration buffer (10 mM KH2PO4, 0.1 mM EDTA, 0.5 M KCl, 0.5 mM  
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DTT, pH 6.0) for a minimum of 4 hours at 4 °C, then loaded onto a methotrexate agarose 

column. The bound protein was washed with a high salt buffer (50 mM KH2PO4, 1 mM 

EDTA, 1 M KCl, 1 mM DTT, pH 6.0) until the total A280 and A260 of the eluate is ≤ 

0.05, at which time the DHFR protein was eluted with folate elution buffer (50 mM 

KH2PO4, 1 mM EDTA, 1 M KCl, 5 mM folic acid, 1 mM DTT, pH 9.0).  

Fractions containing DHFR activity were pooled and dialyzed with DEAE 

equilibration buffer (10 mM Tris, 1 mM EDTA, 1 mM DTT, pH 7.2) to wash off all the 

folate. The protein was the loaded onto DEAE ion-exchange column and eluted with a 

gradient of 0 – 40 % buffer B over 300 minutes, then 40 – 100 % buffer B over the next 

420 minutes. Buffer A is the equilibration buffer described above, and buffer B is DEAE 

elution buffer (10 mM Tris, 1 mM EDTA, 0.5 M KCl, 1 mM DTT, pH 7.2). Collected 

fractions were measured for A280, A260, and DHFR activity. Purified DHFR was 

concentrated to ~1 mg/mL via Amicon centrifugal ultrafiltration devices and stored at 4 

°C until use. Final protein concentration was estimated by Bradford protein assay. 

 

ii) DHFR activity assay 

DHF and NADPH master stock were prepared in MTEN buffer (50 mM MES, 25 

mM Tris, 0.1 M NaCl, 25 mM ethanolamine, pH 7.0) and the concentrations were 

estimated spectrophotometrically using the reagent’s extinction coefficients at 280 and 

340 nm, respectively. NADPH solution to a final concentration of 100 µM, and an 

enzyme sample were mixed to a final volume of 1 mL (MTEN buffer) minus the 

necessary volume of DHF. After 2 min of incubation, a baseline reading at 340 nm was 



 

 76 

 taken to verify zero activity. DHF was then added from a concentrated master stock to a 

final concentration of 50 µM, the sample was mixed, and the absorbance was read at 340 

nm for 1 minute. The rate of absorbance decline corresponds to Vo in µM/min and was 

calculated with the known extinction coefficient for the DHFR catalyzed reaction, 11,300 

M-1cm-1.74 

 

iii) DHFR protein labeling 

Labeling of monomeric DHFR and 13DHFR2 proteins was performed via the 

method of Kim et al.75 An aliquot of protein was reduced with 15 mM DTT for 2 hours at 

4 ˚C. Finely ground 90 % ammonium sulfate (w/v) was added and the slurry was stirred 

at 4 ˚C for one hour. Then, 20 nmol of protein slurry was spun down at 13,000g for 5 min 

at 4 ˚C and the pellet was washed twice with ice cold P500 buffer containing 90 % (w/v) 

(NH4)2SO4. The pellet was then dissolved in 400 µL P500 buffer containing 200 nmol of 

Alexa Fluor 488 C5- or 647 C2-maleimide. After 1 hour, 1 mM DTT was added to 

quench the reaction. The labeled protein was purified via size exclusion chromatography 

using a Sephadex G-75 column (GE Biosciences). The protein peak was collected and 

degree of labeling was quantified via A280/A494 or A280/A650 for Alexa488 or -647, 

respectively.  

 

iv) ALEX assay 

For monomeric homodimeric or heterodimeric complexes, equal parts Alexa488-

labeled DHFR and Alexa647-labeled DHFR were mixed and 1.1 equivalents of bis-MTX  
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was added. For 13DHFR2 proteins equal parts Alexa488-labeled protein and Alexa647-

labled protein were mixed, 3 equivalents of bis-MTX were added and the dimeric 

nanorings were purified by SEC. The dimeric peak was collected and the concentration 

determined by UV-vis spectroscopy. The sample was diluted to 50 pM prior to the 

analysis. The sample was analyzed via confocal microscopy wherein a small observation 

volume was excited alternately with lasers at 514 and 648 nm. Resulting fluorescent 

emission was filtered and divided between two detection channels by a dichroic mirror 

and fluorescent bursts recorded were during an analysis time of 5 min. The total number 

of separate and coincident fluorescent bursts was counted, and the number in each 

channel was expressed as a ratio of the total number of events.  

 

v) Synthesis of bis-MTX with reversed polarity (Bis-MTX-RP) 

Synthesis of Compound 1: t-BOC-5-benzyl oxycarbonyl protected glutamic acid (1 eq) 

and N-hydroxy succinamide (NHS, 1.2 eq) was weighed in a round bottom flask (RBF) 

containing ethyl acetate (50 ml). The solution was cooled to 0 °C and N,N'-

Dicyclohexylcarbodiimide (DCC, 1.2 eq) was added and stirred overnight at room 

temperature. The reaction mixture (activated ester) was filtered and the filtrate was 

washed with saturated NaHCO3 and brine and dried under vacuum. The activated ester 

was mixed with NaBH4 (1.05 eq) in tetrahydrofuran (THF) at 0 °C. Then 15 ml absolute 

ethanol was added to the reaction and stirred at 0 °C for 30 min. The reaction was 

quenched with saturated ammonium chloride solution and extracted with ethyl acetate. 

Ethyl acetate layer was dried over sodium sulfate and concentrated to get white powder.  
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Product was purified by flash chromatography using Ethyl acetate: Hexane (1:2). Product 

was characterized by mass spectrometry [M+ = 324.1440] and 1HNMR in CDCl3 (400 

MHz): δ 7.45 (m, 5H), δ 5.1 (s, 2H), δ 4.8 (broad s, 1H), δ 3.65 (t, 2H), δ 3.60 (m, 1H), δ 

2.5 (t, 2H), δ 1.8 (m, 2H), δ 1.45 (s, 9H). 

 

Synthesis of Compound 2: Compound 1 (1 eq), triethylamine (TEA, 2 eq) and 4-

dimethylaminopyridine (DMAP, trace amounts) were mixed with anhydrous 

dichloromethane (DCM) and stirred under argon at 0 °C. Tosylchloride (TsCl, 2 eq) was 

added slowly over 20 min and then the reaction mixture was stirred at room temperature 

overnight. DCM was added to the mixture and extracted with 0.1 N HCl, brine and 

water.73 The organic layer was dried over sodium sulfate and concentrated under vacuum. 

Product was purified by flash chromatography using 100 % DCM. Product was 

characterized by mass spectrometry [M+Na = 500.2337] and 1HNMR in CDCl3 (400 

MHz): δ 7.8 (d, 2H), δ 7.4 (d, 2H), δ 7.35 (m, 5H), δ 5.1 (s, 2H), δ 4.6 (broad d, 1H), δ 

4.1 (m, 1H), δ 4.0 (m, 2H), δ 2.45 (s, 3H), δ 2.4 (t, 2H), δ 1.8 (m, 2H), δ 1.45 (s, 9H). 

 

Synthesis of Compound 3: Compound 2 (1 eq) was mixed with sodium cyanide (10 eq) 

and stirred overnight in dimethyl formamide (DMF) at 40 °C in an oil bath. The reaction 

mixture was evaporated, diluted with DCM and washed with brine and water. Product 

was purified by flash chromatography using a gradient of 100 % DCM to 10 % methanol 

in DCM. Product was characterized mass spectrometry [M+Na = 355.1453] and 1HNMR 

in CDCl3 (400 MHz): δ 7.4 (m, 5H), δ 5.18 (s, 2H), δ 4.78 (broad d, 1H), δ 3.9 (m, 1H), δ 
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2.4-2.6 (m, 4H), δ 2.0 (m, 2H), δ 1.45 (s, 9H). 

 

Synthesis of Compound 4: Compound 3 (1 eq) was mixed with potassium carbonate (3 

eq) in solution of DCM:methanol:water (1:1:1) overnight at room temperature in a RBF. 

Reaction mixture was diluted with water and extracted with DCM and ethyl acetate. 

Then, the aqueous layer was made acidic and extracted with chloroform (3 times), the 

organic layer was dried over sodium sulfate and concentrated under vacuum. Product was 

characterized by mass spectrometry [M+Na = 265.2456] and 1HNMR in CDCl3 (400 

MHz): δ 4.8 (broad d, 1H), δ 3.9 (m, 1H), δ 2.4-2.6 (m, 4H), δ 2.0 (m, 2H), δ 1.45 (s, 

9H). 

 

Synthesis of Compound 5: Compound 4 (3 eq), diaminononane (1 eq), 

hydroxybenzotriazole (HOBt, 2 eq), triethylamine (TEA, 4 eq), 1-Ethyl-3-(3-

dimethyllaminopropyl)carbodiimide hydrochloride (EDC.HCl, 3.5 eq) was mixed with 

DCM in a RBF and stirred overnight at room temperature under argon. Then excess of 

DCM was added to the reaction mixture and washed successively with 0.1 N HCl, brine 

and water, dried over sodium sulfate and evaporated under vacuum. Product was purified 

by flash chromatography using a gradient of 100 % DCM to 10 % methanol in DCM. 

Product was characterized by mass spectrometry [M+ = 607.4875] and 1HNMR in CDCl3 

(400 MHz): δ 5.9 (broad s, 2H), δ 5.25 (broad d, 2H), δ 3.9 (m, 2H), δ 3.2 (m, 4H), δ 2.6 

(m, 4H), δ 2.3 (m, 4H), δ 2.0 (m, 4H), δ 1.48 (m, 4H), δ 1.45 (s, 18H), δ 1.3 (s, 10H). 
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Synthesis of Compound 6: Compound 5 (115 mg) was dissolved in 10 ml of ethanol:THF 

(4:1) in a hydrogenation flask. Raney Nickle (200 mg) was weighed, centrifuged in an 

eppendorf tube and water was removed. Then it was resuspended in 2M NaOH (1 ml) 

and was transferred to the flask. Pd/C (45 mg) was weighed (carefully as it catches fire) 

and immediately added to the flask. The flask was connected to the hydrogenator 

(pressure 45 Bars) and shake under hydrogen for 48 hrs. Filter the reaction mixture 

(carefully keeping everything wet with water), more water was added and extracted with 

DCM (3 times). Organic layer was dried over sodium sulfate and evaporated under 

vacuum. Product was characterized by mass spectrometry [M+ = 615.3491].  

 

Synthesis of Compound 7: Compound 6 (1 eq) was dissolved in DCM:TEA (1:1) in a 

RBF. Ethyltrifluoro acetate (2.5 eq) was added drop-wise to the mixture and stirred for 2 

hr under argon. Then, the reaction was rota-evaporated, saturated sodium bicarbonate was 

added and extracted 3 times with ethyl acetate. Organic layer was dried over sodium 

sulfate and evaporated under vacuum. Product was purified by flash chromatography 

using 5 % ethyl acetate in hexane. Product was characterized by mass spectrometry [M+ 

= 807.2672] and 1HNMR in CDCl3 (400 MHz): δ 8.0 (broad s, 2H), δ 5.7 (broad s, 2H), δ 

5.9 (broad d, 2H), δ 3.8 (m, 2H), δ 3.6 (m, 2H), δ 3.2 (m, 4H), δ 2.6 (m, 4H), δ 2.3 (m, 

4H), δ 1.8 (m, 4H), δ 1.6 (s, 4H), δ 1.48 (m, 4H), δ 1.45 (s, 18H), δ 1.3 (s, 10H). 

 

Synthesis of Compound 8: Compound 7 (35 mg) was stirred with 5 % trifluoroacetic acid 

(TFA) in 10 ml DCM for 4 hr. The reaction mixture was evaporated to dryness under 
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vacuum. Product was characterized by mass spectrometry [M2+ = 304.176].  

 

Synthesis of Compound 9: Compound 8 (1 eq), pteroic acid (3 eq), hydroxybenzotriazole 

(HOBt, 1 eq), triethylamine (TEA, 4 eq), 1-Ethyl-3-(3-

dimethyllaminopropyl)carbodiimide hydrochloride (EDC.HCl, 3.5 eq) was mixed with 

DMF in a RBF and stirred overnight at room temperature under argon. The reaction was 

evaporated to dryness. Product was purified by flash chromatography using a gradient of 

DCM 100 % to methanol in DCM (20 %). The product was further purified by HPLC 

using 0.1 % TFA in water (solvent A) and 0.1 % TFA in acetonitrile (solvent B) with a 

gradient of 2 to 100 % solvent B. Product was characterized by mass spectrometry [M+ = 

1221.6255]. 

 

Synthesis of Compound 10: Compound 9 was stirred with 5 ml on 1N NaOH overnight at 

40 °C. The crude reaction was then suspended in 10 ml water and centrifuged to remove 

all the salts. The pellet was dissolved in DMSO and injected onto HPLC for purification. 

The fully deprotected product peak was collected using the same gradient used in the 

previous step. Product was characterized by mass spectrometry [M+ = 1029.7170]. 
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Chapter 3 

Oligonucleotide Delivery By CSANs 
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Chapter 3 (A) : Oligonucleotide Functionalized CSANs (Gangar, A., JACS, 2013) 

I. Introduction 

i] Conjugating nucleic acids to proteins 

Semisynthetic oligonucleotides have various applications in terms of targeted 

cellular delivery and nanostructures assembly.76,77 Therapeutic nucleic acid based drugs 

such as oligonucleotides and siRNA’s are currently in various stages of preclinical and 

clinical development. Clinical progress has been slow due to poor cellular uptake, 

undesirable pharmacokinetics, off-target toxicity and rapid degradation of the nucleic 

acids in-vivo.76,78,79 Some of these disadvantages could be overcome by conjugating the 

nucleic acids to small molecule drugs, targeting proteins and peptides.79-80 Nucleic acids 

conjugated with hydrophobic small molecules such as admantine acetic acid, myristic 

acid, cholesterol and their derivatives have been used in the past to achieve cellular 

delivery.81 However, conjugating with hydrophobic small molecules led to high liver 

accumulation leading to liver toxicity and rapid metabolism by cytochrome P450 

enzymes.81  

Low and coworkers have shown that targeted cellular delivery can be achieved by 

conjugating nucleic acids to folic acid. Folate receptors are over-expressed on various 

solid cancers and can be used for targeted drug delivery.82 The small size of the drug-

nucleic acid conjugate can lead to rapid elimination from circulation and acquired 

resistance to folate uptake by cancerous cells could pose a potential hurdle to their 

anticancer efficacy. 68 
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Niemeyer and co-workers have used a streptavidine-biotin approach to non-

covalently conjugate oligonucleotides to the antibodies.83 In this work they have 

separately attached biotin to oligonucleotides and antibodies. The authors have then 

assembled biotinylated oligonucliotides and antibodies together using tetravalent 

streptavidine and demonstrated its use for immuno-polymerase chain reaction assay 

(immuno-PCR assay). Similar approaches are reported in the literature where 

oligonucleotides are biotinylated via solid-phase phosphoramidite chemistry and 

targeting protein is fused with streptavidine (fusion protein).84  

In addition to the above methods, there are numerous reports in the literature 

where modified nucleic acid containing groups such as maleimide and N-hydroxy 

succinimide are incorporated during solid-phase phosphoramidite nucleic acid synthesis. 

These modified nucleic acids can directly react with the free cysteine and amine of 

proteins.85 Although these methods make the conjugation easier, some of these methods 

involve tedious synthesis with lots of steps and low yield reactions. Further, if the 

proteins have several free cysteines or amines then, one will get a mixture of different 

species (variable number of nucleic acids per protein). Separation of such a mixture of 

species is generally not possible.86 To overcome some of these above problems, we 

proposed a novel method for linking oligonucleotides to proteins non-covalently via 

DHFR (dihydrofolate reductase) fusion proteins.  
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ii] Oligonucleotide functionalized CSANs 

Previously, we have reported that chemically self assembled antibody 

nanostructures (CSANs) can be prepared by oligomerizing single chain variable fragment 

(scFv) containing dimeric dihydrofolate reductase fusion proteins (DHFR2-scFv) with a 

bis-methotrexate (bis-MTX) ligand.54 For example, antiCD3 CSANs prepared from 

DHFR2antiCD3 protein have been shown to interact with CD3+ T-cells in a tissue 

specific manner similar to that of the parent antiCD3 monoclonal antibody and to be 

internalized by clathrin mediated endocytosis.55 We hypothesized that DHFR2antiCD3 

proteins could be used to carry single stranded oligonucleotides and DNA duplexes, with 

attached cargoes, inside cells via modification of bis-MTX. 

We have prepared a bis-MTX molecule with a third arm containing a terminal 

amine (Chapter 1, Figure 11 A). This amine can be used for linking drugs, 

oligonucleotides, dyes and radiolabels to bis-MTX.56 This terminal amine was further 

attached to a maleimide group (Figure 1). This maleimide could be used for attaching 

thiolated oligonucleotides via thio-maleimide reaction to form bis-MTX-oligo. Our 

hypothesis was that when 13DHFR2 antiCD3 proteins are mixed with bis-MTX-oligo, 

they will spontaneously assemble into monomer and dimeric CSANs functionalized with 

oligonuclotides (Figure 2).  
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Figure 1: Synthesis of bis-methotrexate-maleimide87  
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Figure 2: Scheme for formation of monomeric and dimeric oligonucleotide 

functionalized CSANs 

 

 

 

 

 

 

 

 

13DHFR2antiCD3 contains two DHFR proteins (grey) and an antiCD3 scFv (blue). Bis-

MTX-oligo-FITC has bis-MTX (green), attached to the oligo (blue), which is labeled 

with FITC (orange)87. 
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Bis-MTX-Oligo-
FITC 

Oligo Functionalized 
Monomeric CSANs 

Oligo Functionalized 
Dimeric CSANs 
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iii] Oligonucleotide mediated protein assembly 

Oligonucleotide functionalized proteins can be assembled into two and three-

dimensional nanostructures with the help of complementary Watson-Crick base 

pairing.77,88 Distefeno and coworkers have conjugated green fluorescence protein (GFP) 

to oligonucleotides using azide-alkyne click chemistry. Using complementary 

oligonucleotides, they have hybridized them into a GFP-DNA tetrahedron (Figure 3A).77 

Saito and co-workers have shown that RNA assembled in an equilateral triangle can be 

used to assemble a RNA binding protein L7Ae at their edges (Figure 3B). Such 

approaches can be explored to increase the number of proteins per nanostructures to 

thereby increase the binding avidity.88  

 

iv] Oligonucleotide mediated CSANs assembly 

With the possibility to obtain the oligonucleotide functionalized monomeric 

CSANs, we proposed to explore this idea to assemble higher order CSANs. Two such 

monomeric CSANs bearing complementary oligonuclotides can be formed in parallel. If 

these two monomeric CSANs are incubated overnight at 4 °C, the complementary DNA 

strands will hybridize to linking the two monomers together. i.e. 13DHFR2 antiCD3 

duplex DHFR2 bodipy (Figure 4). With this approach we propose to link two different 

proteins together non-covalently via our DHFR-methotrexate system.  
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Figure 3: Examples of protein assembly by DNA/RNA hybridization 

 

 

 

 

 

 

 

 

Molecular modeling structure (A) of green fluorescence protein (GFP, white) assembled 

into a tetrahedron using DNA (blue).77 Figure (B) represents two RNA strands (strand 1 

shown in blue and red; and strand 2 shown in green and grey) assembled into an 

equilateral triangle and three L7Ae RNA binding proteins (yellow) bound.88 
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Figure 4: Scheme for the formation of oligonucleotide assembled CSANs87 

 

 

 

 

 

 

 

 

Scheme for formation of DHFR2 antiCD3 duplex (upper scheme) and DHFR2 antiCD3 

duplex DHFR2 bodipy (lower scheme) CSANs. 13DHFR2antiCD3 contains two DHFR 

proteins (grey) and an antiCD3 scFv (blue). Bis-MTX-oligo-FITC has bis-MTX (green), 

attached to the oligo (blue), reverse complement oligo (red), which is labeled with FITC 

(orange) and bodipy dye labeled to C-terminal of DHFR2 protein (red star).87 

Oligo Functionalized 
Monomeric CSANs 

DHFR2 antiCD3 Duplex 

DHFR2 antiCD3 Duplex 
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Oligo Functionalized 
Monomeric DHFR2 
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II. Results and Discussion 

i]  Synthesis of bis-MTX-oligonucleotide conjugates 

 Bis-MTX-maleimide was synthesized from bis-MTX-amine and N-succinimidyl 

4-maleimidobutyrate. The product was purified by HPLC and characterized by mass 

spectrometry and NMR. Bis-MTX-maleimide was used to link oligonucleotides. 

