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ABSTRACT 

Based on our development of a highly efficient protocol for the chemically 

controlled self-assembling of protein nanorings, we have sought to exploit our 

methodology for engineering multivalent chemically self-assembled antibody-nanorings 

(CSANs) for tissue imaging and drug delivery. Two novel DHFR-DHFR-anti-CD3 scFv 

fusion proteins were constructed (13DDantiCD3 and 1DDantiCD3). In addition, the two 

DHFR cysteines were mutated to either alanine or serine to enhance correct folding. The 

protein was expressed in BL21 (DE3) cells, renatured with the SLS-based refolding 

protocol and purified by methotrexate affinity chromatography. Incubation of 

13DDantiCD3 with the chemical dimerizer, bisMTX, resulted in almost exclusive 

formation of the bivalent CSANs, while incubation with 1DDantiCD3 resulted in 

formation of octavalent CSANs. Both antibody nanorings selectively blocked the killing 

of the CD3+ human T-leukemia HPB-MLT by a diphtheria-anti-CD3 immunotoxin. 

FACS analysis revealed nearly identical dissociation constants for both the self-

assembled and parental monoclonal antibody and a 3-fold lower Kd for the octavalent 

species. The chemically dimerized scFv’s were shown to be stable in cell culture at 37oC 

and the dimerization was shown to be reversible by the addition of excess amounts of the 

non-toxic FDA approved DHFR antagonist trimethoprim. We also demonstrate that, 

similar to the parental bivalent anti-CD3 monoclonal antibody (MAB), anti-CD3 CSANs 

selectively bind to CD3+ leukemia cells, and undergo rapid internalization through a 

caveolin-independent pathway that requires cholesterol, actin polymerization and protein 

tyrosine kinase activation. While treatment with the monoclonal antibody leads to T-cell 

activation and nearly complete loss (i.e. 90%) of surface displayed T-cell receptor (TCR), 
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only 25-30% of the TCR down regulate and no significant T-cell proliferation is observed 

after treatment of peripheral blood mononuclear cells (PBMCs) with anti-CD3 CSANs. 

Consistent with the proliferation findings, 15-25 % less CD25 (IL-2 receptor) was found 

on the surface of PBMCs treated with either the polyvalent or bivalent anti-CD3 CSANs, 

respectively, than on PBMCs treated with the parental MAB. Comparative experiments 

with F(ab')2 derived from the MAB confirm that the activation of the T-cells by the MAB 

is dependent on the Fc domain, and thus interactions of the PBMC T-cells with accessory 

cells, such as macrophages. Taken together, our results demonstrate that anti-CD3 

CSANs with valencies ranging from 2 to 8 could be employed for radionuclide, drug or 

potentially oligonucleotide delivery to T-cells without, as has been observed for other 

antibody conjugated nanoparticles, the deleterious affects of activation observed for 

MAB. Further the CSAN construct may be adapted for the preparation of other 

multivalent scFvs.  
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I. Significance of multivalent Antibody 

Over 100 years ago Paul Ehrlich1, 2 proposed the concept of an ideal drug as a “magic 

bullet”, which could selectively target a disease-causing organism, and deliver a toxin to 

the organism. In the 1970s, Kohler and Milstein3 developed the murine hybridoma 

technology for the production of monoclonal antibodies (mAbs) capable of binding a 

single antigen epitope. Consequently, because of their highly selective binding affinity 

and specificity, the potential for mAbs to serve as Ehrlich’s “magic bullet” was rapidly 

exploded during the 1980’s and 1990’s. A monoclonal antibody is a “Y”-shaped 

molecule consisting of two heavy chains and two light chains. (Figure 1) The Fab 

(fragment, antigen binding) region is composed of one constant domain and one variable 

domain from each heavy chain and light chain, while the Fc (fragment, crystallizable) 

region is composed of the remaining constant domains of two heavy chains. Variable 

domains of the heavy chain and the light chain in the Fab region contribute to the 

function of specific antigen binding. Fc region is responsible for generation of immune 

response by binding to various cell receptors, such as the Fc receptor, or other immune 

molecules, such as complement proteins. 