Oligonucleotides bearing a 3’ protected thiol were purchased from IDT (Integrated DNA 

Technologies). Several thiol deprotection methodologies, such as incubation with 

dithiothreitol (DTT), Tris (2-carboxyethyl) phosphine hydrochloride (TCEP) and DTT 

functionalized on beads (Gold Biotechnology, USA) were evaluated. However, 

incubation with 100 equivalents of DTT in Tris –EDTA buffer for 24 hr yielded 100 % 

deprotection. After removing DTT, the thiolated oligo was incubated with 2.5 equivalents 

of bis-MTX-amine for 48 hr at room temperature (Figure 5). Excess bis-MTX-maleimide 

was removed by amicon and the bis-MTX-oligo conjugates were characterized by liquid 

chromatography mass spectrometry (LCMS). In order to study the uptake of bis-MTX-

oligo conjugates by cells, bis-MTX maleimide was incubated with oligo bearing a 3’ thiol 

and 5’ fluorescein (FITC). The resulting bis-MTX-oligo-FITC was used for confocal 

microscopy and flow cytometry studies. 
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Figure 5: Scheme for the synthesis of bis-MTX-oligonucleotide from thiolated 

oligonucleotide and bis-MTX-maleimide87 
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ii]  Characterization of CSANs by size exclusion chromatography 

Incubation of bis-MTX-oligo-FITC with DHFR2antiCD3, which has a 13 amino 

acid linker between the DHFR proteins, results in a mixture of dimeric and internal 

monomeric antiCD3 nanorings as analyzed by size exclusion chromatography (Figure 6 

A). The black line reveals that DHFR2antiCD3 (68 kDa) elutes as a single peak with a 

retention time of 32.7 min. Upon incubation with bis-MTX oligo FITC, this peak 

disappears and two new prominent peaks appear, at 27.5 and 30.6 min (blue line). Both 

of these peaks show absorbance at 494 nm, revealing the presence of FITC labeled 

oligonucleotide in the eluted species. The elution profile is similar to that obtained when 

bis-MTX is incubated with DHFR2antiCD3, although there appears to be a shift toward 

more internal monomer when bis-MTX-oligo-FITC is used for the dimerization. When 

DHFR2antiCD3 is incubated with bis-MTX the internally cyclized DHFR2antiCD3 peak 

elutes slightly later than DHFR2antiCD3, due to the decreased hydrodynamic radius of 

the species. Here, the internal monomeric species is larger than DHFR2antiCD3 alone as 

bis-MTX-oligo-FITC is of higher molecular weight and will have a greater 

hydrodynamic radius as compared to bis-MTX. 

In order to reduce the heterogeneity of the species formed, 13DHFR2antiCD3 was 

preincubated with NADPH prior to addition of the bis-MTX-oligo-FITC. This resulted in 

the formation of only the intramolecular dimer species as analyzed by SEC (Figure 6 B, 

red trace). NADPH is the cofactor that binds to the DHFR enhances the affinity of MTX 

for DHFR by at least 100-fold.  
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Figure 6: SEC for the formation of bis-MTX-Oligo CSANs 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

13DHFR2 antiCD3 (black trace), 13DHFR2 antiCD3 mixed with bis-MTX-oligo FITC 

(blue trace), and 13DHFR2 antiCD3 preincubated with NADPH and mixed with bis-

MTX-oligo-FITC (red trace). When 13DHFR2 antiCD3 is preincubated with NADPH 

and mixed with bis-MTX-oligo FITC we observe a decrease in formation of dimer and 

corresponding increase in formation of monomeric CSANs. 
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When first MTX of the bis-MTX binds to the DHFR (bound NADPH), due to 

higher effective molarity and increased binding affinity the second MTX quickly binds to 

the second DHFR favouring intramolecular dimerization. This can be observed by the 

decrease in the absorbance of the peak eluting at 27.5 min and a concomitant increase in 

the peak eluting at 30.6 min (red trace), as compared to the elution profile when the 

species are mixed in the absence of NADPH (blue trace). Preincubation with NADPH has 

a similar affect on the elution profile when the protein is mixed with bis-MTX. 

 

iii]  Subcellular localization of bis-MTX-Oligo CSANs by confocal microscopy 

Bis-MTX oligo FITC and 13DHFR2antiCD3 were incubated with HPB-MLT 

cells at either 4 or 37 °C, after which the cells were imaged by fluorescence confocal and 

differential inference contrast (DIC) microscopy. Green fluorescent punctates were 

observed inside cells treated with antiCD3-oligo CSANs at 37 °C, thus indicating that the 

bis-MTX-oligo-FITC has been endocytosed along with DHFR2antiCD3 (Figure 7 A, 

upper panel). These results were in parallel with the green fluorescent punctates obtained 

upon incubation of commercially available antiCD3 monoclonal antibody (FITC labeled 

UCHT-1) with HPBMLT cells.55 Cells treated at 4 °C show green fluorescence on the 

cell surface suggesting that at this temperature DHFR2antiCD3, with bis-MTX oligo 

FITC, binds to the CD3 receptor on the cell membrane but is not internalized. The 

temperature dependence of internalization indicates that endocytosis occurs via an energy 

dependent mechanism, which is consistent with the internalization of CD3 (Figure 7 A, 

lower panel). Further, higher order CSANs such as DHFR2 antiCD3 duplex (Figure 7 B) 
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and DHFR2 antiCD3 duplex DHFR2 bodipy (Figure 7 C) were tested for ability to be 

delivered to HPB-MLT cells.  

DHFR2 antiCD3 duplex was formed by mixing 13DHFR2antiCD3 (preincubated 

with NADPH) with bis-MTX-oligo to form antiCD3 oligo CSANs which were then 

incubated with FITC labeled reverse complement oligo (Figure 4). DHFR2 antiCD3 

duplex DHFR2 bodipy was formed by mixing 13DHFR2 antiCD3 and 13DHFR2 bodipy 

fluorescein (preincubated with NADPH) with bis-MTX-oligo and bis-MTX-reverse 

complement oligo to form individual monomeric CSANs. These monomers were then 

mixed in 1:1 ratio and incubated overnight to form the DHFR2 antiCD3 duplex DHFR2 

bodipy CSANs. Both the higher order CSANs showed binding and internalization to 

HPBMLT cells at 4 °C and 37 °C respectively (Figure 7 B and 7 C). 

 

iv]  Colocalization of antiCD3 oligo CSANs by confocal microscopy 

Colocalization experiments were performed to confirm that the temperature 

dependent internalization indicates that endocytosis occurs via an energy dependent 

mechanism, which is consistent with the internalization of CD3. Co-localization studies 

at 37 °C with Alexa Fluor 594 labeled transferrin (marker of receptor-mediated 

endocytosis) was performed. The results suggested that 13DHFR2antiCD3, with bis-

MTX oligo FITC (Figure 8 B) localize to the endosomes, in a similar manner to FITC 

labeled commercially available antiCD3 monoclonal antibody UCHT-1 (Figure 8 A). 

This also suggests that the construct follows an internalization mechanism similar to 

transferrin, which relies on clathrin dependent endocytosis. 
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Figure 7: Confocal microscopy results of oligonucleotide functionalized CSANs 

 

 

 

 

 

 

 

 

Confocal microscopy results of antiCD3 oligo CSANs (A), DHFR2 antiCD3 duplex (B), 

DHFR2 antiCD3 duplex DHFR2 bodipy (C) at 37 °C (upper panel, overlay of DIC and 

FITC channel) and 4 °C (lower panel, FITC channel)87 
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Figure 8: Confocal microscopy to evaluate the internalization mechanism of 

antiCD3 oligo CSANs 

 

 

 

 

 

 

 

 

 

Colocalization of FITC labeled UCHT-1 (A) and antiCD3 CSANs (B) with Alexa Fluor 

594 labeled transferrin in HPB-MLT cells at 37 °C. FITC channel (green), Alexa Fluor 

594 channel (red) and overlay (yellow) 
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v]  Flow cytometry results for binding of bis-MTX-oligo CSANs to HPB-MLT 

cells 

 Binding ability of the CSANs to HPBMLT cells was evaluated by flow 

cytometry. Bis-MTX-oligo FITC and 13DHFR2antiCD3 were incubated with HPB-MLT 

cells at 4 °C for 1 hr. Cells were washed three times with PBS and analyzed for increase 

in fluorescence using flow cytometry. The antiCD3 oligo CSANs bind to HPB-MLT cells 

via CD3 receptor (Figure 9 A, green) and the binding was similar to FITC labeled 

commercially available antiCD3 monoclonal antibody i.e UCHT-1 (Figure 9 A, blue). 

Unstained HPBMLT cells had very little fluorescence (Figure 9 A, shaded grey). 

 Further, binding of higher order nanostructures such as DHFR2 antiCD3 duplex 

(Figure 9 B, blue) and DHFR2 antiCD3 duplex DHFR2 bodipy (Figure 9 B, orange) was 

similar to UCHT-1 (Figure 9 B, green). Bis-MTX-oligo-FITC (Figure 9 B, red) has very 

little non-specific binding to HPB-MLT cells (Figure 9 B, shaded grey). The successive 

decrease in HPB-MLT cell binding was observed going from antiCD3 oligo, DHFR2 

antiCD3 duplex to DHFR2 antiCD3 duplex DHFR2 bodipy. This is due to that fact that 

antiCD3 single chain antibody and FITC fluorophore were attached to opposite ends of 

the CSANs and formation of DNA duplex was not quantitative at 4 °C. 
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Figure 9: Binding of CSANs to HPB-MLT cells by flow cytometry 

 

 

 

 

 

 

 

 

Flow cytometry results of CSANs binding to HPBMLT cells (A, B, grey shaded). 

AntiCD3 oligo CSANs (A, green), UCHT-1 (A, blue and B, green), DHFR2 antiCD3 

duplex (B, blue), DHFR2 antiCD3 duplex DHFR2 bodipy (B, orange) and bis-MTX-

oligo-FITC (B, red). 

!" #"



 

 101 

III. Conclusion 

We have demonstrated the use of DHFR2antiCD3 scFv fusion proteins for the 

targeted cellular delivery of single stranded oligonucleotides through attachment to bis-

MTX, a ligand for DHFR2 proteins. We have also shown that oligonucleotide conjugated 

small molecules and proteins can be delivered to cells through formation of double 

stranded helices. The modular nature of this system should be useful for the delivery of a 

variety of cargoes (nucleic acids, small molecules, proteins) to cells for which an 

internalizing scFv or peptide is known. Delivery of cargoes to different cells can be 

achieved by simply replacing the antiCD3 scFv on DHFR2 fusion proteins with other 

targeting peptides or scFv’s. Compared to other oligonucleotide conjugation approaches, 

the ease of the production of DHFR2 fusion proteins, the robustness of the binding of 

DHFR2 to bis-MTX and the control over binding stoichiometry are attractive features of 

this system. In the future, each of the three constructs antiCD3 oligo CSANs, DHFR2 

antiCD3 duplex and DHFR2 antiCD3 duplex DHFR2 bodipy will be used for the delivery 

of antisense oligonucleotides, siRNAs and toxins (diphtheria toxin), respectively. 
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III. Materials and Methods 

i] Synthesis of bis-MTX-Maleimide from bis-MTX-amine 

N-Succinimidyl 4-maleimidobutyrate was synthesized by previously reported 

method in literature.89,90 The synthesis of bis-MTX-NH2 has been reported by us 

previously.56 Bis-MTX-NH2 was mixed with 5 eq of N-succinimidyl 4-

maleimidobutyrate and 1 eq of N, N, - diisopropylethylamine (DIPEA) in dimethyl 

formamide (DMF) and stirred at room temperature overnight (Figure 1). The product was 

then purified by HPLC using 0.1% TFA in water (solvent A) and 0.1 % TFA in 

acetonitrile (solvent B) on Haisil 100°A C8 RP column (5 µm, 250 x 10 mm, Haggins 

Analytical Inc). Product peak was isolated using a gradient of 2 % to 50 % B in 30 min 

and then to 100% in 5 min. Relevant fractions were pooled and lyophilized prior to 

storage (yield 1.5 mg, 75 %). Bis-MTX-Maleimide was characterized by 1H NMR 

(Figure 10) and ESI mass spectrometry. 

1H NMR (400 MHz, CD3OD): δ 8.55 (s, 2H), δ 7.67 (d, 4H, J = 8.8 Hz), δ 6.77 

(d, 4H, J = 8.8 Hz), δ 6.68 (s, 2H), δ 4.82 (s, 4H), δ 4.44 (m, 2H), δ 3.70 (t, 2H), δ 3.53 

(m, 4H), δ 3.41 (m, 4H), δ 3.24 (m, 4H), δ 3.17 (s, 6H), δ 3.07 (m, 6H), δ 2.27 (t, 4H), δ 

2.19 (m, 2H), δ 2.07 (t, 2H), δ 1.98 (m, 4H), δ 1.74 (m, 2H), 1.62 (m, 4H), 1.45 (m, 4H), 

1.28 (m, 4H). ESI-MS - Low resolution:  calculated for [(M+H)+] C64H86N21O13: 1356.7. 

Found 1356.9. High resolution calculated for [(M+2H)2+/2] C64H87N21O13
2+ : 678.8391 

found: 678.8401. 
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Figure 10: 1H NMR of bis-MTX-maleimide in CD3OD  
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ii] Synthesis of bis-MTX-oligonucleotide 

 Thiol protected oligonucleotides were purchased from IDT (Integrated DNA 

Technologies) and deprotected by 100 equivalents of dithiothreitol (DTT) in TE Buffer 

(Tris 10 mM, EDTA 1 mM, pH 7.5) for 24 hr. DTT was removed by eluting the 

oligonucleotides through G25 spin columns (GE Healthcare Lifescience). Thiolated 

oligos were then magnetically stirred with 2.5 eq of bis-MTX-maleimide in TE buffer for 

48 hr at room temperature (Figure 5). Excess bis-MTX-maleimide was then removed by 

centrifugation using an amicon (3 kDa MWCO, 7x with TE Buffer). Conjugates were 

analyzed by LC-ESI-MS. 

 

iii] LC-ESI-MS analysis of bis-MTX-oligonucleotide 

Completion of reaction and formation of products were evaluated by LC-ESI-MS. 

For LC, Zorbax SB-C18 column (150 mm x 0.5 mm, 5 µm, Agilent Technologies, Inc.) 

was used. The reaction mixture was eluted with 15 mM ammonium acetate (pH 6.6) (A) 

and 100 % acetonitrile (B) with gradient of 2 % B to 75 % B over 35 min. Traces for bis-

MTX-oligo-Fluorescein (5’ Fluorescein TGTCATATTCCTGGATCC- bis-MTX 3’) – 

m/z = 7488, bis-MTX-oligo (5’ TGTCATATTCCTGGATCCTT- bis-MTX 3’) – m/z = 

7559, bis-MTX-ocmpliment-oligo (5’ GGATCCAGGAATATGACA- bis-MTX 3’) – 

m/z = 7066 are given below in Fig 11 (A), (B) and (C), respectively. In figures 11 below, 

1st channel is TIC (Total Ion Current), 2nd
 channel is UV 302 nm (bis MTX), 3rd channel 

is for UV 260 nm (DNA), 4th channel is ionization spectra and 5th
 channel is deconvoluted 

mass spectra. 
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 Figure 11 (A): LC-ESI MS of bis-MTX oligo Fluorescein (FITC) 
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Figure 11 (B): LC-ESI MS of bis-MTX oligo  
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Figure 11 (C): LC-ESI MS of bis-MTX reverse compliment oligonucleotide  
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iv] Cell culture 

HPB-MLT (T leukemia) cells were cultured in RPMI -1640 media (Lonza) 

supplemented with 10 % (v/v) fetal bovine serum, L-Glutamine (2 mM final 

concentration), penicillin (100 units/mL), and streptomycin (100 µg/mL) in a humidified 

incubator with 5 % CO2 at 37 °C. 

 

v] 13DHFR2 Bodipy Fluorescein labeling 

13DHFR2 was labeled with BODIPY-FL (Invitrogen) via cysteine - maleimide 

linkage, using a modification of a literature procedure.75 13DHFR2 proteinwas first 

reduced with 100 eq. dithiothreitol (DTT) for 2 hr at 4 °C. Then 13DHFR2 was 

precipitated with 90 % (w/v) ammonium sulfate by stirring at 4 °C for 1 hr. Protein slurry 

was subjected to centrifugation at 13000 x g for 5 min at 4 °C. Pellet was washed two 

times with P500 buffer (0.5 M NaCl, 50 mM KH2PO4, 1mM EDTA, pH = 7.0) 

containing 90 % ammonium sulfate. Washed protein pellet was resuspended in P500 

buffer containing 10 eq. of BODIPY-FL maleimide dye (Invitrogen) and stirred at room 

temperature for 1 hr. After 1 hr, the reaction was quenched with 1 mM DTT. The labeled 

protein was further purified by SEC (size exclusion chromatography) using a G75/ G200 

Superdex (GE Healthcare Lifesciences) column. More than 95 % protein labeling was 

achieved as determined by UV-Vis spectroscopy. 
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vi] Confocal Microscopy 

0.5 X 106 HPB-MLT cells were treated with FITC or Bodipy labeled constructs (1 

µM) at either 4 or 37 °C for 1 hr in RPMI media. Cells were then pelleted by 

centrifugation (400 x g, 5 min). After being washed twice with PBS (phosphate buffered 

saline) cells were incubated on Poly-Prep slides coated with poly-L-Lysine (Sigma) at 4 

or 37 °C for 30 min. Cells were then fixed with 4 % paraformaldehyde solution for 10 

min and washed thrice with PBS. Finally, cells were treated with ProLong Gold Antifade 

reagent with DAPI (Invitrogen), and a cover slip was applied. After overnight incubation 

they were imaged by fluorescence confocal microscopy using Olympus FluoView 1000 

BX2 Upright Confocal microscope. Co-localization experiments were performed by 

incubating cells with either FITC labeled UCHT-1 or 13DHFR2antiCD3 + bis-MTX 

oligo FITC with Alexa Fluor 594 labeled transferrin (Invitrogen) for 30 min at 37 °C 

before washing and continuing slide preparation as above. 

 

vii] Flow Cytometry 

1 X 106 HPB-MLT cells were treated with FITC or BODIPY labeled constructs 

(1/ 0.5/ 0.1 µM) at 4 °C for 1 hr in PBS buffer (containing 0.05 % BSA and 0.1 % sodium 

azide). Cells were pelleted (400 x g, 10 min), washed twice, and finally resuspended in 

the supplemented PBS and their fluorescence was analyzed with a FACSCalibur flow 

cytometer (BD Biosciences).  
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Chapter 3 (B): Anti-sense Oligonucleotide Delivery (Gangar, A., Mol. Pharm., 2013) 

I. Introduction 

i]  Nucleic acid based drugs 

Synthetic nucleic acids such as antisense oligonucleotides (ASOs), small 

interfering RNA (siRNA), short hairpin (shRNA) are being widely studied for the 

treatment of various diseases such as hepatitis B, hypercholesterolemia and cancer.91,92 

The mechanism of action of these drugs vary slightly but the overall goal is to knock 

down the expression of the target protein synthesis. Antisense oligonucleotides (ASO) are 

single stranded pieces of DNA which when successfully delivered into the cell cytoplasm 

hybridize with the target mRNA and down regulate the protein translation by blocking 

ribosome binding, recruiting RNase H for degradation or modulating splicing (Figure 12 

A). In contrast, siRNA is delivered as double stranded and inside the cell it forms RNA-

induced silencing (RISC) complex with argonaute proteins (AGO) followed by 

separation of the passenger strand. This RISC complex stays inside the cell and 

catalytically degrades the target mRNA (Figure 12 B).78 Currently, about 22 

oligonucleotide-based drugs are in various stages of clinical trials and many more are in 

pre-clinical development.78,93 A major hurdle associated with the development of nucleic 

acids, including oligonucleotide-based drugs is their delivery and cellular uptake by the 

target tissue. The inherent hydrophilicity and charged nature of oligonucleotides are 

significant barriers to their transport across the hydrophobic cell membranes to their site 

of action i.e. cytoplasm or nucleus. This limitation was addressed with a number of 

molecular designs that involve the direct conjugation of oligonucleotides to various cell  



 

 111 

Figure 12: Mechanism of action of antisense oligonucleotides (ASO) and siRNA 

  

  

 

 

 

 

 

 

 

Mechanism for the knockdown of target protein by antisense oligonucleotides (ASO) (A) 

and siRNA (B). ASO is a single stranded piece of DNA (red) which hybridizes to the 

target mRNA (blue) and inhibits the translation of mRNA to protein. siRNA is double 

stranded piece of RNA that contains passenger strand (blue) and guide stand (red). The 

guide strand forms RISC complex with argonaute proteins (AGO). This RISC complex 

catalytically binds to the target mRNA (long blue line) and knocks down its translation. 

Figure was adapted from Corey et. al.78 
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surface receptor targeted antibodies, peptides, small molecules, aptamers and 

nanoparticles enabling the receptor mediated endocytosis of the oligonucleotides.94,95,96 

Muthusami and coworkers have developed anti-CD20 monoclonal antibody 

(rituximab) - conjugated immunoliposomal nanoparticles (RIT-INPs) that can be used for 

the targeted delivery of siRNA. The siRNA selected for this study targets the 

antiapoptotic bcl-2 gene that prevents cell death by preventing its apoptosis. They 

demonstrated that siRNA encapsulated nanoparticles significantly improved the survival 

of CD20 positive Raji tumor bearing mice.97  

McNamara and coworkers have demonstrated that an aptamer can be used for 

targeted delivery of siRNA for the knock down of polo-like kinase 1 (PLK-1) gene that is 

over-expressed in most of the cancer cells. The aptamer used in the study targets the 

prostate specific membrane antigen receptors (PSMA) that are over-expressed in prostate 

cancer cells. The PSMA aptamer was linked to the 21-mer siRNA PLK-1 via a 34 base 

nucleic acid linker. The PSMA PLK-1 chimera was shown to reduce the size of LNCaP 

prostate tumor in mice model.98 

Small peptides can be used for the targeted delivery of nucleic acid based drugs. 

Kokkoli et al. have written a review covering a wide range of small peptides used for 

targeted delivery of drugs to various solid tumors such as breast, prostate, colon, etc.99 

Petrenko and coworkers have demonstrated that siRNA targeting glyceraldehyde 3-

phosphate dehydrogenase (GADPH) protein can be delivered with the help of small 

peptides targeting breast cancer cells. Peptides targeting breast cancer MCF-7 cells were 

selected using phage display. 
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In-vitro results show that targeted knock down of GADPH protein was achieved in MCF-

7 cells.100  

 

ii]  Cyclic RGD peptide for targeted drug delivery 

Arginine-glycine-aspartic acid (RGD) is the cell adhesion sequence that was 

discovered from fibronectin in 1984.101 Cyclic forms of this peptide (cyclic RGD) have 

been shown to bind to the cell surface integrins, with some specificity for αvβ3. Integrins 

such as αvβ3 are expressed at a lower level on epithelial and endothelial cells.102 

However, they are over-expressed on solid tumors, including head and neck and breast 

tumors as well as during the formation of nascent tumor blood vessels by 

angiogenesis.103,104 The peptide RGD (and analogues) is being widely studied for both 

drug delivery and tumor imaging applications.105,106 Due to its simple structure, cRGD 

can be easily cloned into a protein sequence or prepared synthetically.102 Miura and 

coworkers have developed cRGD functionalized polymeric nanoparticles containing 

oxaliplatin.107 The cRGD bearing polymeric nanoparticles when administered 

systemically cross the mice blood brain barrier. The authors have demonstrated that the 

targeted nanoparticles produce significantly more U-87 glioblastoma regression 

compared to the parent drug (oxaliplatin) in mice model. Jacobson and coworkers have 

used a modified RGD peptide (cyclic RGDFK) for positron emission tomography (PET) 

imaging using 89Zr radiotracer.108 They have conjugated the peptide to the metal chelator 

desferrioxamine via 3 PEG molecules (89Zr-FK-PEG3). The authors have demonstrated 

that 89Zr-FK-PEG3 provided high-resolution images of orthotropic MDA-MB 231 breast 
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tumors in mice.108 RGD4C is the cyclic peptide with amino acid sequence of 

CDCRGDCFCG. The peptide is cyclised via two disulfide linkages.109 

 

 iii]  Targeting eukaryotic translation initiation factor 4E (eIF4E) in cancer 

 eIF4E is the key rate-limiting component in cap-dependent translation – the 

major mechanism for protein synthesis within cells.110,111 In solid tumors, eIF4E is over-

expressed or hyperactivated, feeding the oncoprotein addiction of the malignant 

cells.110,112 Graff and others have demonstrated that knocking down eIF4E protein in the 

cancer cells decreases cell growth, induces apoptosis and increases cell sensitivity 

towards common chemotherapeutic agents and radiation.113,114,115 eIF4E is involved in 

acquired resistance of cancerous cells through up-regulation of efflux transporters leading 

to resistance to common chemotherapeutic agents such as cisplatin and gemcitabine.114 

Zang and coworkers have demonstrated that knocking down eIF4E protein via shRNA 

can increase the sensitivity of MCF-7 breast cancer tumors to cisplatin.114 Tofilon and 

coworkers demonstrated that knocking down eIF4E by siRNA causes increased killing of 

three different cancer cells lines when exposed to radiation. They have demonstrated that 

eIF4E is involved in the up-regulation of the proteins that help in rescuing the cells from 

radiation induced stress.115 ASOs targeting eIF4E are currently in clinical 

development.116 
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iv]  Modified nucleic acids  

Unmodified single stranded nucleic acids are prone to nuclease degradations.78 

Several phosphodiester backbone modifications are reported in the literature, such as 

phosphonoacetate, phosphonoformate, thiophosphonoacetate, RC5’ Sp diastereoisomer 

of CNA (constrained nucleic acids), formacetal and phosphorothioate (Figure 13). These 

modifications provided good nuclease resistance but there was some compromise on the 

hybridization (binding) with the target RNA.78,117 The phosphorothioated 

oligonucleotides have improved plasma and cell stability and plasma protein binding, and 

thus possess better pharmacokinetics than unmodified oligonucleotides. To improve the 

RNA binding ability, several modifications of the sugars were performed, such as 2’-O-

methyl (2’-O-Me), 2’-fluoro (2’-F) and 2’-O-methoxyethyl (2’ MOE) (Figure 14).78 

These modifications significantly increase the binding affinity of the modified DNA for 

the target mRNA. Thus, therapeutic oligonucleotides are generally designed with 

phosphorothioated (modified) backbones to impart stability from the endo and 

exonucleases. In addition, the first and last five nucleotide sugars are 2’-MOE modified 

to improve RNA/DNA hybridization leaving an 8/10 base gap (gapmer) in the center. 

This gapmer serves as a good RNAse H cleavage site.78 
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Figure 13: Phosphodiester backbone modifications of nucleic acids  

 

 

 

 

 

 

 
 

Phosphodiester backbone modifications such as Phosphonoformate (1), phosphonoacetate 

(2), thiophosphonoacetate (3), RC5’ Sp diastereoisomer of constrained nucleic acids 

(CNA) (4), formacetal (5) and phosphorothioate (6) used to improve stability of the 

nucleic acids from endo and exonucleases 78,117 
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Figure 14: Sugar modifications of the nucleic acids 

 

 

 

 

 

 

Sugar modifications such as 2’-O-methyl (2’-O-Me-RNA), 2’-fluoro (2’-F-RNA) and 2’-

O-methoxyethyl (2’ MOE-RNA) to improve the RNA binding.78  
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v]  CSANs for the targeted delivery of antisense oligonucleotides (ASO) 

In the previous section, we have demonstrated that oligonucleotide containing 

CSANs bind specifically to CD3 cell surface receptors on CD3+ T-leukemia cells and 

undergo internalization.87 The aim of this project was to evaluate the CSANs for their 

ability to deliver antisense oligonucleotide (ASO) to cancerous cells using small peptide. 

Graff and co-workers have previously reported that a 20-mer phosphorothioated 

oligonucleotide containing 2-methoxyethyl modified bases can act as an eIF4E ASO.113 

We proposed that a simplified 20-mer phosphorothioated oligonucleotide (ASO) 

containing the same sequence and a free 3’ –thiol can be coupled to the bis-MTX 

maleimide. The targeted delivery of ASO can be achieved using cyclic RGD peptide. We 

hypothesized that chemically induced self-assembled DHFR nanostructures could be 

used to display multiple copies of the RGD4C peptide, thus targeting breast cancer cells. 

These peptide functionalized nanostructures could therefore be used for the specific 

delivery of ASOs targeting eIF4E causing selective reduction in the expression of eIF4E 

protein and a general suppression of cap-dependent translation.113 
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II. Results and Discussions 

i]  Formation of ASO and RGD4C functionalized CSANs 

A simplified 20-mer phosphorothioated ASO with a free 3’ –thiol was obtained 

from Integrated DNA Technologies. The 3’ -thiol of the ASO was coupled to the bis-

MTX-maleimide by the procedure reported in the previous section and the resulting bis-

MTX-ASO was used in the present study.87 RGD4C sequence was incorporated on the C-

terminus of 1 and 13DHFR2 proteins by site-directed mutagenesis. The resulting 

13DHFR2RGD4C and 1DHFR2RGD4C proteins were expressed in E. coli cells as 

soluble proteins with the yield of about 20 mg of pure protein per liter of culture.51 

13DHFR2RGD4C and 1DHFR2RGD4C were mixed with bis-MTX-ASO to form 

monomeric (Figure 15 A) and multimeric (Figure 15 B) CSANs, respectively.118  

 

ii]  Characterization of CSANs by size exclusion chromatography 

Analysis of the nanostructures by size exclusion chromatography (SEC) revealed 

that 13DHFR2RGD4C (Figure 16 A, black trace) and the mixture of bis-MTX-ASO with 

13DHFR2RGD4C (Figure 16 A, red trace) have similar retention times (approximately 31 

min). This indicates that they have similar hydrodynamic radii, thus suggesting the 

presence of monomeric species. This was further confirmed by the red peak at the MTX 

absorbance at 302 nm. Excess bis-MTX-ASO elutes at approximately 38 min. A number 

of higher order structures (trimers and dimers) are observed eluting at 24-28 min. 



 

 120 

Figure 15: Scheme for the formation of ASO functionalized monomeric and 

multimer CSANs 

 

 

 

 

 

  

 

 

 

 

 

Formation of ASO functionalized monomer (A) and multimer (B) CSANs by mixing bis-

MTX-ASO with 13DHFR2RGD4C and 1DHFR2RGD4C proteins, respectively. 

DHFR2RGD4C contains two DHFR proteins (gray) and cRGD peptide (blue ring with 3 

red dots), bis-MTX-ASO has a bis-MTX, shown in green, attached to the ASO (blue).118 
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Figure 16: Characterization of ASO functionalized CSANs by size exclusion 

chromatography 

 
  
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Size exclusion chromatography (SEC) trace of 13DHFR2RGD4C (A) or 1DHFR2RGD4C 

(B) alone (black) and after incubation with bis-MTX-ASO (red).118 
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In contrast, similar to previous observation for the oligomerization of 13DHFR2 

with bis-MTX, when 13DHFR2RGD4C was incubated with bis-MTX dimeric species 

were formed predominantly.54 This presumably results from the steric bulk of the 20-mer 

oligonucleotide causing the formation of smaller rings. A similar change in the size of 

species formed is observed for multimeric CSANs. When 1DHFR2RGD4C is incubated 

with bis-MTX-ASO a number of higher order multimeric species ranging from pentamer 

to heptamer are formed (Figure 16 B, red trace). However, incubation of 

1DHFR2RGD4C with bis-MTX results in the formation of mostly octameric species. 

 

iii]  Sub-cellular localization of the nanostructures using confocal micoscopy 

In order to study the ability of CSANs-RGD4C nanostructures to deliver ASOs to 

the cells by confocal laser scanning microscopy we have used 5’ FITC labelled bis-MTX-

ASO (bis-MTX-ASO-FITC). The nanostructures were prepared by mixing 

13DHFR2RGD4C or 1DHFR2RGD4C with bis-MTX-ASO-FITC and incubated with 

αvβ3 integrin positive MDA-MB-231 breast cancer cells at 37 °C. Green fluorescent 

punctuates were observed inside the cells treated with either the monomer and multimer 

nanostructures indicating receptor mediated endocytosis (Figure 17 A and 17 B). Cells 

treated with bis-MTX-ASO-FITC in the absence of DHFR2RGD4C proteins did not show 

internalized fluorescence (Figure 17 C). To confirm that the internalization of monomer 

and multimeric nanostructures are αvβ3 integrin mediated, a competition experiment with 

excess of commercially available cRGD peptide was performed. 1DHFR2RGD4C was 

mixed with bis-MTX-ASO-FITC and treated with MDA-MB 231 cells in the presence of 
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 excess commercially available small molecule cRGD peptide and analyzed by confocal 

microscopy. Incubation with cRGD completely blocked the uptake of nanostructures 

compared to cells that were not treated with cRGD peptide (Figure 18 A and 18 B).  

Subcellular co-localization of the oligonucleotide bearing nanostructures was 

studied by confocal microscopy. cRGD is known to undergo internalization after binding 

to αvβ3 by caveolar/ lipid raft mediated endocytosis.119 1DHFR2RGD4C was mixed with 

bis-MTX-ASO-FITC and incubated with MDA-MB 231 cells for 4 hr and 24 hr. During 

the last 30 min of incubation, cells were treated with Cholera Toxin Alexa Fluor 594 

(marker for caveolin endocytosis). Consistent with caveolin-mediated endocytosis, 

confocal microscopy visualization at 24 hr revealed substantial overlap between 

fluorescein labelled nanostructures (green) and Alexa Fluor 594 labelled cholera toxin 

(red) (Figure 18 C). This result indicates that the cRGD bearing CSANs undergo 

internalization similar to that of parent cRGD peptide. 
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Figure 17: Delivery of ASO RGD4C CSANs using confocal micoscopy 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Confocal microscopy of results of FITC ASO functionalized multimer (A) and 

monomeric (B) RGD4C CSANs on MDA-MB 231 cells at 37 °C. Bis-MTX-ASO-FITC 

(C) was treated as control. Differential interference contrast (first column), FITC 

fluorescence confocal channel (second column) and overlay of both channels (third 

column).118 
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Figure 18: Mechanism of internalization and colocalization of ASO RGD4C CSANs 

using confocal micoscopy 

 

 

 

 

 

 

 

 

 

 

 

Confocal microscopy results of 1DHFR2RGD4C mixed with bis-MTX-ASO-FITC and 

incubated with MDA-MB 231 cells without (A) and with cyclic RGD small molecule 

pretreatment (B). Colocalization experiment results of RGD4C nanostructures with 

cholera toxin (C). Arrows represents the overlay of red and green color. FITC 

fluorescence channel for 1DHFR2RGD4C nanostructures (first column), cholera toxin 

Alexa Fluor 594 (second column), overlay of green and red channel (third column).118 
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iv]  Cellular translational reporter knockdown assay 

Having ascertained that the CSANs-RGD4C nanostructures can deliver 

oligonucleotides to MDA-MB 231 cells, we probed the ability of the oligonucleotides to 

escape the endosomes and produce an anti-sense effect within the cells. We evaluated the 

efficacy of anti-sense suppression of eIF4E expression by two different methods: a 

cellular translational reporter assay and western blot analysis. In the translational reporter 

assay system, cells were transfected with a plasmid that expresses mRNA for the reporter 

enzyme, Renilla reniformis luciferase (RLUC). The translation of RLUC is strictly cap-

dependent120 and thus reflects on the abundance/ activity of eIF4E.121 MDA-MB 231 

cells, which transiently expressed luciferase reporter plasmid were treated for 48 hr with 

CSANs-RGD4C nanostructures containing bis-MTX-ASO (or controls). The cells were 

lysed after the treatment and luciferase activity was measured by luminometry. 

Luminescence in lysates from untreated cells (neutral control) was set at 100 % (Figure 

19). Cells treated with 1 µM of either 13DHFR2RGD4C, 1DHFR2RGD4C or bis-MTX-

ASO alone (negative controls) showed an approximately 20 % decrease in luminescence 

levels. Transfection of the cells with 1 µM ASO with Oligofectamine® (positive control) 

resulted in a 60 % knock down in luciferase expression. By comparison delivery of 1 µM 

bis-MTX-ASO by either 13DHFR2RGD4C or 1DHFR2RGD4C reduced the observable 

luminescence by nearly 70 %. Dose dependence could be observed for the effect of ASO, 

since treatment of the MDA-MB-231 cells with the bis-MTX-ASO and either 

13DHFR2RGD4C or 1DHFR2RGD4C at the lower concentration of 0.5 µM monomer 

resulted in only a 55 % knock down in both cases. 
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Figure 19: eIF4E knock down by luciferase reporter assay 

 

  

 

 

 

 

 

 

 

The above figure represents the translational reporter assay data with cell viability (grey 

bars) and % expression (white bars) of luciferase in MDA-MB 231 cells at 48 hr, no 

treatment a; 1DHFR2RGD4C, b; 13DHFR2RGD4C, c; bis-MTX-ASO, d; ASO with 

Oligofectamine (positive control), e; 0.5 µM multimer, f; 1.0 µM multimer, g; 0.5 µM 

monomer, h; 1.0 µM monomer, i.118 
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Viability of the cells was determined by quantifying the total amount of protein in the cell 

lysate by Bradford’s protein assay. Control cell viability was found to be greater than 90 

% after 48 hr, while 75-80 % of the cells treated with the CSANs-ASO remained viable 

over the same time period. The minimal reduction in viability shows that the decrease in 

luminescence is a result of activity by the ASO and not due to a reduction of viability 

resulting from inherent nanostructure toxicity. 

 

v]  eIF4E knock down by western blotting 

As a secondary measure of antisense activity western blotting was performed to 

evaluate the knock down of eIF4E expression in MDA-MB 231 cells (Figure 20). Results 

were normalized to the untreated MDA-MB 231 cells. Treatment with 1 µM 

13DHFR2RGD4C, 1DHFR2RGD4C or bis-MTX-ASO alone showed no significant 

decrease in eIF4E expression levels (two sample t-test, p > 0.01). Delivery of the 

oligonucleotides by either 13DHFR2RGD4C or 1DHFR2RGD4C, in which the 

oligonucleotide sequence was scrambled, did not significantly affect the eIF4E 

expression (two sample t-test, p > 0.01). Whereas, CSANs (monomer and multimer) 

directed delivery of ASO resulted in a greater than 50 % reduction in eIF4E expression at 

a concentration of 1 µM, which is comparable to the 70 % reduction in eIF4E expression 

observed for ASO delivered with the Oligofectamine® reagent (two sample t-test, p > 

0.01). Further, CSANs without RGD4C peptide did not knock down eIF4E expression in 

MDA-MB 231 cells (data not shown). Viability of the cells was determined by manually  
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counting the cells. Even though the viability of the cells was slightly lower as compared 

to luciferase assay, the general trend was similar in both the assays. 

 

vi]  eIF4E knock down in HPB-MLT leukemia T-cell 

 We wanted to extend the current approach towards the delivery of ASO to 

leukemia T-cells. Leukemia T-cells overexpress CD3 receptors on their surface and we 

have 1DHFR2 antiCD3 scFv protein which can be used for targeted ASO delivery. When 

1DHFR2 antiCD3 protein was mixed with bis-MTX-ASO and incubated with HPB-MLT 

cells, we did not observe any knockdown of the eIF4E protein by western blotting. 