Nevertheless, the first generation of monoclonal antibodies proved to be clinically 

unsuccessful, and since they were of murine origin, the immunogenicity of the foreign 

proteins resulted in severe side effects, such as serum-sickness and anaphylaxis.4-6 To 

overcome the immune response of the murine monoclonal antibodies, core technologies 

were developed including chimerization7, 8 and humanization9 of murine antibodies, as  
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well as direct production of human antibodies by phage display10 or transgenic mice11. 

Chimeric antibodies7, 8, 12 can be obtained by joining the antigen binding variable 

fragments of a mouse monoclonal antibody to human constant fragments (Figure 2a), 

while humanized antibodies9 can be generated by grafting the complementary-

determining regions (CDRs) from a mouse monoclonal antibody onto a human 

monoclonal antibody (Figure 2b). Furthermore, besides being created from very large 

single-chain variable fragments or Fab phage display libraries10 (Figure 2c), human 

antibodies have also been obtained from transgenic mice11 which contain human 

immunoglobulin genes and genetically disrupted endogenous immunoglobulin loci 

(Figure 2d). Over the last two decades, based on the innovative development of antibody 

engineering methodologies, antibodies (Ab) have become an important class of human 

therapeutics with more than twenty-six FDA approved monoclonal antibodies and 

hundreds of antibodies in clinic trials. Table 1 lists current monoclonal antibodies which 

have been approved for clinical use by the FDA. 

When antibodies are used for in vivo imaging or as vehicle for delivering a cytotoxic 

agent (radionuclide, drug, or toxin),13, 14 (Figure 3) fast blood clearance of untargeted 

antibodies is required to avoid non-target tissue binding. Because of its constant 

fragments and large molecular size, intact IgG exhibits a very long circulation half life,15 

which can result in dose-limiting myelotoxicity and a high background in imaging. 

Furthermore, the Fc regions of an IgG can be undesirable for effector functions in some 

circumstances. As such, methods of engineering small recombinant antibodies containing  
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(c) Figure adapted from Hust et al.16 
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(d) Figure adapted from Zou et al.17 
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Table 1. Examples of therapeutic monoclonal antibodies approved for clinical use. 

Trade 
name 

Product Company FDA 
Approved 

OKT3 Mouse anti-CD3, Transplantation Rejection Ortho Biotech (Johnson 
&Johnson) 

1986 

ReoPro Chimeric 7E3, Against platelet glycoprotein 
IIb/IIIa 

Centocor B.V. 1994 

Verluma Mouse Fab against glycoprotein Boehringer Ingelheim 
Pharma KG 

1996 

Myoscint Mouse Fab-In-111, against human heart 
miosin 

Centocor 
(Johnson&Johnson) 

1996 

CEA-Scan Mouse Ig-Tc-99m, against CEA  Immunomedics Inc 1996 
Zenapax Humanized anti-IL-2α, transplantation 

rejection 
Hoffman-LA Roche 1997 

Rituxan Chimeric anti-CD20, lymphoma Genentech 1997 
Simulect Chimeric anti- IL-2α, renal transplant Novartis 1998 
Sinagis Humanized IgG1, respiratory syncitial virus Medimmune 1998 
Herceptin Humanized anti-Her2/neu, breast cancer Genentech 1998 
Infliximab Chimeric anti-TNF-α, Rheumatoid arthritis, 

Crohn’s disease 
Centocor 
(Johnson&Johnson) 