Control experiments showed that the expression of eIF4E protein was comparable to that 

of MDA-MB 231 cells. This failure to knock down eIF4E protein is attributed to the fact 

that CD3 receptor internalizes by clathrin mediated pathway whereas αvβ3 integrin 

internalizes by caveolin mediated pathway.20 In caveolin mediated internalization, ASO 

reaches lipid rafts and endoplamic reticulum which is the site for protein synthesis and 

hence we see knock down of the target eIF4E protein. But when ASO is delivered via 

CD3 internalization pathway, it reaches endosomes and so cannot get into the site of 

eIF4E protein synthesis, hence we do not observe any knockdown.20 Juliano and 

coworkers have also demonstrated that the mechanism of internalization is an important 

parameter for the biological effects of antisense oligonuclotides.122 
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Figure 20: eIF4E knock down by western blotting 

 

  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

The above figures represents the western blotting data (upper) with cell viability (grey 

bars) and % expression of eIF4E/ actin (white bars) of MDA-MB 231 cells at 48 hr, a; 

1DHFR2RGD4C, b; 13DHFR2RGD4C, c; Bis-MTX-ASO, d; 1.0 µM multimer 

scrambled, e; 1.0 µM monomer scrambled, f; 1.0 µM ASO with Oligofectamine, g; 1.0 

µM multimer, h; 1.0 µM monomer, i. (* p > 0.01). Representative western blot results 

(lower) showing expression of actin (loading control) and eIF4E protein.118 
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III. Conclusion 

 We have shown that chemically self assembled nanostructures can be modified to 

display cell targeting peptides, specifically RGD4C, a cyclic peptide targeting integrins 

found on the surface of the solid tumors and neo-vasculature. Modification of the bis-

MTX ligand allows for attachment of oligonucleotides which can be delivered to breast 

cancer cells which over-express αVβ3 integrins. The benefit of using RGD4C as a 

targeting element is that it consists of natural amino acids and as such can be expressed as 

part of the DHFR fusion protein in the E.coli cells. The results of the luciferase reporter 

assay and western blot analysis of eIF4E levels are consistent with the delivery and 

endosomal escape of ASO by CSANs-RGD4C nanostructures. The monomeric and 

multimeric nanostructures showed similar knockdown. There are a number of examples 

in the literature in which the cellular delivery of drugs, oligonucleotides, nanoparticles 

has been facilitated by conjugation to cyclic RGD peptides or analogues. For example, 

Juliano and coworkers have recently shown that nucleic acids can be delivered selectively 

to cancerous cells by conjugation to a semisynthetic RGD based peptide.119 We are also 

exploring the use of CSANs for the delivery of siRNA, shRNA and miRNA species. In 

addition, the flexibility and modular nature of CSANs will allow the potential for nucleic 

acid delivery by scFvs and peptides that target wide range of receptors to be investigated. 
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IV. Materials and Methods 

i] Cloning and protein purification of 1DHFR2 cRGD and 13DHFR2 cRGD 

proteins 

A plasmid encoding 13DHFR2antiCD3 (derived from pFLAG-ATS expression 

vector) was modified via mutagenesis to express a protein consisting of two E.coli DHFR 

proteins separated by a 13 amino acid linker, followed by another 13 amino acid linker at 

the C terminus that connects to the peptide CDCRGDCFCG (RGD4C) 

(p13DHFR2RGD4C). A further round of mutagenesis (QuikChange® Site-Directed 

Mutagenesis Kit, Stratagene) was performed to shorten the linker between the DHFR 

proteins to a single glycine residue (p1DHFR2RGD4C). Since wild type protein contains 

two cysteine residues (85 and 152), we used a quadruple mutant 

(C85A/C152S/C257A/C324S) in which the cysteines in both the DHFR proteins were 

replaced by either alanine or serine.  The mutants retain full enzymatic activity and 

methotrexate binding affinity.9,10 The plasmid was transformed into BL21*DE2 

(Invitrogen) E.coli cells. The cells were induced with 300 mM IPTG to express the 

DHFR2RGD4C protein in soluble fraction. Protein was purified by methotrexate affinity 

column and diethyl aminoethyl (DEAE) ion exchange column. Formation of monomeric 

and multimeric nanostructures were analyzed by size exclusion chromatography (SEC) 

using G200 gel filtration column (Superdex G200, GE Healthcare) and eluted at a flow 

rate of 0.5 ml/min with P500 buffer (0.5 M NaCl, 50 mM potassium phosphate, 1 

mM EDTA, pH 7.0). 
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ii] Synthesis of Bis-MTX-ASO 

 Procedure similar to the synthesis of bis-MTX-oligonucleotide describe 

previously. 

iii] LC-ESI-MS analysis of bis-MTX-ASO 

Completion of reaction and formation of products were evaluated by LC-ESI-MS. 

For LC, a Zorbax SB-C18 column (150 mm x 0.5 mm, 5 µm, Agilent Technologies, Inc.) 

was used. The reaction mixture was eluted with 15 mM ammonium acetate (pH 6.6) (A) 

and 100 % acetonitrile (B) with gradient of 2 % B to 75 % B over 35 min. Traces for bis-

MTX-ASO (5’ TGTCATATTCCTGGATCCTT- bis-MTX 3’) – m/z = 7884, bis-MTX-

ASO Scrambled (5’ GGATCCAGGAATATGACA- bis-MTX 3’) – m/z = 7884 are given 

below in Figure 21 (A) and 21 (B), respectively. In figures below, 1st channel is TIC 

(Total Ion Current), 2nd channel is UV 302 nm (Bis-MTX), 3rd channel is for UV 260 nm 

(DNA), 4th channel is ionization spectra and 5th channel is deconvoluted mass spectra. 

 

iv] Confocal microscopy  

0.5 X 106 MDA-MB 231 cells were plated on cover slip in a 6-well plate and 

incubated overnight at 37 °C to adhere to them. Cells were treated with monomer or 

multimer (1 µM) at 4 or 37 °C for 1 hr. Cells were then fixed with 4 % paraformaldehyde 

solution for 10 min and washed thrice with PBS. Finally, the cover slips were inverted 

onto glass slides and then were treated with ProLong Gold Antifade reagent with DAPI 

(Invitrogen). After overnight incubation, the slides were imaged by fluorescence confocal 

microscopy using an Olympus FluoView 1000 BX2 Upright Confocal microscope. 
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 Figure 21 (A): LC-ESI-MS spectra of bis-MTX-ASO 
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Figure 21 (B): LC-ESI-MS spectra of bis-MTX-scrambled ASO  
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A competition experiment was performed to confirm that the mechanism of 

internalization of CSANs occurs αvβ3 integrin mediated. MDA-MB 231 cells were 

treated with either 0.5 µM multimer alone or pretreated with 20 µM commercially 

available cyclic RGD small molecule [cyclo (Arg-Gly-Asp-D-Phe-Lys), Peptide 

International]. 

 

 v] Cellular translational reporter knockdown assay 

10,000 MDA-MB 231 breast cancer cells were plated on 96 well flat bottom 

plate. Cells were incubated with 0.5 or 1 µM of various control and treatment samples for 

48 hr at 37 °C in DMEM media (Dubelco) containing fetal bovine serum (10 %) and 

antibiotics (penicillin, 100 IU/ml and streptomycin 1000 µg/ml). The cells were then 

lysed and the luciferase activity of the lysate was measured using a Dual-luciferase 

reporter assay kit (Promega). The viability of the cells was measured by quantifying the 

protein content of the lysate using Bradford’s protein assay kit.  

 

vi] Western blotting of eIF4E 

1 x 106 MDA-MB 231 breast cancer cells were plated on 6 well plate. Next day 

the cells were treated with 1 µM of control and treatment samples for 48 hr at 37 °C in 

DMEM media. Cells were trypsinizd, counted for viability, lysed and subjected to 

western blotting technique. Mouse anti-eIF4E (BD Biosciences – Cat. 610270) and 

mouse monoclonal anti β-actin antibody (Sigma-Aldrich, Cat. A-1978) were used as 
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primary antibodies. Anti-mouse IgG conjugated with horse raddish peroxidase (Sigma 

Aldrich, Cat. A-9044) was used as secondary antibody.  
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Chapter 4 

 

Bispecific CSANs For  

Redirecting T-Cells 
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I. Introduction 

i]  Bispecific antibodies 

Bispecific antibodies are defined as antibodies that bind to two different cell 

surface receptors. The basic principle of these bispecific antibodies is that one arm binds 

to the cytotoxic immune cells such as T-cells, natural killer cells (NK cells) and the other 

arm binds to the receptors over-expressed selectively on cancer cells. Cross-linking of 

these two cells causes the release of cytotoxic granulozymes, perforins and cytokines that 

results in cancer cell killing 123 (Figure 1). Currently various different types of bispecific 

antibodies are being evaluated both pre-clinically and clinically.28,29 

 

ii]  Different formats of bispecific antibodies  

First approaches for constructing these bispecific antibodies involved using either 

a full monoclonal antibody or a portion of the antibody such as F(ab’)2 or a single chain 

variable fragment (scFv) (Figure 2).124 One of the very first full monoclonal bispecific 

antibodies (Quadroma) were made using the fused hybridoma cell technology. As a proof 

of concept, anti-somatostatin–antiperoxidase bispecific monoclonal antibodies were 

produced for potential immuno-histochemistry applications (Figure 2A).125 Alpaugh and 

coworkers were the first to show clinically that murine bispecific monoclonal antibodies 

can be used to redirect NK cells and macrophages to malignant cells over-expressing the 

c-erbB-2 gene product of the HER2/neu proto-oncogene. The antibodies were designed to 

bind to the FcγRIIIA isoform expressed on the human NK cells and mononuclear 

phagocytes/ macrophages (Figure 2A).126  
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Figure 1: Mechanism of bispecific antibodie 

 

  

 

 
 
 

Bispecific antibody (purple and orange) mediated cross-linking of the target cell (blue, 

cancer cells) and the cytotoxic effector cells (yellow, T-cells, NK cells). Cross-linking of 

the two cells causes activation of the effector cells that leads to the release of cytotoxic 

granules that cause the lysis of the target cancer cells. 124 
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Figure 2: Different types of bispecific antibodies used in the literature 

 

  

 

 

 

 

Two different colors (red and blue) represent specificity for two different target cell 

receptors. CH 1–3, constant regions of Ig-heavy chain; CL, constant regions of Ig-light 

chain; Fab, antigen binding fragment; Fc, constant fragment; VH, variable region of Ig-

heavy chain; VL, variable region of Ig-light chain. 124 
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Schultz and coworkers have demonstrated that two different Fab fragments can be 

linked together via click coupling to attain bispecific F(ab’)2 (Figure 2B). In this study, 

the authors used Fab fragments of the anti-CD3 antibody (UCHT-1) that binds to the 

immune T-cells and another Fab fragment that binds to the HER2 receptor on the cancer 

cells. The individual Fabs were expressed with orthogonal functional groups and clicked 

together using the azide–alkyne click reaction. The initial in-vitro results successfully 

demonstrated killing of HER2 expressing cancer cells by the PBMC (purified T-cells).127 

Little and coworkers have shown that bispecific anti-CD3/CD19 dibodies can be used for 

redirecting T-cells to CD19 positive non-Hodgkin’s lymphoma B-cells. The dibody was 

assembled by non-covalent conjugation of two single-chain fusion products consisting of 

the VH domain from one antibody connected by a short linker to the VL domain of 

another antibody (Figure 2D).128 Baeuerle and coworkers (Micromet, Amgen) have 

developed a fused dibody where two single chain antibodies (scFv) targeting different 

targets are expressed in tandem (Figure 2E). One of the two scFv’s bind to CD3 receptors 

expressed on T-cells and are referred to as BiTE’s for ‘bispecific T-cell engager’. BiTE’s 

targeting various receptors on the cancer cell surface such as CD19 (non-Hodgkin’s 

lymphoma), epithelial cell adhesion molecule (EpCAM), epithelial growth factor receptor 

(EGFR) and carcino-embryonic antigen (CEA) are currently being evaluated both pre-

clinically and clinically.129 

There are a number of approaches in the literature that use small molecules and 

aptamers, to redirect the immune cells to cancer cells.130,131,132,133 Chang and coworkers 

have shown that aptamers can be used to assemble two different cell types. The authors 
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 have designed aptamers that bind selectively to B-cell leukemia cells (Ramos) and T-cell 

leukemia cells (Jurkat) using SELEX (systemic evolution of ligands by exponential 

enrichment). Flow cytometry experiments revealed that the two cell types can be cross-

linked and can be potentially used for bipecific antibody like applications (Figure 3).132  

 

iii]  T-cell redirecting bispecific antibodies  

One of the most extensively studied class of bispecific antibodies are the ones that 

bind to the cytotoxic T-cells and redirect them to the cancer cells.131 The cytotoxic 

triggering receptors or T-cell receptors (TCR) and Fcγ receptors on NK cells / 

macrophages are most widely studied for their ability to induce cytotoxicity. All the 

mature T-cells express TCRs and bispecific antibodies are designed to bind to the 

constant region of these receptors such as CD3. T-cells are either CD8+ cytotoxic T-cells 

or CD4+ helper T-cells. Naïve CD8+ T-cells require activation by cytokines such as 

Interlukin – 2 (IL-2) in order to become cytotoxic T-lymphocytes (CTLs).123 Thus, in the 

past, the bispecific antibodies were co-administered with cytokines such as IL-2, leading 

to a systemic inflammatory response. Recent literature has shown that the formation of 

the synapse between the T-cells and cancer cells and the presence of cytokines in the 

tumor microenvironment are sufficient to activate cytotoxic T-cells. This can reduce the 

systemic activation of the T-cells that could occur due to systemic cytokine 

administration.131,133 We have previously reported that DHFR2 antiCD3 fusion proteins 

can be mixed with bis-MTX to form dimeric and octameric antiCD3 CSANs.54,55  
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Figure 3: Bispecific aptamers for cell-cell cross-linking 
  

 

 

 

Scheme representing bispecific aptamer (multicolored ribbon) crosslinking the T-cells 

(Jurkat, green) and B-cell cell (Ramos, red).  
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In the current work, we proposed to evaluate the ability of bispecific antiCD3 CSANs to 

redirect T-cells to the cancer cells. 

 

iv]  Epidermal growth factor receptor (EGFR)  

EGFR are a class of tyrosine kinase receptors that are key modulators of 

proliferation and death in both normal and malignant cells. There are four known 

isoforms of EGF receptors, EGFR (or ErbB-1), HER-2/neu (ErbB-2), HER-3 (ErbB-3), 

and HER-4 (ErbB-4).134 Upon EGF binding, the receptors form homo/ heterodimers and 

trigger intracellular signaling pathways. EGFR receptors are known to be over-expressed 

on various solid cancers such as breast, head and neck, prostate, colorectal and 

glioblastoma.134,135 The most common mutant of EGFR observed in cancers is the 

EGFRvIII in which the extracellular domain I and II are deleted. EGFRvIII lacks the 

ligand-binding domain but possesses the ability to auto-activate tyrosine kinase 

receptor.134,136 A number of small molecule inhibitors that block their activation of EGFR 

and antibodies that bind to the EGFR receptors and redirect T-cells are at different stages 

of preclinical and clinical development.137,138,139 Sampson and coworkers have developed 

bispecific single chain antibody fusion protein (bscEGFRvIIIxCD3) that binds to the 

EGFRvIII receptor on the cancer cells. The authors demonstrated that this bispecific 

antibody can be used to redirect CD3+ T-cells to brain cancer cells bearing the EGFRvIII 

mutant receptor. In this study, the authors proved that systemically administered 

bscEGFRvIIIxCD3 can be used to treat tumors in the CNS.140 In addition, small peptide 

targeting EGFR receptors have been widely studied for the targeted delivery of imaging 



 

 146 

 agents, drugs and toxins to the cancer cells.141,142 Xu et. al. have designed novel EGFR 

binding hexameric peptides using computer aided design (CAD).143 The highest affinity 

peptide with the amino acid sequence LARLLT was selected on the basis of CAD 

docking scores and showed the highest affinity. The peptide was modified on the N-

terminal with polyethylene glycol 2000 (PEG 2000) and conjugated to lipid 

nanoparticles. The authors observed that dye loaded EGFR peptide functionalized lipid 

nanoparticles can be used to image EGFR positive human non-small-cell lung tumors in 

mice.143  

 

v]  Design of bispecific CSANs  

 Based on the published studies targeting EGFR, we hypothesize that EGFR 

peptide functionalized CSANs could be used for targeted drug delivery. In the current 

study, we proposed to evaluate the ability of EGFR peptide functionalized CSANs to 

redirect the T-cells to the EGFR over-expressing cancer cells. We cloned the EGFR 

peptide (pEGFR) into 1DHFR2 plasmid (DHFR-13/1 linker–DHFR) with a small 

GGSGG peptide linker in between the 2nd DHFR and EGFR peptide. 1DHFR2 pEGFR 

protein could be expressed as a soluble protein and purified in 15 milligrams from 2-liter 

E. coli culture. 

Detailed characterization of 1DHFR2 antiCD3 protein has been carried out 

previously.55 Our hypothesis was that 1DHFR2 antiCD3 and 1DHFR2 pEGFR could be 

assembled together into bispecific CSANs that can redirect T-cells via CD3 receptor to 

cancer cells expressing EGFR receptors. When 1DHFR2 antiCD3 and 1DHFR2 pEGFR in 
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 1:1 ratio are mixed with bis-MTX, we expect the formation of bispecific octameric 

CSANs decorated with both antiCD3 scFv and EGFR peptide (Figure 4). If we calculate 

theoretically, antiCD3: pEGFR bispecific CSANs would be heterodimeric in 7 out of 9 

instances, i.e. approximately 80 % (antiCD3: pEGFR :: 8:0, 7:1, 6:2, 5:3, 4:4, 3:5, 2:6, 

1:7 and 0:8). But when the two proteins are mixed homogenously and then incubated 

with bis-MTX, the resulting bispecific pEGFR/ antiCD3 CSANs would be completely 

heterodimeric i.e. at least one pEGFR or antiCD3 scFv per CSAN. This is because of the 

fact that when two proteins are mixed uniformly, the probability of entrapping all eight 

antiCD3/ pEGFR molecules per CSAN (monomeric octamer) will be negligible. 

Glioblastoma cells such as U-87 MG that over-express EGFR receptor were used to 

evaluate the ability of bispecific pEGFR/ antiCD3 CSANs to redirect the cytotoxic T-

cells (Figure 5). 
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Figure 4: Formation of bispecific antiCD3 / pEGFR CSANs  

 

   

 
 
 

 

Scheme for the formation of bispecific antiCD3/ pEGFR CSANs from 1DHFR2 pEGFR, 

1DHFR2 anti-CD3 and bis-MTX. 1DHFR2 proteins (grey), fused to antiCD3 scFv 

(yellow) or pEGFR (red squiggly line) and bis-MTX (green). 
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Figure 5: Scheme Representing Bispecific CSANs Directed Tumor Cell Killing 

 

 

 

 

 

 

 

 

 

 

 

The pEGFR peptides of antiCD3/ pEGFR CSANs will bind to the EGF receptors on the 

surface of tumor cells (U-87 cells, red). This will drive the binding of antiCD3 scFv to 

the CD3 receptor on the surface of T-cells (grey). Cross-linking of the two cell types will 

lead to the activation of T-cells and release of cytotoxic cytokines, granules, which will 

ultimately cause the lysis of the tumor cells.  
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II. Results and Discussion 

i] Characterization of 1DHFR2 pEGFR and 13DHFR2 pEGFR proteins 

1DHFR2 pEGFR and 13DHFR2 pEGFR proteins were expressed in E.coli 

competent cells as soluble proteins. Proteins were purified by methotrexate affinity 

column followed by diethyl aminoethyl (DEAE) ion exchange column. Eluate from the 

DEAE column was subjected to SDS-PAGE and fractions containing pure proteins were 

pooled and concentrated. Figure 6 is a representative SDS-PAGE of 1DHFR2 pEGFR (A) 

and 13DHFR2 pEGFR protein (B) where the series of dark bands at 40 KDa correspond 

to the desired proteins. The lower molecular weight protein bands at 17 KDa correspond 

to the truncated protein and were filtered off by 30 KDa amicon. 

 Ability of the 1DHFR2 pEGFR and 13DHFR2 pEGFR proteins to dimerize was 

evaluated by SEC. 1DHFR2 pEGFR alone (Figure 7 A, black trace) elutes at 34.5 min 

whereas when it is mixed with bis-MTX, a broad peak is observed at 24 min (Figure 7 A, 

red trace). Similarly, when 1DHFR2 is mixed with bis-MTX a broad peak at 24 min is 

observed (Figure 8 B, black trace). When 13DHFR2 pEGFR (Figure 7 B, blue trace) is 

mixed with bis-MTX, a mixture of monomer at 34 min and dimer at 30 min was observed 

(Figure 7 B, red trace) which is similar to the dimerization of 13DHFR2 protein. Thus, 

addition of EGFR peptide to the DHFR2 proteins does not affect their dimerization. 
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Figure 6: SDS PAGE of 1DHFR2 pEGFR and 13DHFR2 pEGFR proteins 

   
  
 
 
 
 
 
 
 
 
 
 
 
 
 
SDS gel electrophoresis of 1DHFR2 pEGFR (A) and 13DHFR2 pEGFR (B) proteins. The 

series of dark bands at 40 KDa represents pure protein. The lower series of bands at 17 

KDa correspond to truncated protein. 
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Figure 7:  Dimerization of 1DHFR2 pEGFR and 13DHFR2 pEGFR proteins using 

size exclusion chromatography 

 

  

 
 
 
 
 
 

 
 
 
 
 
   

 

 

 
 
 
Size exclusion chromatography showing dimerization of (A) 1DHFR2 pEGFR (black) 

and (B) 13DHFR2 pEGFR (blue) proteins with bis-MTX (red, both (A) and (B)) 
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ii] Characterization of antiCD3/ pEGFR bispecific CSANs  

 Analysis of the formation of bispecific antiCD3/ pEGFR CSANs was carried out 

by size exclusion chromatography. When 1DHFR2 antiCD3 is mixed with 1DHFR2 

pEGFR we observed a wide split peak at 31-35 min (Figure 8 A, black trace), which 

corresponds to the molecular weight difference between the two proteins. 1DHFR2 

antiCD3 (68 KDa) elutes at approximately 32 min while 1DHFR2 pEGFR (38 KDa) 

elutes at 34 min. When 1DHFR2 antiCD3 and 1DHFR2 pEGFR (1:1) are mixed with 

three equivalents of bis-MTX we observe the formation of bispecific octameric antiCD3/ 

pEGFR CSANs with a retention time of 23 min (Figure 8 A, red trace). In both the black 

and red traces of Figure 8 A, we observe a small peak at 19 min which is due to the 

presence of small amount of aggregate in 1DHFR2 antiCD3 protein. When 1DHFR2 

protein is mixed with bis-MTX we observe the formation of multimers (Figure 8 B, black 

trace) with a retention time of 24 min compared to ~ 23 min for the bispecific CSANs 

(Figure 8 B, red trace). This is expected due to the larger molecular weight of bispecific 

CSANs. Thus, the presence of the scFv and peptide in the CSANs does not significantly 

affect their ability to oligomerize.  
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Figure 8: Characterization of bispecific CSANs by size exclusion chromatography  

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Size exclusion chromatography traces of (A) 1DHFR2-pEGFR with 1DHFR2-antiCD3 

(black trace) and 1DHFR2-pEGFR, 1DHFR2-antiCD3 when mixed with bis-MTX (red 

trace, bispecific CSANs), (B) 1DHFR2 mixed with bis-MTX (black trace) and bispecific 

CSANs (red trace) 
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iii] Binding of bispecific CSANs to the cells  

 Binding of bispecific antiCD3/ pEGFR CSANs to both the T-cells via CD3 

receptor and U-87 glioblastoma cells via EGFR receptor was analyzed by flow 

cytometry. Bis-MTX labeled with fluorescein (bis-MTX-FITC) was used to prepare the 

CSANs. Binding of bispecific antiCD3/ pEGFR CSANs was compared to monospecific 

(octameric) antiCD3 and monospecific pEGFR CSANs. HPB-MLT cells were used as a 

surrogate for T-cells (human PBMC) since they are readily available and similar in size 

to the T-cells and CD3+. CSANs were made by mixing either 1DHFR2 antiCD3 or 

1DHFR2 pEGFR alone or in 1:1 proportion with bis-MTX-FITC to form monospecific 

antiCD3 CSANs, monospecific pEGFR CSANs and bispecific anti-CD3/ pEGFR 

CSANs, respectively.  

Binding of monospecific antiCD3 CSANs (Figure 9 A, red trace) and bispecific 

antiCD3/ pEGFR CSANs (Figure 9A, blue trace) to HPB-MLT cells (Figure 9 A, grey) 

are very similar, indicating that majority of the bispecific anti-CD3/ pEGFR CSANs are 

heterodimeric i.e. contain at least one anti-CD3 scFv per CSAN. Monomeric pEGFR 

CSANs (Figure 9 A, green trace) shows very little non-specific binding to HPB-MLT 

cells. Binding of monospecific pEGFR CSANs (Figure 9 B, red trace) and bispecific 

antiCD3/ pEGFR CSANs (Figure 9 B, blue trace) to U-87 cells (Figure 9 B, grey) are 

also very similar, indicating that the binding ability of the bispecific anti-CD3/ pEGFR 

CSANs has not changed significantly, compared to monomeric pEGFR CSANs. 
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Figure 9: Binding of monospecific and bispecific CSANs to cells using flow 

cytometry 

 

 
 
 
 

 
 
 

 
 
 
 
 
 

 
 
 

 
 
 
 

 
 

 

Binding of monospecific anti-CD3, monospecific pEGFR and bispecific CSANs to cells 

by flow cytometry. (A) HPBMLT (grey) cells, pEGFR CSANs (green), anti-CD3 CSANs 

(red), anti-CD3/ pEGFR bispecific CSANs (blue) and (B) U-87 (grey) cells, pEGFR 

CSANs (blue), anti-CD3 /pEGFR bispecific CSANs (red) 
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iv] Confocal microscopy showing cell-cell crosslinking  

 Crosslinking of U-87 glioblastoma cells with T-lymphocytes by the bispecific 

antiCD3/ pEGFR CSANs was evaluated by confocal microscopy. Here, HPB-MLT cells 

were used instead of PBMC cells. Both cell types were treated with DAPI (4',6-

diamidino-2-phenylindole) which stains the nuclei blue. HPB-MLT cells were treated 

with phycoerythrin (PE) dye (red) in order to visualize the cross-linking and differentiate 

between the two cell types. Since antiCD3 and pEGFR undergo receptor-mediated 

internalization by HPB-MLT and U-87 cells respectively, for effective cell-cell 

interaction the cellular internalization needs to be reduced to minimum. Hence, the entire 

experiment was performed at 4 °C. When the HPB-MLT cells were mixed with U-87 

cells and incubated for 30 min, we do not see any cross-linking (Figure 10 A). When we 

pretreat the HPB-MLT cells with bispecific antiCD3/ pEGFR CSANs for 30 min and 

then add the cells to U-87 cells, we observe significant cross-linking of the two cell types 

(Figure 10 B, yellow arrows). Thus, crosslinking occurs only when the HPB-MLT cells 

are pretreated with bispecific antiCD3/ pEGFR CSANs. 
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Figure 10: Cell cross-linking studies using confocal microscopy  

 

 

 

 

 

 

 

 

 

Confocal microscopy results of HPB-MLT cells and U-87 cells without (A) or with (B) 

bispecific anti-CD3/ pEGFR CSANs. All the cell nuclei were stained with DAPI (blue) 

and HPB-MLT cells was stained with PE dye (red). The yellow arrows show the HPM-

MLT cells bound to the U-87 cells. 
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v] Cytotoxicity studies  

The ability of the bispecific antiCD3/ pEGFR CSANs functionalized PBMC to kill U-87 

cells was evaluated. Human PBMC’s were isolated from healthy donors and stored in 

liquid nitrogen (IRB Protocol Number: 0802M27482). The PBMC’s were thawed and 

incubated with bispecific antiCD3/ pEGFR CSANs for 2 hr at 37 °C in RPMI media. The 

unbound CSANs  and bound CSANs were not separated from the media due to difficulty 

in reproducibly separating small number of bound cells. The bispecific antiCD3/ pEGFR 

CSANs functionalized PBMC’s were then added to the pre-cultured U-87 cells and 

incubated at 37 °C for 24 hr. Lysis of the U-87 cells leads to the release of lactose 

dehydrogenase enzyme (LDH) in the media which was analyzed by the LDH release 

assay (Promega Inc.). The cytotoxicity was measured at 24 hrs by increasing the ratio of 

U-87: PBMC’s from 1:2.5 to 1:10 and keeping the concentration of CSANs constant at 

0.25 µM. Increased killing of U-87 cells was observed as the ratio of Tumor cells: 

PBMC’s (T:E) was increased. However, this increase was also reflected in the control 

samples where the PBMC’s were not treated with the bispecific anti-CD3/ pEGFR 

CSANs (Figure 11). A further increase in the ratio of U-87: PBMC’s to 1:20 and 1:50 

lead to insignificant differences between control and CSAN treated PBMC samples. This 

is largely due to the fact that U-87 cancerous cell and PBMC’s were from different 

donors, thus non-specific killing of U-87 cells was observed. A dose dependent 

cytotoxicity experiment was performed where the ratio of U-87: PBMC’s were kept 

constant at 1:10 and the concentration of bispecific anti-CD3/ pEGFR CSANs were 

varied from 0.025 to 1.0 µM. At the concentration ranging from 0.025 µM to 0.10 µM 70 
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to 80 % cytotoxicity was observed (Figure 12). In the control experiment where the 

PBMC’s were not treated with any bispecific anti-CD3/ pEGFR CSANs, approximately 

30 % cytotoxicity was observed. At higher concentrations of bispecific antiCD3/ pEGFR 

CSANs ie. 0.5 and 1.0 µM we observed even lower cytotoxicity than for the untreated 

control (Figure 12). This is likely due to saturation binding of the receptors by the 

CSANs on both the cell types, thus preventing the cell-cell interactions necessary for 

inducing targeted cytotoxicity (Figure 13). When the PBMC’s were treated with either 

monomeric antiCD3 or monomeric pEGFR CSANS and added to U-87 cells, only 10 % 

cytotoxicity was observed which was comparable to non-targeted PBMC’s cytotoxicity 

(Figure 11). These results show that bispecific antiCD3/ pEGFR CSANs are able to 

crosslink PBMC’s and U-87 cells leading to dose dependent killing of U-87 cells. 
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Figure 11: Cytotoxicity of the bispecific CSANs upon increasing in the number of 

PBMC’s 
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Cytotoxicity studies on U-87 cells with unactivated PBMC’s pretreated with either 

monomeric anti-CD3, monomeric pEGFR or bispecific antiCD3/ pEGFR CSANs at 0.25 

µM concentration (black) or untreated PBMCs (grey). Ratio of U-87: PBMC cells were 

varied (1:2.5, 1:5.0 and 1:10.0) for bispecific antiCD3/ pEGFR CSANs and incubation 

time was 24 hr at 37 °C. For monomeric anti-CD3 and monomeric pEGFR ratio of U-87: 

PBMC’s used was 1:5 (* p < 0.05). 
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Figure 12: Cytotoxicity of the PBMCs upon increasing the concentration of 

bispecific CSANs 
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Cytotoxicity studies on U-87 cells with unactivated PBMC’s pretreated with bispecific 

antiCD3/ pEGFR CSANs at different concentrations ranging from 0 to 1.0 µM. Ratio of 

U-87: PBMC cells was 1:10 and the incubation time was 24 hr at 37 °C (* p < 0.05). 
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Figure 13: Scheme representing the blocking effect of bispecific antibodies 

 

 

 

 

 

 

 

 

When the bispecific antiCD3/ pEGFR CSANs are present in excess they block the 

individual receptors (blue and green semicircles) preventing the cross-linking of the 

cancerous cells (red) and effector cells (grey).  
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vi] Interferon gamma (IFN-γ) release assay 

 Activation of T-cells leads to the over-expression of CD69 receptors on their 

surface and release of inflammatory cytokines such as interferon gamma (IFN-γ), 

Interleukin 2 (IL-2) and Interleukin 13 (IL-13).133,144 We wanted to confirm that the 

killing of the U-87 cells was mediated by bispecific antiCD3/ pEGFR CSAN activated 

PBMC’s. The PBMC’s were incubated with bispecific antiCD3/ pEGFR CSANs at a 

concentration of 50 nM, added to the precultured U-87 cells and incubated for 24 hr at 37 

°C. After 24 hr, the supernatant was removed; T-cells were separated by centrifugation 

and analyzed for the amount of interferon gamma released by enzyme-linked 

immunosorbent assay (ELISA). PBMC’s functionalized with bispecific anti-CD3/ 

pEGFR CSANs that were incubated with U-87 cells showed a significant increase in the 

interferon gamma release as compared to when there was no U-87 cells (Figure 14). This 

means that cross-linking of the two cell types are necessary for the activation of T-cells. 

These results also show that preactivated T-cells or the systemic administration of IL-2 

are not required for this bispecific CSANs format. 
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Figure 14: Interferon gamma (IFN-γ) release assay 

 

 

 

 

 

 

 

 

Amount (picogram) of interferon gamma released in the media when unactivated 

PBMC’s functionalized with bispecific anti-CD3/ pEGFR CSANs (50 nM) were 

incubated with/ without U-87 cells for 24 hr at 37 °C. 
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III. Conclusion 

We have demonstrated that 1DHFR2 fusion proteins can be assembled into 

bispecific CSANs. We can use these bispecifc CSANs bearing antiCD3 scFv that bind to 

CD3 receptors on PBMCs and redirect them to the EGFR over-expressing U-87 

glioblastoma cells. EGFR receptors are over expressed on several solid cancers and many 

bispecific antibodies targeting EGFR receptor are in preclinical and clinical 

development.137, 140 We have used low binding small peptide targeting EGFR instead of 

high affinity antibody or antibody fragment. The multivalency of CSANs helps in 

compensating for the loss of binding affinity. Some of the bispecific antibodies that are 

currently under clinical development are eliminated rapidly and require continuous 

infusion whereas the CSANs have molecular weight in excess of 300 KDa and are 

expected to be in the circulation for extended times. In addition to that, we can mix and 

match different 1DHFR2 fusion proteins and redirect different immune cells to different 

cancer types. In the future, the efficacy of the bispecific CSANs will be evaluated in mice 

bearing U-87 glioblastoma tumors. 
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IV. Materials and Methods 

i] Cloning and purification of 1DHFR2 pEGFR and 13DHFR2 pEGFR proteins 

 A plasmid encoding 13DHFR2 with C-terminal GGC tag was modified via 

mutagenesis to express a protein consisting of two E.coli DHFR proteins separated by a 

13 amino acid linker, followed by another 5 amino acid linker at the C terminus 

(GGSGG) that connects to the EGFR peptide LARLLT (p13DHFR2 pEGFR). A further 

round of mutagenesis (QuikChange® Site-Directed Mutagenesis Kit, Stratagene) was 

performed to shorten the linker between the DHFR proteins to a single glycine residue 

(p1DHFR2 pEGFR). Following were the primers used: 

1. LAR insertion Forward: 

5’CGTGGAGGATTGGCCCGATAATTAATTAATTCAC 3’ 

2. LAR insertion Reverse:  

5’ GTGAATTAATTAATTATCGGGCCAATCCTCCACG 3’ 

3. LLT insertion Forward: 5’ 

GGATTGGCCCGACTCCTCACGTAATTAATTAATTCAC 3’ 

4. LLT insertion Reverse:  

5’ GTGAATTAATTAATTACGTGAGGAGTCGGGCCAATCC 3’ 

5. SGG linker insertion Forward: 

5’ CGTGGAGGAAGCGGCGGCTTGGCCCG 3’ 

6. SGG linker insertion Reverse: 

5’ CGGGCCAAGCCGCCGCTTCCTCCACG 3’ 
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7. 13 a.a. to 1 a.a. Linker between two DHFR Forward: 

5’ GGAGCGGCGGGGCATGATCAGTCTGATTGCGGCGC 3’ 

8. 13 a.a. to 1 a.a. Linker between two DHFR Reverse: 

5’ GCGCCGCAATCAGACTGATCATGCCCCGCCGCTCC 3’ 

The plasmid was transformed into BL21*DE2 (Invitrogen) E.coli cells and 

expressed as soluble protein. Protein was purified by methotrexate affinity column and 

diethyl aminoethyl (DEAE) ion exchange column. Formation of the pure protein was 

observed by presence of single band in SDS-PAGE (sodium dodecyl sulfate poly 

acrylamide gel) electrophoresis. Formation of dimeric and octameric nanostructures were 

analyzed by size exclusion chromatography (SEC) using G200 gel filtration column 

(Superdex G200, GE Healthcare) and eluted at a flow rate of 0.5 ml/min with P500 buffer 

(0.5 M NaCl, 50 mM potassium phosphate, 1 mM EDTA, pH 7.0). 

 

ii] Flow cytometry studies 

 0.5 X 106 HPB-MLT cells or U-87 cells were treated with monomeric anti-CD3, 

monomeric pEGFR or bispecific antiCD3/ pEGFR CSANs (1 µM) at 4 °C for 1 hr in 

PBS buffer (containing 0.05 % BSA and 0.1 % sodium azide). CSANs were FITC 

labeled through bis-MTX-FITC dimerizer. Cells were pelleted (400 x g, 10 min), washed 

twice with ice cold PBS, and finally resuspended in the supplemented PBS and their 

fluorescence was analyzed with a FACSCalibur flow cytometer (BD Biosciences). 
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iii] Confocal microscopy 

0.20 X 106 U-87 cells were plated on the cover slip in a 6-well plate and 

incubated overnight at 37 °C to adhere to them. Next day HPB-MLT cells were stained 

with PE dye (red) for 10 min and washed with PBS. 1 X 106 stained HPB-MLT cells 

were treated with bispecific anti-CD3/ EGFR CSANs (1 µM) at 4 °C (to avoid 

internalization) for 1 hr and the washed twice with PBS. In case of control sample stained 

HPB-MLT cells were treated with PBS. Bispecific anti-CD3/ EGFR CSANs 

functionalized HPB-MLT cells were then added to U-87 cells and incubated for 1 hr at 4 

°C. Cells were then washed thrice with PBS, fixed with 4 % paraformaldehyde solution 

for 10 min and again washed thrice with PBS. Finally, the dried cover slips were inverted 

onto glass slides and then were treated with ProLong Gold Antifade reagent with DAPI 

(Invitrogen). After overnight incubation they were imaged by fluorescence confocal 

microscopy using Olympus FluoView 1000 BX2 Upright Confocal microscope. 

 

iv] Cytotoxicity assay 

1 X 103 U-87 cells were plated on a 96-well plate and incubated overnight at 37 

°C to adhere to them. Assuming the doubling rate of the cells is 24 hr all the calculations 

were done on the basis of 2 X 103 U-87 cells. Bispecific antiCD3/ pEGFR CSANs, 

monospecific pEGFR CSANs and monospecific antiCD3 CSANs were formed by mixing 

1DHFR2 pEGFR : 1DHFR2 anti-CD3 (1:1) or just 1DHFR2 antiCD3 (or 1DHFR2 

pEGFR) with bis-MTX. The CSANs were added to PBMC cells and incubated for 2 hr at 

37 °C. Then, functionalized PBMC’s were added to U-87 cells, plate was centrifuged at  
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250 X g for 4 min and incubated for 24 hr at 37 °C in the incubator with 5 % carbon 

dioxide. 

Two controls are run in triplicate, one for spontaneous and other for maximum 

cell killing. Next day, 45 min before the completion of incubation, lysis buffer was added 

to 3 well for maximum lysis control. Plate was again centrifuged at 250 x g for 4 min. 50 

µl of the plate supernatant was added to a new 96 well plate, 50 µl of substrate (LDH 

release, cytotox 96 non-radioactive assay kit, Promega) was added and incubated for 30 

min at room temperature in dark. Finally 50 µl stop solution was added and the plate was 

read at 490 nm on plate reader. Calculation was done using the following formula: 

 

% Cytotoxicity      =   Abs of Sample – Abs of Spontaneous Lysis  X 100 

              Abs of Maximum Lysis - Abs of Spontaneous Lysis 

 

v] Interferon gamma release assay 

INF-γ release was measured using an ELISA assay according to the conditions 

provided by INF-γ ELISA kit (Invitrogen). Unactivated PBMC’s were mixed with 0.05 

µM (50 nM) of the antiCD3/ pEGFR bispecific CSANs and incubated with/ without U-87 

cells at 37°C for 24 hrs. After 24 hrs, the cells were pelleted by centrifugation and 50 µL 

of the media from each well was placed into ELISA 96�well plate. 50 µL of 

anti�INF�γ HRP conjugate solution (provided in the kit) was added to each well and 

allowed to shake at 700 rpm for two hours at room temperature. At the end of two hrs the 

wells were washed four times with the wash solution (provided with the kit). Finally 200 
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µL of freshly prepared Chromagen solution was added to each well, the plate was 

allowed to incubate for an additional fifteen minutes at room temperature with shaking at 

700 rpm and 50 µL of a stop solution was added to each well. The absorbance of each 

well was measured at both 450 and 490 nm. INF-γ production of experimental wells was 

determined through a standard curve generated from known control sample 

concentrations. 
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Chapter 5 

 

In-vivo Biodistribution of CSANs In Mice 
Tumor Models 
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I. Introduction 

 Biodistribution and efficacy studies of macromolecular therapeutics using animal 

models (preclinical evaluation) are an important prerequisite for testing in humans. Large 

molecule therapeutics such as biodegradable and non-biodegradable nanoparticles 

provides great advantage of spatial as well as temporal delivery.145 Nanoparticles have 

several advantages over conventional delivery such as control over the particle size (30 to 

120 nm). This improves accumulation in tumor by the enhanced permeation retention 

(EPR) effect and the ability to display multiple copies of targeting ligands per 

nanoparticle, thereby increasing binding avidly to the target cells. In addition, 

nanoparticles can carry large payloads of drugs thereby improving their cancer cell 

killing efficacy.11 Several nanoparticle based therapeutics are in various stages of clinical 

and preclinical development for the treatment of cancer.146,13 The first liposome-

encapsulated doxorubicin (Doxil) nanoparticles were approved by the US Food and Drug 

Administration (FDA) in 1995 for the treatment of ovarian cancer and multiple myeloma. 