1998 

Myelotarg Human anti-CD33 
Calicheamicin conjugate, leukemia 

Wyeth Averst 2000 

Campath Humanized anti-52, chronic lymphocytic 
leukaemia 

Millennium/Ilex 
Partners LP 

2001 

Humira Human anti-TNF-α, Rheumatoid arthritis Abbott  2002 
Zevalin Y-90-Mouse anti-CD20, Lymphoma IDEC Pharmaceuticals 2002 
Xolair Humanized IgE, severe asthma Genentech/Roche 2003 
Bexxar I-131- murine anti-CD20, Lymphoma GlaxoSmithKline 2003 
Raptiva Humanized anti-CD11a Genentech/Roche 2003 
Erbitux Chimeric anti-EGFR, colorectal cancer Bristol-Myers Squibb 2004 
Avastin Chimeric anti-VEGF, Colorectal, lung 

cancers 
Genentech 2004 

Tysabri Humanized anti-CD49d, multiple sclerosis, 
chron’s disease 

Biogen 2006 

Lucentis Humanized anti-VEGF-A, wet macular 
degeneration 

Genentech 2006 

Vectibix Human anti-EGFR, metastatic colorectal 
carcinoma 

Amgen 2006 

Soliris Humanized anti-CD59, paroxysmal 
nocturnal hemoglobinuria 

Alexion 
Pharmaceuticals 

2007 

Cimzia Humanized Fab anti-TNF-α, morbus chron, 
Rheumatoid arthritis 

UCB Pharma 2008 

Simponi Human anti-TNF-α, Rheumatoid arthritis Centocor 
(Johnson&Johnson) 

2009 
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only minimal binding fragments have been developed.18, 19 Initially F(ab’)2 or Fab 

fragments can be generated by digesting intact IgGs with the proteolytic enzymes pepsin 

or papain. Moreover, the ability to clone and express the variable (VH & VL) and constant 

(CH & CL) domains of monoclonal antibodies has made the construction of genetically 

engineered antibodies possible.18 Recombinant antibodies, referred to as single chain 

antibodies (scFv’s), have been constructed by fusing the VH and VL domains of an 

antibody variable region (Fv) via a peptide linker.18 Compared to IgG, scFv’s retained the 

capabilities for specific antigen bindings and exhibited faster blood clearance and greater 

tumor penetration.20-22    

Although recombinant antibodies exhibit several advantages because of their small size, 

the moderate residual time of monovalent binding fragment on the target antigen has 

demanded further modifications of the binding affinity.13 Engineering recombinant 

antibodies into multivalent antibodies provides a way to increase binding avidities, and 

decrease dissociation from the target cells. Thus, a variety of methods have been 

developed for the multimerization of antibody fragments.19, 23, 24 For example, genetic 

engineering of recombinant antibodies resulted in the development of approaches for the 

preparation of the corresponding fusion relatives, such as diabodies (bivalent) and 

tandabs (tetravalent). (Figure 4)  Different methods to produce multivalent antibodies 

will be discussed in detail in the next section. 

Multivalent antibodies offer several advantages for enhancing antibody tissue targeting. 

Firstly, increased multivalency of recombinant antibodies can result in the enhancement 

of specific binding avidity for the cell membrane, depending on the antigen copy number  
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Figure 3. Antibody targeted drugs as cancer therapeutics. Figures adapted from Schrama 

et al. 25  
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Figure 4. Plasmid structure and the schematic structure for the engineered multivalent 

antibodies by domain-swapping strategy, genetically linear fusion strategy, and 

chemically linking strategy. 
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per cell. Many factors can influence the increase of binding avidity, including steric 

effects, local antigen density, accessibility of adjacent epitopes, and the conformational 

flexibility of both target antigens and binding domains of the multimer. Secondly, since 

the renal clearance threshold is ~65 kDa,26 small antibody fragments such as scFv (~28 

kDa) exhibit high kidney uptake and fast renal clearance. While widely distributed, these 

antibody fragments are optimal for imaging, but not drug delivery, since typically 

significant accumulation of drug is therapeutically necessary. Increasing valency of 

recombinant antibodies provides the opportunity to optimize their size for the desired 

pharmacokinetics parameters. Thirdly, oligomerization of recombinant antibodies allows 

the engineering of antibodies into bispecific or even trispecific molecules, which can 

enhance their tissue specificity. 