Doxil was shown to significantly reduce cardiac cytotoxicity associated with the free 

drug. Abraxane (Astra Zeneca) was the first protein-based nanoparticle drug approved by 

the US-FDA (2005) for the treatment of metastatic breast cancer. Abraxane consists of 

paclitaxel bound to albumin (~120 nm mean diameter) and was developed to retain the 

therapeutic benefits of paclitaxel, while eliminating some of the toxicities associated with 

the paclitaxel:cremophor formulation. The tolerated dose of Abraxane is ~ 80 % higher in 

humans as compared to paclitaxel:cremophor by itself.11  
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Overall, nanoparticles are designed to be selectively delivered to the tumor cells or 

tissues thereby avoiding the normal healthy tissue.15  

 

i] Opsonization of Nanoparticles 

 One of the major problems faced in the targeted delivery of nanoparticles is their 

rapid elimination from systemic circulation due to the process of opsonization. 

Opsonization is the process of removal of nanoparticles from the circulation by the 

mononuclear phagocytic system (MPS), also known as the reticuloendothelial system 

(RES).145 Opsonin proteins bind to nanoparticles and are recognized by the MPS leading 

to phagocytosis and removal from systemic circulation. A second route of phagocytosis 

could be through non-specific binding of plasma proteins to nanoparticles leading to their 

detection by the MPS. The problem of opsonization can be solved by optimizing the size 

and the surface charge of the nanoparticles. PEGylation of these nanoparticles is one 

approach to reduce opsonization, while prolonging the circulation half-life and tumor 

accumulation.11,147 

 

ii] PEGylation of Proteins 

 PEGylation of proteins has been shown to reduce RES uptake and increase the 

circulation half-life thereby improving tumor distribution. Several PEGylated proteins 

and peptides are being used clinically. For example, PEGylated interferon-α (IFN-α) 

conjugates such as IFN-α2a (PEGASYS, Roche) and IFN-α2b (PEG-Intron, Schering) 

have been approved for hepatitis-C therapy.11 There are several methods reported in the  
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literature for PEGylating proteins both non-specifically as well as site-specifically. 

Proteins can be non-specifically PEGylated by labeling the amine functional group of the 

lysine or arginine amino acids. However, this can lead to aggregation of the proteins and 

also result in a mixture of multiple PEG labeled species, that can have variable 

pharmacokinetics.148 Site-specific PEGylation is therefore a preferred method in terms of 

its ability to control the number of PEGs per molecule and site of conjugation to avoid 

aggregation. There are number of novel methods that have been reported in the literature 

for site specific protein PEGylation through cysteine-maleimide linkage148, histidine 

tag149, CAAX box farnesylation150 and enzymatic labeling.151 

 Katre and coworkers have shown that PEGylation of recombinant IL-2 proteins at 

its glycosylation site significantly reduces immunogenicity and improves the circulation 

half-life of IL-2.152 Site-specific PEGylation was achieved by incorporating a cysteine in 

the protein and reacting with PEG-maleimide (Figure 1 A).152 Brocchini and coworkers 

have shown that His tag of the protein can be PEGylated using PEG sulphones via a 

series of addition, elimination and addition reactions. The authors have demonstrated that 

both the C-terminal His6 tag of an anti-TNFα antibody and the N-terminal His8 tag of 

interferon α2a can be PEGylated successfully. Results from in-vivo studies reveal a 

significant increase in the half-life of interferon α2a in mice with increased PEG size 

(Figure 1 B).149 Distefano and group have used an enzyme farnesyl transferase to 

incorporate a farnesyl group onto proteins bearing C-terminal CVIA (cysteine-valine-

isoleucine-alanine, CAAX box) sequence. Authors have modified the prenyl group to add 

an orthogonal functionality such as an aldehyde or a ketone that selectively reacts with 
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 aminooxy functional groups. Using this approach, they have achieved quantitative 

PEGylation of fusion proteins bearing the C-teminal CVIA sequence (Figure 1 C).150 

Although, these approaches are a considerable advancement over the current methods 

each have certain limitations. For example, cloning an additional cysteine into the protein 

can lead to problems in protein folding if the protein already has cysteine residues or 

disulfide linkages. Inserting a PEG via a histidine tag or CAAX box can pose a problem 

for proteins that require free N and C-termini. In such cases it would be beneficial to 

insert an orthogonal functional group within the protein sequence so that site-specific 

PEGylation can be achieved. There are several reports in the literature where site-specific 

conjugation is achieved.153,154,155 Bertozzi and coworkers have shown that oxidation of 

cysteine to reactive (aldehyde) formyl glycine using Mycobacterium tuberculosis formyl 

glycine enzyme can be used to site-specifically incorporate aldehyde group in the protein. 

This aldehyde, when further reacted with PEG derivatized with 3-[2-(methylamino 

oxymethyl)-1H-indol-1-yl] propanoic acid via the Pictet-Spengler reaction, can site-

specifically PEGylate the protein.153 Transglutaminases are enzymes that catalyze 

acyltransfer reactions between the gamma carboxamide group of glutamine and the 

primary ε-amino group of lysine.156 Schibli and coworkers have used this reaction to site-

specifically incorporate drugs and metal chelators into monoclonal antibodies. Authors 

have incorporated lysine derivatives bearing orthogonal functionality such as maleimide 

or azide for labeling drugs and metal chelators using thiol-maleimide or azide alkyne 

Huisgen cycloaddition reaction.151 This approach can be extended towards site-specific 

protein PEGylation by incorporating glutamine residues at the desired position.  
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Figure 1: Methods for site-specific protein PEGylation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme representing different methods of protein PEGylation reported in the literature 

(A) PEGylation of the protein via free cysteine thiol and PEG-maleimide152, (B) When a 

protein bearing a His-tag at N/C-terminal is mixed with PEG-sulphones, a series of 

addition, elimination and addition reaction covalently links the PEG to the histidines by 

bis-alkylation reaction149, (C) Proteins bearing C-terminal CVIA sequence (CAAX box) 

are prenylated with aldehyde prenylpyrophosphate using prenyl transferase enzyme and 

the aldehyde can be further linked to PEG using aminooxy-PEG.150 
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Schultz and coworkers have developed a unnatural amino acid incorporation 

methodology for site-specific labeling of the proteins (Figure 8). The authors have 

inserted a non-sense amber codon (TAG) as the site for incorporation. They developed a 

plasmid encoding the aminoacyl tRNA synthetase (aaRS) and tRNACUA. The expression 

of aaRS is controlled by araBAD promoter that initiates its expression in the presence of 

arabinose which in turn charges the tRNACUA with unnatural amino acids.155 The 

ribosomal machinery incorporates the non-natural amino acid when it reaches the TAG 

codon and continues with the peptide elongation. The authors have shown that using this 

approach, unnatural amino acids bearing several orthogonal functional groups such as 

azide, aldehydes and ketones can be incorporated into the proteins.157 They have further 

demonstrated the PEGylation of human superoxide dismutase-1 enzyme with 5 and 20 

KDa PEG can be achieved using the alkyne-azide click reaction.155,158 The authors have 

also incorporated the unnatural amino acid (P-acetyl phenylalanine, pAcF) by 

mutagenesis at tyrosine 35 position into human Growth Hormone (hGH).159 They reacted 

pAcF with a 30 KDa linear aminooxy PEG to form a stable oxime linkage and have 

demonstrated that the PEGylation of hGH significantly reduced renal clearance of the 

protein in animal models. 
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iii] Biodistribution of CSANs 

The goal of the current study was to evaluate the biodistribution of chemically 

self-assembled nanostructures (CSANs) in a mouse tumor model. These are the first 

studies to determine the organ biodistribution, stability, circulation time and tumor 

accumulation of CSANs. The studies were performed in Harlan Sprague Dawley female 

nude mice, which lack T-cells but contain B-cells. Before implanting the tumors, the 

mice need to be X-ray irradiated in order to kill any residual immune cell activity. Failure 

to X-ray irradiate can lead to lack of tumor growth or tumor regression with time. Indium 

111 (emits gamma particles) was used to trace the distribution of CSANs into the 

different organs of the mice due to its  long half-life (2.8 days). Several different 

chelators of metals such as 2-(4-isothiocyanatobenzyl)-1,4,7,10-tetraazacyclododecane- 

1,4,7,10-tetraacetic acid (p-SCN-Bn-DOTA, Figure 2A), 2-(4-isothiocyanatobenzyl)- 

diethylenetriaminepentaacetic acid (p-SCN-Bn-DTPA, Figure 2B), S-2-(4-

isothiocyanatobenzyl)- 1,4,7 triazacyclononane-1,4,7-triacetic acid (p-SCN-Bn-NOTA, 

Figure 2C) are reported in the literature.160 We used DOTA and DTPA conjugated to bis-

MTX for chelating In111 in our in-vivo studies (Figure 3). 1 or 13 DHFR2 fusion proteins 

were mixed with bis-MTX-DOTA/ DTPA to form octameric or dimeric CSANs 

respectively, followed by labelling with In111. The mice were dosed by intraperitonial (IP) 

or intravenous (IV) injections with the labeled CSANs. At different time points, mice 

were euthanized, their tissues were harvested and radioactivity was counted by the 

gamma counter.  
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The preliminary studies showed that the CSANs when administered by ip/iv 

injection showed high accumulations in the liver, pancreas and kidneys. This is a 

common characteristic of most nanoparticles due to the process of opsonization/ 

macrophage uptake.161 PEGylated nanoparticles show a significantly less uptake by 

organs such as the liver, pancreas, spleen and kidneys compared to their un-PEGylated 

counterparts.145 Simiarly, the PEGylation of the CSANs could reduce the macrophage 

uptake and increase the circulation half-life thereby improving tumor distribution. 

1DHFR2 pEGFR (1DHFR2 with C-terminal EGFR targeting peptide) protein was 

PEGylated using unnatural amino acid mutagenesis.158 Using this methodology, 1DHFR2 

pEGFR protein was PEGylated with 3 and 10 KDa PEG. PEGylated CSANs were then 

evaluated for their in-vitro binding to macrophages and EGFR positive U87 glioblastoma 

cells. 
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Figure 2: Metal chelators used for imaging 

 

 

 

 

 

 

 

 
  
Metal chelators used for biomacromolecular radiolabeling160 (A) 2-(4-

isothiocyanatobenzyl)-1,4,7,10-tetraazacyclododecane- 1,4,7,10-tetraacetic acid (p-SCN-

Bn-DOTA), (B) 2-(4-isothiocyanatobenzyl)- diethylenetriaminepentaacetic acid (p-SCN-

Bn-DTPA), (C) S-2-(4-isothiocyanatobenzyl)- 1,4,7 triazacyclononane-1,4,7-triacetic 

acid (p-SCN-Bn-NOTA)  

(A) p-SCN-Bn-
DOTA (B) p-SCN-Bn-

DTPA 

(C) p-SCN-Bn-
NOTA 
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Figure 3: Bis-MTX-DOTA and bis-MTX-DTPA 
   

 

 

 

 

 

 

 

 

Bis-MTX chelators: Bis-MTX (black, both A and B) is linked to metal chelator DOTA 

(A, blue) and DTPA (B, red) via thiourea linkage (green, both A and B) 
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II. Results and Discussion 

i] Biodistribution of antiCD22 octamer CSANs in mice bearing Daudi tumors 
Nude mice were irradiated with X-rays (300 cGy dose) to kill residual immunity 

(B cells) and injected with 5 X 106 Daudi (CD22+) cells (in 100 µl PBS) into the flank 

region. Anti-CD22 octamer CSANs were formed by mixing 1DHFR2 antiCD22 protein 

with 3 equivalents of bis-MTX-DOTA and labeled with In111 tracer. More than 90 % 

In111 labeling was achieved. Once visible tumors started to appear (approx 2-3 weeks), 

mice were injected (IP) with labeled CSANs (day 0). At day 1 and day 3 post injection, 

mice were euthanized by carbon dioxide asphyxiation. Blood (cardiac puncture), liver, 

lung, spleen, pancreas, heart, kidneys, bone-marrow and tumor were isolated and the 

amount of radioactivity was determined by gamma counter. Results were normalized to 

the percentage of injected dose per gram of tissue.  

AntiCD22 octamer CSANs were present in circulation at 0.726 % on day 1, 

which reduced to 0.201 % of the injected dose by day 3 (Figure 4, Table 1), thus 

indicating that the CSANs were rapidly eliminated from circulation. Organs with high 

blood perfusion, such as the liver, pancreas, spleen and kidneys showed higher 

accumulation of CSANs. Uptake of CSANs by the liver, spleen and kidneys indicates 

macrophage and reticuloendothelial system (RES) uptake. The tumor tissue received 

close to 1 % of the total injected dose with only slight tumor reduction observed on day 3 

(72 hrs). Bis-MTX-DOTA chelator when injected alone also showed rapid elimination 

from circulation. At day 5 the highest amount of bis-MTX-DOTA was observed in 

kidneys indicating its mechanism of elimination is primarily through kidney filtration.  
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These preliminary results imply that the rapid clearance and uptake by RES 

organs led to a lower distribution of CSANs in tumor tissue. 
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Figure 4: Biodistribution of antiCD22 octameric CSANs in mice 
 

 
 
 
 
 
 
  
 

Biodistribution results (N=3) in percentage injected dose per gram of tissue of antiCD22 

octameric CSANs at day 1 (grey), day 3 (white) and bis-MTX-DOTA (black) at day 5 

post injection in mice bearing daudi (CD22+) tumors.  
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Table 1: Biodistribution of antiCD22 octameric CSANs in mice  

 
 

 

 

 

 

 

 

 

 

Biodistribution results (percentage injected dose) of antiCD22 octameric CSANs at day 

1, day 3 and bis-MTX-DOTA at day 5 in mice (n = 3) bearing Daudi (CD22+) tumors. 

Results are in terms of percentage injected dose. 

Organs Day 1 Day 3 Bis-MTX-DOTA 

Blood 0.726 ± 0.003 0.201 ± 0.025 0.392 ± 0.103 

Liver 5.377 ± 2.305 6.274 ± 1.633 0.578 ± 0.084 

Spleen 4.507 ± 2.368 5.228 ± 0.732 0.765 ± 0.089 

Pancreas 9.794 ± 1.062 7.467 ± 2.327 0.504 ± 0.107 

Heart 0.610 ± 0.114 0.580 ± 0.110 0.341 ± 0.050 

Kidney 6.186 ± 1.375 4.171 ± 0.729 1.022 ± 0.169 

Lung 0.975 ± 0.220 0.800 ± 0.134 0.430 ± 0.081 

Tumor 0.872 ± 0.274 0.725 ± 0.133 - 

Bone 1.085 ± 0.216 1.048 ± 0.359 0.219 ± 0.031 
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ii] Biodistribution of dimer and octamer antiCD3 CSANs in mice bearing HPB-

MLT tumors 
 Biodistribution studies of dimer and octamer antiCD3 CSANs were performed 

with a T-cell leukemia mouse tumor model. HPB-MLT (CD3+) cells were used for the 

tumor induction. The aim of this study was to evaluate the effect of ring size (dimer vs 

octamer) on the biodistribution. Bis-MTX-DTPA chelator was used to label the CSANs 

with In111. 1DHFR2 antiCD3 or 13DHFR2 antiCD3 proteins were mixed individually with 

bis-MTX-DTPA, labeled with In111 and injected (IP) into mice bearing HPB-MLT tumors 

(day 0). Mice were euthanized on day 3, blood (cardiac puncture), liver, lung, spleen, 

pancreas, heart, kidneys, bone-marrow and tumor tissues were harvested and the amount 

of radioactivity was determined by gamma counter. 

Accumulation of octameric antiCD3 CSANs by organs such as the liver, 

pancreas, spleen and kidneys were similar to what was observed for octamer antiCD22 

CSANs (Figure 4 and Table 1). Further, compared to octameric antiCD3 CSANs, dimeric 

antiCD3 CSANs had approximately 2.5 fold higher accumulation by the liver, pancreas, 

spleen and kidneys (Figure 5 and Table 2). CSANs were found to be rapidly eliminated 

from circulation and tumor accumulation by day 3 with less than 0.3 % of the total 

injected dose for both octamer and dimer antiCD3-CSANs. When dosed alone, bis-MTX-

DTPA was found to be rapidly eliminated from circulation by day 3. These results are 

consistent with the biodistribution of bis-MTX-DOTA chelator in the previous study. 

Both the experiments with antiCD22 and antiCD3 CSANs, revealed the need to increase 



 

 188 

the circulation half-life of CSANs and decrease the non-specific uptake by organs such as 

liver, pancreas and spleen by RES. 
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Figure 5: Biodistribution of antiCD3 CSANs in mice 
 
 
 
 
 
 
 
 
 
 

Biodistribution results (percentage injected dose) of dimer antiCD3 CSANs (grey), 

octamer antiCD3 CSANs (white) and bis-MTX-DOTA chelator (black) at day 3 (72 hr) 

post injection in mice bearing HPB-MLT (CD3+) tumors 
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Table 2: Biodistribution of antiCD3 CSANs in mice 

 
 
 
 
 
 
 
 
 

 

Biodistribution results of dimer and octamer antiCD3 CSANs and bis-MTX-DOTA 

chelator at day 3 in mice (n = 3) bearing HPB-MLT (CD3+) tumors. Results are in terms 

of percentage injected dose. 

Organs Dimer anti-CD3 Octamer anti-CD3 Bis-MTX-DTPA 

Blood 0.044 ± 0.110 0.031 ± 0.021 0.004 ± 0.004 
Liver 12.154 ± 2.312 4.418 ± 1.265 0.085 ± 0.055 

Spleen 5.150 ± 1.600 3.020 ± 1.160 0.063 ± 0.050 
Pancreas 16.770 ± 1.368 6.882 ± 1.890 0.032 ± 0.027 

Heart 0.399 ± 0.027 0.143 ± 0.017 0.016 ± 0.020 
Kidney 8.275 ± 1.435 2.783 ± 0.240 0.807 ± 0.431 
Lung 0.448 ± 0.136 0.376 ± 0.129 0.018 ± 0.011 

Tumor 0.282 ± 0.084 0.159 ± 0.062 - 
Bone 0.536 ± 0.161 0.322 ± 0.046 0.020 ± 0.009 
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 iii] Effect on trimethoprim treatment on antiCD3 CSANs clearance  

 From the previous two studies, significant uptake into organs such as liver, 

pancreas and spleen was observed. Trimethoprim (TMP) is the FDA approved small 

molecule inhibitor of DHFR protein that competes with the methotrexate binding site. 

We have previously reported that when CSANs are treated with a higher concentration 

(20 fold) of trimethoprim, the CSANs disassemble into DHFR fusion proteins and bis-

MTX.56 The goal of the current study was to evaluate if the trimethoprim treatment post 

CSANs in-vivo administration can clear them from organs such as liver, pancreas and 

spleen. 

 In the previous study, the non-specific uptake of dimer antiCD3 CSANs in mice 

bearing HPM-MLT cell tumors was significantly more compared to octamers (Figure 5). 

Hence, dimer antiCD3 CSANs were used in the current experiment. Dimer antiCD3 

CSANs were formed by mixing 13DHFR2-antiCD3 protein with 3 equivalents of bis-

MTX-DTPA. The study was divided into four groups and the study design is given in 

Table 3. On day 0 all the four groups received In111 antiCD3 dimer CSANs. On day 1, 

one group was sacrificed for initial control and the remaining 2 groups received a dose of 

2 mM trimethoprim by IP injections. On day 2 one of the two groups received a 2nd dose 

of 2 mM trimethoprim. On day 3, all the remaining 3 groups were sacrificed, tissues were 

harvested and the total radioactivity was determined (Table 3).  

If the trimethoprim treatment worked, then we would observe a decrease in 

accumulation in organs such as liver, pancreas and spleen compared to initial and final 

control groups in a dose dependent manner.  
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However, we did not observe any effect of trimethoprim treatment (Figure 6 and 

Table 4). There was no significant difference in accumulation in the liver, pancreas, 

spleen and kidneys post 1 and 2 doses of trimethoprim treatment compared to the final 

control (Day 3). Accumulation of antiCD3 dimer CSANs in the tumor was very similar 

across all the four groups (0.2 – 0.3 % injected dose) and clearance from the circulation 

appeared to be rapid with less than 0.1 % dose present on day 3 after injection. These 

results indicate that the organs such as liver, pancreas and spleen might have already 

taken up the dimer antiCD3 CSANs within the first 24 hr and thus are not readily 

accessible to trimethoprim for disassembly. 
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Table 3: Experimental plan for trimethoprim mediated CSANs disassembly in-vivo 

 
Mice 
Per 

group 

Groups Day 0 Day 1 
(24 hr) 

Day 2 
(48 hr) 

Day 3 
(72 hr) 

3 (i.p) Dimer CD3 
Initial 

Control 

Administer 
labeled 
CSANs 

Harvest 
Organs 

- - 

3 (i.p) Dimer CD3 
(1 Dose) 

Administer 
labeled 
CSANs 

Administer 
2mM 

Trimethoprim 

- Harvest 
Organs 

3 (i.p) Dimer CD3 
(2 Dose) 

Administer 
labeled 
CSANs 

Administer 
2mM 

Trimethoprim 

Administer 
2mM 

Trimethoprim 

Harvest 
Organs 

3 (i.p) Dimer CD3 
Final 

Control 

Administer 
labeled 
CSANs 

- - Harvest 
Organs 

 

Plan of the experiment to study the effect of 1 or 2 doses of Trimethoprim (IP) on the 

clearance of antiCD3 dimer CSANs.  
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Figure 6: Effect of trimethoprim treatment on biodistribution of dimeric antiCD3 

CSANs 

  

 

   
 

 
 
 
 
 
 
 
 
  

 

 

Biodistribution results (percentage injected dose) of anti-CD3 dimer CSANs on day 1 

(initial control, grey) and day 3 (final control, black) and post one dose (day 1, white) or 

two doses (day 1 and day 2, dark grey) of Trimethoprim (TMP) treatment, in mice (n = 3) 

bearing HPB-MLT (CD3+) tumors. 
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Table 4: Effect of trimethoprim treatment on biodistribution of dimeric antiCD3 

CSANs 

 

Organs Initial Control 

Day 1 

1 Dose TMP 

Day 1 

2 Doses TMP 

Day 1 and 2 

Final Control 

Day 3 

Blood 0.061 ± 0.033 0.046 ± 0.031 0.026 ± 0.005 0.064 ± 0.028 

Liver 13.251 ± 7.884 13.186 ± 0.683 11.189 ± 1.418 13.105 ± 0.781 

Spleen 4.163 ± 2.343 2.425 ± 1.796 3.595 ± 0.362 4.838 ± 1.788 

Pancreas 20.891 ± 9.255 7.834 ± 0.529  9.846 ± 3.765 10.417 ± 2.544 

Heart 0.402 ± 0.209 0.425 ± 0.111 0.468 ± 0.069  0.443 ± 0.082 

Kidney 10.746 ± 5.753 11.732 ± 2.528 10.445 ± 1.966 10.895 ± 0.814 

Lung 0.794 ± 0.491 0.513 ± 0.143 1.717 ± 1.064 1.794 ± 0.401 

Tumor 0.319 ± 0.199 0.205 ± 0.016 0.188 ± 0.059 0.251 ± 0.079 

Bone 0.909 ± 0.492 1.034 ± 0.362 0.890 ± 0.124 1.014 ± 0.166 
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iv] Effect of PEGylation on biodistribution of dimeric CSANs in mice  

 Based on our earlier studies, rapid elimination and uptake by organs such as liver, 

pancreas, spleen, and kidneys are likely the primary reasons for the observed reduction in 

tumor distribution of the CSANs. It is widely reported in the literature that PEGylation of 

proteins can reduce their non-specific uptake by Kuppfer cells and macrophages 

RES.11,146 Protein PEGylation also increases the hydrodynamic radius of the proteins, 

thus reducing their elimination and increasing their circulation half-life.13 Our initial 

attempt to PEGylate DHFR2 CSANs through lysine was not successful (unpublished 

data). When the DHFR2 protein was PEGylated by reacting with 10 KDa PEG-NHS (N-

hydroxy succinimide ester), the resulting PEGylated DHFR2 protein did not dimerize 

with bis-MTX. When the CSANs were first formed by mixing 13DHFR2 protein with 

bis-MTX and then incubating with 10 KDa PEG-NHS to label the lysines, it led to 

significant protein aggregation and variable protein labeling.  

 Due to the problems associated with labeling lysines, site-specifically PEGylating 

the DHFR2 protein was another alternative. 13DHFR2 protein was engineered to insert a 

C-terminal GGC (gly-gly-cys) tag. The C-terminal cysteine was the conjugated to a 10 

kDa PEG through a thiol-maleimide linkage using a procedure similar to the one used for 

labeling proteins with Alexa Fluor dyes. Either PEGylated or non-PEGylated 13DHFR2 

protein were mixed with bis-MTX-DTPA to form dimer CSANS, labeled with In111 and 

injected into mice (day 0) via IP injection. On day 3 post injection, mice were euthanized, 

tissues were isolated and the amount of radioactivity was determined. Also, a single 
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mouse was injected with dimer CSANs via the tail-vein as a comparison to the 

intraperitonial route of administration.  

 PEGylation of dimers led to a significant decrease in the accumulation of CSANs 

by the pancreas (∼ 2 fold) and kidneys (∼ 3 fold). The % ID in spleen and liver was 

approximately 2.75 % and 15 % respectively and did not show any effect of PEGylation 

(Figure 7 and Table 5). The amount of CSANs in the blood on day 3 also increased two 

fold from 0.029 % ID for dimers CSANs to 0.05 % ID for Dimer-PEG CSANs (Table 5). 

A higher level of liver uptake (31 % ID) was observed in mice dosed with dimer CSANs 

by IV injections. This result was expected as the CSANs injected through the tail vein 

will first pass through the liver before going to other organs of the mouse. The remaining 

organ distribution appeared similar to that observed for mice administered with dimer 

CSANs by IP injections. 

 The results from this study were encouraging since they suggested that 

PEGylation of the CSANs would reduce non-specific uptake and improve the circulation 

half-life. Dimeric CSANs have only 2 PEG molecules per nanostructure. This approach 

can be extended to octameric CSANs to see a further drop in non-specific uptake and 

improvement in the circulation half-life of the CSANs. In addition, incorporation of a 

targeting peptide could improve overall tumor uptake, as observed for other 

nanoparticles.19 
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Figure 7: Biodistribution of dimer CSANs PEGylated via C-terminal cysteine 

   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Biodistribution results of dimer CSANs (grey) or dimer CSANs PEGylated by 10 KDa 

PEG (black) injected by intraperitonial route and dimer CSANs (white) injected by 

intravenous route on day 3 post injection. Results are reported as percentage injected 

dose. 

!"

#"

$!"

$#"

%!"

%#"

&!"

&#"

'())*" +,-./" 01(..2"3425/.46" 7.4/8" 9,*2.:" +;2<"" ')2."

=,>./"""

=,>./?3@A"B$!9=4C"

=,>./"B,D-DC"

E
"F2

G.
58
.*

"=
)6
."



 

 199 

Table 5: Biodistribution of dimer CSANs PEGylated via C-terminal cysteine 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Biodistribution results of dimer and PEGylated dimer CSANs injected by IP injections 

and dimer CSANs injected by IV injection at day 3 in mice. Results are in terms of 

percentage injected dose. 

Organs Dimer  Dimer-PEG Dimer (i.v.) 

Blood 0.030 ± 0.001 0.054 ± 0.008 0.117 

Liver 13.505 ± 1.830 14.028 ± 4.388 31.690 

Spleen 2.754 ± 0.221 2.753 ± 1.148 3.723 

Pancreas 12.578 ± 0.625 5.709 ± 1.880 0.395 

Heart 0.506 ± 0.013 1.111 ± 0.358 0.717 

Kidney 14.951 ± 2.020 4.039 ± 1.058 9.902 

Lung 0.969 ± 0.738 0.479 ± 0.132 0.876 

Bone 1.031 ± 0.169 1.023 ± 0.301 1.271 
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v] Site specific PEGylation of 1DHFR2 pEGFR proteins using non-natural 

amino acid 

 In the previous section we observed that the non-targeted PEGylated dimeric 

CSANs showed lower uptake by pancreas and kidneys compared to non-PEGylated 

dimeric CSANs. The goal of the current study was to evaluate the biodistribution of 

PEGylated CSANs targeted towards the epithelial growth factor receptor (EGFR). We 

have previously characterized 1/13 DHFR2 pEGFR proteins wherein EGFR targeting 

small peptide (LARLLT sequence) is fused to the C-terminal of the second DHFR 

protein (Chapter 4). The peptide requires a free C-terminal for binding to the EGFR 

receptor. In the previous studies, 13DHFR2 protein was PEGylated via C-terminal 

cysteine. Hence in the current study, to accommodate the EGFR peptide on the C-

terminal, the PEGylation of the protein was achieved using non-natural amino acid 

methodology. The site for non-natural amino acid mutagenesis was chosen on the basis of 

the surface accessibility of the residue. The 1DHFR2 pEGFR fusion protein was used for 

this study due to its ability to form multimeric CSANs thus, displaying multiple copies of 

PEG per nanostructure. The first residue of the second DHFR (methionine) was selected 

and changed to an Amber (TAG) stop codon using site directed mutagenesis. Using the 

technology developed by Schulz and coworkers, unnatural amino acid P-acetyl 

phenylalanine (pAcF) replaced methionine-162 of the 1DHFR2 pEGFR protein with 

greater than 99 percent efficiency. The non-natural amino acid bearing protein was 

PEGylated with the 3/ 10 KDa aminooxy PEG (PEG-ONH2) with greater than 95 % 

efficiency (Figure 8). Characterization of 1DHFR2 pEGFR- 1DHFR2, pEGFR-3 KDa 
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 PEG and 1DHFR2 pEGFR-10 KDa PEG proteins were performed by mass spectrometry 

(Figure 9). The dimerization of the PEGylated 1DHFR2 pEGFR proteins were performed 

by incubating the proteins with bis-MTX, followed by analysis using size exclusion 

chromatography (Figure 10). 1DHFR2 pEGFR-3 KDa PEG (Figure 10 A, black trace) 

elutes slightly earlier at 33 min compared to the 1DHFR2 pEGFR protein at 34 min. 

When 1DHFR2 pEGFR-3 KDa PEG is mixed with bis-MTX we observed a broad 

multimer that elutes from 22 to 32 min (Figure 10 A, red trace). The monomeric 1DHFR2 

pEGFR-10 KDa PEG (Figure 10 B, black trace) elutes significantly earlier at 28 min, due 

to the increased hydrodynamic size of the attached 10 KDa PEG. Similarly, when 

1DHFR2 pEGFR-10 KDa PEG is mixed with bis-MTX a broad multimer is obtained that 

elutes from 19 to 27 min (Figure 10 B, red trace). These results demonstrate that 

PEGylation does not affect the dimerization of the 1DHFR2 pEGFR proteins and 

significantly increases the hydrodynamic radius of the CSANs. 
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Figure 8: Scheme for the PEGylation of 1DHFR2 pEGFR proteins 

 

 

 

 

 

 

  

 

1DHFR2 pEGFR plasmid with amber stop codon (TAG) when co-transfected with 

plasmid bearing pEVOL and pAcFaaRS (p-Acetyl phenyl alanine amino acyl t-RNA 

synthetase) gives 1DHFR2 (blue) pEGFR (red ribbon) protein with p-Acetyl phenyl 

alanine amino acid. This protein when mixed with aminooxy PEG (3 KDa or 10 KDa) 

conjugates PEG (yellow) site-specifically to the p-Acetyl phenyl alanine residue. 
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Figure 9: Mass spectrometry analysis of PEGYlated 1DHFR2 pEGFR proteins 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Analysis of 1DHFR2 pEGFR (A, 37807.5 Da) and 1DHFR2 pEGFR -3 KDa PEG (B, 

40837.1 Da) by ESI MS. 1DHFR2 pEGFR-10 KDa PEG (C, 48347.68) was analyzed by 

MALDI mass spectrometry.  
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Figure 10: Dimerization of PEGylated 1DHFR2 pEGFR and 13DHFR2 pEGFR 

proteins using size exclusion chromatography 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Size exclusion chromatography showing dimerization of (A) 1DHFR2 pEGFR-3 KDa 

PEG (black) and (B) 1DHFR2 pEGFR-10 KDa PEG (black) proteins with bis-MTX (red, 

both (A) and (B)) 
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vi] Colocalization of PEGylated pEGFR CSANs in U-87 Cells 

The ability of the PEGylated pEGFR CSANs to undergo EGFR mediated 

internalization was evaluated using confocal microscopy. 1DHFR2 pEGFR, 1DHFR2 

pEGFR–3 KDa PEG and 1DHFR2 pEGFR–10 KDa PEG proteins were mixed with bis-

MTX-FITC to form pEGFR octamers, pEGFR octamers - 3 KDa PEG and pEGFR 

octamers -10 KDa PEG CSANs, respectively. All the three CSANs (1 µM) were 

incubated with EGFR positive U-87 cells at 37 °C for 4 hrs and observed by confocal and 

differential inference contrast (DIC) microscopy. Green fluorescent punctates were 

observed inside the cells treated with pEGFR octamers - 3 KDa PEG and pEGFR 

octamers -10 KDa PEG CSANs at 37 °C in parallel with the pEGFR octamers (Figure 

11). These results indicate that PEGylation of 1DHFR2 pEGFR proteins does not affect 

their binding and internalization by EGFR. 

 

vii] Uptake of PEGylated pEGFR CSANs by mice macrophage cells using 

confocal microscopy 

 In the previous biodistribution studies, we observed high uptake of the CSANs by 

the liver, pancreas and kidneys. This is likely due to the uptake by macrophages and 

Kupffer cells of the reticuloendothelial system (RES). PEGylation of proteins reduces 

their uptake by the RES and we wanted to evaluate the PEGylated CSANs for their 

uptake by RES. Mice macrophage cells such RAW264.7 have been used in the literature 

to perform in-vitro study to evaluate the effect of PEGylation on nanoparticles uptake and 

predict their behavior in-vivo.162,163 A similar study was performed in which FITC labeled  
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pEGFR octamers, pEGFR octamers - 3 KDa PEG and pEGFR octamers -10 KDa PEG 

CSANs, were evaluated for their uptake by mice macrophages.162 

All the three CSANs (1 µM) were incubated with RAW246.7 cells at 37 °C for 1 

hr and observed by confocal and differential interference contrast (DIC) microscopy. 

Results show that pEGFR octamers -3 KDa PEG (Figure 12 B) and pEGFR octamers -10 

KDa PEG CSANs (Figure 12 C) have significantly lower fluorescence bound to 

RAW246.7 cells as compared to pEGFR octamers CSANs (Figure 12 A). In addition, 

visible differences between the binding of pEGFR octamers -3 KDa PEG and pEGFR 

octamers -10 KDa PEG CSANs to RAW246.7 cells was not observed.  
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Figure 11: Colocalization of PEGylated DHFR2 pEGFR proteins using confocal 

microscopy 

 

 

 

 

 

 

 

 

 

 

Confocoal microscopy results for (A) pEGFR octamers, (B) pEGFR octamers - 3 KDa 

PEG and (C) pEGFR octamers -10 KDa PEG CSANs incubated with EGFR positive U-

87 cells at 37 °C for 4 hr. In both the upper panel (FITC channel) and lower panel 

(overlay of FITC and differential interference contrast channel) bright green punctates are 

observed inside the cells. 

           pEGFR Octamers                   pEGFR Octamers – 3 KDa PEG      pEGFR Octamers – 10 KDa PEG    

     A               B                 C 
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Figure 12: Non-specific binding of PEGylated DHFR2 pEGFR CSANs to mice 

macrophage cells using confocal microscopy 

 

 

 

 

 

 

 

 

 

 

Confocoal microscopy results for FITC labeled (A) pEGFR octamers, (B) pEGFR 

octamers - 3 KDa PEG and (C) pEGFR octamers -10 KDa PEG CSANs incubated with 

mice macrophages (RAW264.7 cells) at 37 °C for 1 hr. In both the upper panel (FITC 

channel) and lower panel (overlay of FITC and differential interference contrast channel) 

significantly reduced binding and uptake of PEGylated CSANs is observed compared to 

non-PEGylated CSANs. 

        pEGFR Octamers                    pEGFR Octamers – 3 KDa PEG       pEGFR Octamers – 10 KDa PEG    

     A               B                 C 
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 viii] Binding of PEGylated pEGFR CSANs to mice macrophage cells using flow 

cytometry 

 In the previous section from the confocal microscopy results we observed that 

PEGylation reduces the binding of CSANs to the mice macrophages. Quantification of 

the macrophage binding of CSANs was achieved by flow cytometry. FITC labeled 

pEGFR octamers, pEGFR octamers - 3 KDa PEG and pEGFR octamers -10 KDa PEG 

CSANs were incubated with RAW264.7 cells at 37 °C for 1 hr. Cells were washed with 

PBS and analyzed for the increase in fluorescence by flow cytometry. The % binding 

results were normalized to pEGFR octamers at 100 % (Figure 13). Binding of pEGFR 

octamers - 3 KDa PEG and pEGFR octamers -10 KDa PEG CSANs to RAW264.7 cells 

were 80 % and 70 % respectively. Thus, a gradual decrease in macrophage binding from 

80 to 70 % was observed by increasing in size of the PEG from 3 to 10 KDa.  
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Figure 13: Binding of PEGylated pEGFR CSANs to RAW264.7 cells using flow 

cytometry 
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Flow cytometry results for FITC labeled pEGFR octamers (A), pEGFR octamers - 3 KDa 

PEG (B) and pEGFR octamers -10 KDa PEG (C) CSANs incubated with mice 

macrophages (RAW264.7) at 37 °C for 1 hr. The results were normalized to the 

percentage cell binding of pEGFR octamer CSANs at 100 %. 
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ix] Biodistribution of PEGylated pEGFR octameric CSANs in mice 

 Based on the in-vitro results, PEGylated pEGFR CSANs were evaluated for 

biodstribution in mice bearing EGFR positive U-87 glioblastoma tumors. Nude mice 

were inrradiated and injected with 5 x 106 cells subcutaneously in the flank region for 

tumor induction. 1DHFR2 10 KDa PEG, 1DHFR2 pEGFR and 1DHFR2 pEGFR 10 KDa 

PEG proteins were mixed with 3 eqivalence of 64Cu bearing bis-MTX-DOTA to form 

octamer 10 KDa PEG (non targeted), octamer pEGFR and octamer pEGFR 10 KDa PEG 

CSANs, respectively. Excess bis-MTX-DOTA was removed using Biospin columns and 

the CSANs were injected into mice (n = 4) by IV injection. At 1, 4 and 24 hr post 

injection, mice were imaged in a microPET scanner (GE). After 24 hr imaging, all the 

mice were euthanized, organs were isolated and counted for amount of 64Cu using well 

counter. 

 At 24 hr post injection, lower accumulation of octamer pEGFR 10 KDa PEG 

CSANs was observed in the liver, pancreas and kidneys compared to octamer pEGFR 

and octamer 10 KDa PEG CSANs (Figure 14, Table 6). All the three constructs were 

rapidly eliminated from circulation with less than 1 % injected dose (ID) present in blood 

at 24 hr post dosing (Table 6). Distribution of octamer pEGFR 10 KDa PEG CSANs in 

tumor was significantly higher (6.66 % ID) compared to octamer pEGFR (3.41 % ID) 

and octamer 10 KDa PEG CSANs (2.82 % ID). This is possible due to the combined 

effect of targeting and PEGylating the CSANs. Overall, PEGylated CSANs show lower 

distribution into non-specific organs such as the liver, pancreas and kidneys compared to 

non-PEGylated CSANs. The PET images at 24-post injection demonstrated a 
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significantly brighter tumor in the mice injected with octamer pEGFR 10 KDa PEG 

CSANs (Figure 15 C) compared to the one injected with non-PEGylated octamer pEGFR 

CSANs (Figure 15 B). In addition, the non-targeted octamer 10 KDa PEG CSANs shows 

least bright tumor indicating that EGFR peptide plays a pivotal role in targeting CSANs 

to the tumor (Figure 15 A). 