 

II. Strategies of generating multivalent antibody 

By engineering antibody fragments with different size, valency, and specificity, the 

diversity of molecular forms has grown dramatically to enhance antigen binding avidity, 

biodistribution, and in vivo pharmacokinetics. Many strategies for the design of 

multivalent antibodies have been developed.  

A. Domain-swapping phenomenon 

Since protein domains can be independent folding units and can evolve independently 

of the rest of the protein structure, domains partiality of structured proteins can be 

“swapped” by genetic engineering between one protein and another to produce chimeric 
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proteins.27 Based on the domain-swapping phenomenon, diabodies, triabodies and 

tetrabodies can be generated by linking variable domains of antibodies.28-31 (Figure 4) 

The valencies of multibodies depend on the linker lengths between domains and their 

orientation. When the peptide linker between the carboxy terminus of one domain of an 

antibody molecule and the amino terminus of the other is 15 amino acids (commonly 

used linker, (G4S)3), monovalent single-chain Fv Fragments (scFv, ~28 kDa) can be 

easily produced by bacteria expression. The dimerization of the scFv can be forced by 

reducing the linker length to 5 amino acids, which are too short to allow intra-chain 

assembly of the VH and VL domains, usually in the assembly of noncovalent scFv 

dimers,  diabodies (~55 kDa). Further reducing the linker length below three residues 

results in the assembly of trivalent tribodies (~80 kDa) or tetravalent tetrabodies (~110 

kDa). Because of the reduced renal clearance and higher avidity, multibodies have shown 

longer tumor retention time in vivo and higher tumor-to blood ratios than monovalent 

scFv.32  The disadvantage of this approach is the uncontrolled aggregation of monomers 

and insufficient soluble protein expression.30  

Moreover, the domain-swapping strategy can be applied to generate bispecific 

diabodies  (BsDbs) by co-expressing two fragments of VHA-VLB and VHB-VLA in cells. 

(Figure 4) In some cases, the formats of VLA-VHB and VLB-VHA are required for 

functional assembly of diabodies. The sequences of both chains are preceded by the 

ribosomal binding site (RBS) and the signal sequence. After co-expression of both chains 

in cells, only heterodimer diabodies are able to bind the antigens. The heterodimeric 

diabodies can be easily separated from homodimeric diabodies by affinity 
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chromatography. Bispecific diabodies have shown great practical significance in antibody 

therapeutics. For example, CD19 x CD3 BsDbs and CD19 x CD16 BsDbs have shown 

great antitumor potencies in the human Burkitt’s lymphoma xenograft mouse model.33 

Treatment with a combination of CD19 x CD3 BsDbs, CD19 x CD16 d BsDbs and 

human peripheral blood lymphocytes induced the recruitment of different population of 

human effector cells to the tumor target, and completely eliminated tumors in 80% of 

tumor bearing mice.  

B. Genetically linear fusions 

Genetically linear fusions of two or more antibody scFv fragments have been applied 

to engineer bivalent single chain antibody constructs.34-37 (Figure 4) This approach has 

more often been used to generate bispecifc single chain antibodies. For instance, CD3 x 

17-1A bispecific sc(Fv)2 has been created to direct human peripheral T lymphocytes 

against 17-1A positive tumor cells (colorectal cancer).35 Moreover, genetically linear 

fusion strategy can be further applied to engineer immunotoxins (Figure 4), which would 

deliver toxins into cells and then kill the cells. A recombinant bivalent anti-human CD3 

immunotoxin has been generated consisting of the catalytic and translocation domains of 

diphtheria toxin fused to two repeating scFv molecules recognizing human CD3 

receptor.38 Comparing to the domain swapping strategy, the advantage of the genetically 

linear fusion is the easy construction of a linear fusion gene. However, the intrinsic 

problem of the strategy is the possible incorrect swapping of the domains and the 

induction of fusion protein aggregation.  
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Another elegant application of genetically antibody engineering is to design the dual-

variable-domain immunoglobulin (DVD-Ig),39 which are tetravalent, dual-specific, Ig-

like molecules. (Figure 5) After genetically linking two variable domains in tandem in 

each heavy chain and light chain, DVD-Ig proteins can be stably expressed and purified 

from Chinese hamster ovary (CHO) cells. This general model can be created from any 

two monoclonal antibodies while preserving the properties of the parental antibodies. The 

DVD-Ig technology allows the development of individual drug candidates that 

simultaneously block multiple disease-causing targets, and provides better therapeutic 

efficacy than inhibition of a single target.   