 Stability studies of the octamer pEGFR 10 KDa PEG CSANs were performed in 

PBS and mice blood. The stability studies were performed by passing the octamer 

pEGFR 10 KDa PEG CSAN samples through a Biospin column. The column retains all 

the small molecules such as free 64Cu and bis-MTX-DOTA labeled with 64Cu and elutes 

large molecules such as intact rings. The amount of 64Cu in elute can then be divided by 

total 64Cu (column + elute) to obtain percentage intact labeled rings. In PBS, 92.8 % and 

72.8 % of the pEGFR 10 KDa PEG CSANs were intact at 1 hr and 48 hr, respectively. 

Similar studies were performed by incubating the CSANs in freshly isolated mice whole 

blood. In blood, 79.3 % and 57.7 % of the pEGFR 10 KDa PEG CSANs were intact at 1 

hr and 24 hr, respectively. 
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Figure 14: Biodistribution of PEGylated pEGFR octameric CSANs in mice bearing 

U-87 tumors 
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Biodistribution results (n = 3) of octamers - 10 KDa PEG (blue), pEGFR octamers (red) 

and pEGFR octamers -10 KDa PEG (green) CSANs at 24 hrs post an intravenous 

injection. Results are reported as percentage injected dose per gram of tissue. Stataistical 

significance between pEGFR octamers and pEGFR octamers -10 KDa PEG, *p < 0.05 

(one tailed T-test), **p < 0.05 (two tailed T-test). 
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Table 6: Biodistribution of PEGylated pEGFR octameric CSANs in mice bearing U-

87 tumors 

 

 

 

 

 

 

 

 

 

 

Organs 
Octamer 10 

KDa PEG 

pEGFR 

Octamer 

pEGFR- 

Octamer 10 KDa 

PEG 

Blood 0.67  ± 0.07 0.61 ± 0.18 0.88 ± 0.14 

Liver 8.17 ± 2.48 10.96 ± 2.99 6.32 ± 1.37 

Spleen 1.82 ± 1.24 2.67 ± 1.31 1.78 ± 0.28 

Pancreas 1.42 ± 1.09 1.47 ± 1.20 0.71 ± 0.04 

Heart 1.04 ± 0.31 1.33 ± 0.29 1.29 ± 0.51 

Kidney 9.16 ±1.90 11.24 ± 3.90 5.47 ± 1.04 

Lung 1.92 ± 0.39 2.64 ± 0.91 2.74 ± 0.89 

Tumor 2.82 ± 0.10 3.41 ± 1.13 6.66 ± 1.33 
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Figure 15: PET images of mice injected with different CSANs constructs 

 

The figure above represents the PET images of individual mice injected with octamer 10 

KDa PEG CSANs (A), octamer pEGFR CSANs (B) and octamer pEGFR 10 KDa PEG 

CSANs (C) at 24 hr post IV injections. The tumor is represented by yellow dotted circle. 
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III. Conclusion 

 The preliminary biodistribution studies on antiCD22 and antiCD3 CSANs show 

that the CSANs are rapidly eliminated from the circulation and accumulate non-

specifically in organs such as the liver, pancreas and spleen. The chemical dimerizers, 

bis-MTX-DOTA and bis-MTX-DTPA were also rapidly eliminated largely through the 

kidneys, but do not show any accumulation by the liver, pancreas and spleen. Thus, the 

biodistribution behavior observed for CSANs is likely due to the uptake of intact CSANs 

by these organs. This behavior is likely attributed to the uptake of the CSANs by 

macrophages and Kupffer cells that reside in these organs. We have previously reported 

that trimethoprim, a FDA approved competitive inhibitor of methotrexate can 

disassemble CSANs.56,164 Treatment with trimethoprim at 24 hrs post CSANs 

administration had no effect on clearance of CSANs from these organs. This means that 

the organ bound CSANs are likely endocytosed by phagocytic cells residing in the liver, 

spleen and pancreas and are not readily available for trimethoprim to induce their 

disassembly and subsequent clearance. In addition, CSANs were rapidly eliminated from 

circulation leading to lower distribution to the tumor site/tissue.  

 PEGylation of the proteins or nanoparticles decreases the macrophage uptake and 

improves the circulation half-life by increasing the hydrodynamic radius of the 

nanoparticles. Hence, PEGylation of CSANs was employed as an approach to decrease 

their non-specific uptake, increase their circulation time and thereby increase their tumor 

accumulation. After the initial failure to PEGylate the proteins through surface lysines, 

site-specific PEGylation was achieved via a C-terminal cysteine of 13DHFR2 protein 
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using thiol-maleimide linkage. PEGylated dimeric CSANs showed significantly lower 

uptake in the pancreas and kidneys compared to the non- PEGylated CSANs. This 

approach was further extended to EGFR targeted CSANs. Since EGFR targeting peptide 

(LARLLT sequence) requires free a C-terminal, PEGylation was achieved via non-

natural amino acid (p-Acetyl phenylalanine) mutagenesis. Monomeric 1DHFR2 pEGFR 

protein was PEGylated with 3 and 10 KDa PEG. The resulting pEGFR CSANs – 3 KDa 

PEG and pEGFR CSANs – 10 KDa PEG retained the ability to bind and internalize on 

EGFR positive U-87 glioblastoma cells. Further, pEGFR CSANs – 3 KDa PEG and 

pEGFR CSANs – 10 KDa PEG showed reduced binding to mice macrophage cells 

compared to non-PEGylated pEGFR CSANs. With these encouraging in-vitro results, the 

next step was to evaluate the biodistribution of PEGylated pEGFR CSANs in mice 

bearing EGFR positive flank tumors. 

 In vivo biodistribution studies demonstrated the combined effect of targeting and 

PEGylation led to higher accumulation of CSANs in mice tumor. A two-fold increase in 

tumor accumulation was observed for targeted CSANs compared to non-targted CSANs. 

PEGylated CSANs showed reduced non-specific accumulation in the liver, pancreas and 

kidneys. The in-vitro results predicted that PEGylation of the CSANs with 10 KDa PEG 

reduced the macrophage uptake by about 30 % and similar trend was observed in the in-

vivo studies. In addition, the CSANs were completely eliminated from the circulation at 

24 hr post injection. Rapid elimination of the CSANs from the blood will lead to reduced 

background signal and hence can be used in diagnostic applications such as tumor 

imaging. 
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IV. Material and Methods 

i] Mice flank tumor induction 

 Female Athymic Nude –Foxn1nu (Harlan Sprague Dawley) mice (3-4 weeks old) 

were ordered two weeks before the study. These mice lack T-cells but contain normal 

functional B- cells. Thus, mice were irradiated with X-ray dose of 300 centiGrays on the 

day prior to the tumor cell injections. On the day of injection, HPB-MLT or Daudi cells 

were centrifuged (1400 RPM for 10 min), washed with PBS (phosphate buffered saline), 

counted and resuspended in PBS at a concentration of 5 X 107 cells / ml. 5 X 106 cells in 

100 µl of PBS were injected into the flank of the mice subcutaneously (s.c.). It takes 

about 2-3 weeks for the tumors to appear (check for the tumor at least 2 times every 

week). 

 

ii] Protein radiolabeling 

1DHFR2 or 13DHFR2 (DHFR-DHFR) fusion proteins (500 µl of 1 mg/ ml) were 

mixed with 3 equivalents of bis-MTX-DOTA/ bis-MTX-DTPA to form octamer/ dimer 

rings, respectively. Nanorings were washed with 50 mM Tris hydrochloride buffer (pH = 

9.0) to get rid of all the ethylenediamine terta acetic acid (EDTA) present in the protein 

solutions (7 times in 30 KDa cutoff amicon 15 mL capacity). After 7 washes the rings 

were buffer exchanged with ammonium acetate buffer (0.16 M, pH = 6.8) using amicon. 

The final concentration of the rings was adjusted to 1 µg/ µL (0.5 mg / 0.5 ml). All the 

buffers were made metal free by passing through Chelax 100 column. 
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Indium was received from the radiation protection department (RPD), 

standardized and diluted to 1 µCi/ µL using ammonium acetate buffer. 5 µL of the 

Indium was added to 10 µg (1µg/ µL) of the proteins (or molar equivalent of bis-MTX-

DOTA) and incubated for 20 min at room temperature. After 20 min, 2 µL of 50 mM 

EDTA was added to quench the reaction and 83 µL of PBS (1 % BSA) to make up the 

volume to 100 µL. The reaction mixture was loaded onto pre-equilibrated (3 times 1 mL 

of PBS containing 1 % BSA) of Bio-Spin Tris columns to get rid of all excess free 

Indium. The columns were then spun down at 3500 RPM for 5 min. The percentage of 

protein labeling was determined by instant thin layer chromatography (ITLC). In ITLC, 

the labeled protein will stay at the baseline and free Indium will run with the solvent 

front. Percentage labeling was calculated by dividing the radioactive counts at baseline 

by total counts (baseline and solvent front). If the percentage labeling was low then the 

reaction mixture was again passed through the Bio-Spin Tris column. Finally, 400 µL of 

PBS (1 % BSA) was added to 100 µL of labeled protein solution. 2.5 µg of the protein 

(100 µL) was injected into each mice by intraperitonial (ip) or intravenous route (iv). The 

above reaction was scaled up for injecting into more mice. 

 

iii] Organ isolation and indium measurement 

At desired time points post injection, mice were euthanized using carbon dioxide 

chamber. Mice were dissected from the peritoneal cavity and blood was isolated by 

cardiac puncture using a syringe. All the major organs such as liver, spleen, kidneys, 

pancreas, heart, lungs, tumor and bone were isolated, placed in pre-weighed tubes and
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 weighed again to get the weight of each tissue. All the tubes were counted for the 

amount of radioactivity using gamma counter. One dose of the protein was saved and 

used as a control for total injected dose. Results were reported in terms of percentage of 

injected dose and percentage of injected dose per gram of tissue. 

 

iv] PEGylationg of 13DHFR2 protein via C-terminal cysteine 

DHFR2 was PEGylated via cysteine - maleimide linkage. A C-terminal glycine-

glycine-cysteine was incorporated into 13DHFR2 protein by site directed mutagenesis 

(13DHFR2 GGC). 13DHFR2 GGC was first reduced with 100 eq. dithiothreitol (DTT) for 

2 hr at 4 °C. Then the protein was precipitated with 90 % (w/v) ammonium sulfate by 

stirring at 4 °C for 1 hr. Protein slurry was spun down at 13000 x g for 5 min at 4 °C. 

Pellet was washed two times with P500 buffer (0.5 M NaCl, 50 mM KH2PO4, 1mM 

EDTA, pH = 7.0) containing 90 % ammonium sulfate. Washed protein pellet was 

resuspended in P500 buffer containing 100 equivalents of 10 KDa PEG-maleimide and 

stirred at room temperature for 1 hr. After 1 hr, the reaction was quenched with 1 mM 

DTT. The labeled protein was purified by SEC (size exclusion chromatography) using 

G75/ G200 Superdex (GE Healthcare Lifesciences) column. More than 95 % protein 

labeling was achieved as determined by UV-Vis spectroscopy. 
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v] Unnatural amino acid incorporation into 1DHFR2 protein 

Unnatural amino acid was incorporated into 1DHFR2 His6 and 1DHFR2 pEGFR 

proteins. The site for the unnatural amino acid incorporation (M162TAG) was chosen on 

the basis of surface accessibility of the residue. The methionine was mutated to the amber 

(TAG) stop codon with Quick change® site directed mutagenesis kit (Strategene). The 

primers used for the mutation were 5’-

CGGCGGGGCTAGATCAGTCTGATTGCGGCG and 5’ TCTAGCCCCGCCGCTC 

CAGAATCTC. The plasmid pEVOL_pAcF encoding Aminoacyl-tRNA synthetase and 

tRNACUA evolved from Methanococcus jannaschi was provided by Dr Schultz group. 

Unnatural amino acid (p-Acetyl phenyl alanine/ pAcF) was synthesized in-house by 

Rachit Shah. 

To express DHFR2 fusion protein with p-acetyl phenylalanine, plasmid encoding 

DHFR2 with M174TAG mutant was co-transformed (Z-COMPETENT E.coli 

transformation kit, Zymoresearch) with pEVOL_pAcF plasmid into BL21 (DE3) 

competent E.coli cells. Cells were grown overnight in 50 ml LB (Luria-Bertani) media 

and inoculated to 1 L of LB media containing Chloramphenicol (34 mg/ml) and 

Ampicillin (50 mg/ml). Cultures were grown at 37 °C until absorbance at 600 nm reached 

0.600. When the absorbance was close to 0.6, protein expression was induced by adding 

0.3 mM IPTG, 0.04 % arabinose and 1 mM pAcF (210 mg) and the cells were then 

grown at 30 °C for 18 hr. The cells were then harvested using centrifuge at 7,500 rpm for 

10 minutes. The cells pellet was resuspended into the lysis buffer containing 1mg/ml of 

lysozyme, 20 mM sodium phosphate, 300 mM NaCl, 10 mM Imidazole and incubated 



 

 222 

with gentle shaking for 30 min at room temperature. The partially lysed cells were 

sonicated (below 10 °C) and the cell lysate was centrifuged at 16,000 rpm for 45 min to 

separate the cell debris. The supernatant from the centrifuge was loaded onto the Ni-NTA 

agarose column. The unbound proteins were washed off the column with buffer A (20 

mM sodium phosphate, 300 mM NaCl, 25 mM Imidazole) and the desired protein was 

eluted with a gradient of buffer A and buffer B (20 mM sodium phosphate, 300 mM 

NaCl, 500 mM Imidazole). Since the His tag was present before the EGFR peptide at the 

C-terminus of the sequence, the binding of histidine was inefficient and resulted in the 

early elution of protein in the wash buffer. The protein from the wash buffer and the 

elution fractions were combined together and loaded onto the Methotrexate agarose 

affinity (MTX-agarose) column. The MTX-agarose column was then washed with high 

salt buffer (50 mM KH2PO4, 1 mM EDTA and 1M KCl pH 6.0) and the protein was 

eluted using folate elution buffer (50 mM KH2PO4, 1 mM EDTA, 1M KCl and 5 mM 

folate pH 9.0). The fractions containing folate activity were combined and concentrated 

using 30 KDa cutoff amicon. The concentrated protein was dialyzed overnight and 

loaded onto the DEAE ion exchange column. The protein was then eluted with the 

gradient elution buffer A (10 mM Tris, 10 mM EDTA pH 7.2) and B (Buffer A + 0.5 M 

KCl).  The elution fractions were checked for the A280 absorbance and SDS gel was ran 

to check the purity of the protein. After pooling the fractions containing protein together 

it was concentrated and buffer exchanged with 0.1 M Phosphate buffer pH 7.0 using 30 

KDa amicon. 
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vi] Site-specific PEGylation of 1DHFR2 protein with aminooxy PEG 

1DHFR2 fusion protein with p-acetyl phenylalanine at M162 position (1DHFR2 

pEGFR M162pAcF, 18.5 µM, 0.7 mg) was incubated with 10 mM PEG-ONH2 (3/10 

KDa) in phosphate buffer (0.1 M, pH 7.0) at room temperature. Progress of the reaction 

was monitored using SDS PAGE gel electrophoresis. More than 95 % protein was 

PEGylated in 52 hrs as determined by densitometry analysis. The PEGylated protein was 

purified from excess of PEG using anion exchange chromatography (DEAE column).  

 

vii] Colocalization of PEGylated pEGFR CSANs by confocal microscopy 

0.20 X 106 U-87 or RAW264.7 (mice macrophage) cells were plated on a cover 

slip in a 6-well plate and incubated overnight at 37 °C to adhere to them. Next day, 

1DHFR2 pEGFR, 1DHFR2 pEGFR-3 KDa PEG and 1DHFR2 pEGFR-10 KDa PEG 

proteins (1 µM) were mixed with bis-MTX-FITC (1.1 µM) and incubated with U87 cells 

(24 hr) and RAW264.7 cells (1 hr) at 37 °C. Cells were then washed thrice with PBS, 

fixed with 4 % paraformaldehyde solution for 10 min and again washed thrice with PBS. 

Finally, the dried cover slips were inverted onto glass slides containing a drop of 

ProLong Gold Antifade reagent with DAPI (Invitrogen). After overnight incubation the 

slides were imaged by fluorescence confocal microscopy using Olympus FluoView 1000 

BX2 Upright Confocal microscope. 
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viii] Binding of PEGylated pEGFR CSANs by flow cytometry 

RAW264.7 cells were scraped from the surface of the culture flask, centrifuged 

(800 RPM for 5 min) and counted. 1DHFR2 pEGFR, 1DHFR2 pEGFR-3 KDa PEG and 

1DHFR2 pEGFR-10 KDa PEG proteins (1 µM) were mixed with bis-MTX-FITC (1.1 

µM) and incubated with 0.50 X 106 RAW264.7 cells at 37 °C for 1 hr in PBS buffer 

(containing 0.05 % BSA). Cells were pelleted (400 x g, 10 min), washed twice, and 

finally resuspended in the supplemented PBS and their fluorescence was analyzed with a 

FACSCalibur flow cytometer (BD Biosciences).  

 

ix] Biodistribution of pEGFR CSANs in mice bearing EGFR positive tumor 

Mice were irradiated with 300 cGy X-rays and injected with 5 x 106 U-87 

(EGFR+) cells in PBS on the next day via subcutaneous route in the left flank. All the 

mice developed tumors in 1 week. 30 mCi of Copper-64 was ordered and 8.5 mCi was 

received. Sodium acetate buffer (1 M, 10X, pH 6.25) and water were made metal free by 

running through Chelax100 resin column. 64Cu was neutralized with 10X sodium acetate 

solution to pH 6-7 using pH strip. 64Cu (6.4 mCi) was incubated with bis-MTX-DOTA 

for 30 min at 40 °C. The reaction was monitored by ITLC. Initial labeling was 60 % and 

hence more bis-MTX-DOTA was added to chelate off free 64Cu. Finally 80 % labeling 

was achieved. The amount of bis-MTX-DOTA added was back calculated, 0.3 

equivalence of different proteins were added and incubated for 30 min at room 

temperature. All the labeled rings were the passed through equilibrated BioSpin column. 

The percentage of the labeling was determined by ITLC. 
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 On the day of the injection, the activity of each sample was measured. PBS (1 % 

BSA) was added to all the samples to make up the volume to 500 uL (100 uL per mice). 

Approximately 50-60 uCi equivalent of rings were injected into each mice via tail vein 

(100 uL). Hot water and/ or oil of wintergreen was used to inflate the vein. A small 

amount of sample was saved as a control for % injected dose. PET imaging: All the 4 

mice of the group were anaesthetized by isoflurane, placed in the mouse hotel and 

imaged by X-ray and PET at 1, 4 and 24 hr post injection. The PET imaging scan time 

was increased with time 1 hr (15 min), 4 hr (30 min) and 24 hr (60 min). Tissue 

harvesting and counting: Post 24 hr imaging, all the mice were euthanized in CO2 

chamber and blood (cardiac puncture), liver, spleen, pancreas, kidney, lung, heart and 

tumor was isolated in pre weighed tubes. The tubes with the organs were weighed and the 

amount of 64Cu was counted using well counter. The results were reported in terms of % 

of injected dose per gram of tissue. 

 

x] Stability studies of pEGFR CSANs in PBS and blood 

  BioSpin column was equilibrated with 1 ml of PBS (1 % BSA) 3 times (under 

gravity). Then, the column was spun at No. 6 setting of bench top centrifuge for 4 min. 

The rings were loaded on the column (50-100 uL) and again spun with same settings for 

4 min. The column and the eluted liquid were counted for the amount of 64Cu by well 

counter. % to protein bound 64Cu can be calculated using the formula bottom 

(elute)/(column+bottom)*100. Stability of the CSANs in blood was performed by 

incubating the the labeled CSANs in freshly isolated mice blood (in heparin).  
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