C. Chemically linking 

Another approach to generate dimeric antibodies is chemically linking monovalent 

antibody fragments (scfv, or scFab) with disulfide bridges or thioether crosslinks.40, 41 

(Figure 4) It has been reported that chemically cross-linked recombinant antibody 

fragments showed improved tumor targeting with high tumor to blood ratios. In addition, 

disulfide linkage can be used to stabilize divalent or multivalent antibodies generated by 

genetically linear fusion or other methods.42 But many potential problems exist for 

chemically linked based strategies. Mistaken folding and low protein yield can be caused 

by introducing additional disulfide bridges into antibody constructions.43 Moreover, it 

may be difficult to maintain reproducible large-scale manufacturing for the chemically 

linking strategy.  
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Figure 5. Scheme for engineereing DVD-Ig. Figures adapted from Wu et al.39 
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D. Self-associating peptides and protein domains 

Recombinant antibodies with different valencies can be engineered by fusing antigen-

binding domains with self-associating peptides and numerous natural dimeric and 

oligomeric protein domains.   

1. Leucine zipper 

Leucine zipper, known as a dimerization device, was identified in certain 

transcription factors such as c-fos, c-jun and GCN4 which had a common pattern of 

leucines every seven amino acids. The leucines can form a hydrophobic region along one 

side of the amphipathic alpha helix, which allows the dimerization of two parallel alpha 

helices. (Figure 6) Taking advantage of the self-associating peptides, Pack and co-

workers have been able to produce bivalent and tetravalent miniantibodies.44, 45 However, 

the aggregation tendency and the relative low associating ability of the self-associating 

peptides limit the clinical application of this method. 

2. Biotin-streptavidin complex 

The special tight binding affinity with Kd in the pM - fM range enables the 

streptavidin-biotin complex46 to be widely applicable for analytical field, pre-targeting in 

radionuclide therapy of cancer, and tumor imaging.47-49 Besides those implications, the 

streptavidin-biotin complex can also be applied to develop multivalent scFv. Kipriyanov 

et al have developed a protocol for engineering tetrameric antibodies formed by fusing a 

scFv to self-association core strepavidin.50 (Figure 7)Although there were high molecular 

weight protein aggregates formed during the process, they were able to purify the fraction  
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Figure 6. Molecular model for engineering dimeric miniantibody construct with self-
associating peptides. Figures adapted from Pack et al.44 
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Figure 7. Plasmid structure for the scFv-streptavidin fusion protein, and the schematic 
structure of the core streptavidin. Figures adapted from Kipriyanov et al.50 
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of tetrameric scFv by size exclusion FPLC. The isolated scFv tetramer exhibited a higher 

binding avidity for the antigen and slower dissociation rate than the single scFv 

molecules. Nevertheless, besides the issue of forming high molecular weight protein 

aggregates, the prevalence of biotin, a vitamin in vivo, may pose competition issues when 

administrating biotinylated agents.  

3. Barnase-barstar module 

Another novel approach to engineer multivalent antibodies, is based on the complex 

of ribonuclease barnase and its inhibitor barstar,51 which has extremely tight binding 

affinity (Kd of 10-14 M), comparable to streptavidin-biotin system. Since the locations of 

both N and C termini of barnase and barstar are far away from the dimerization interface, 

it is possible to construct scFv-hinge-barnase, scFv-hinge-dibarnase and scFv-hinge-

barstar fusion proteins without interfering with the dimerization interface. As such, 

Deyev et al have developed and utilized the barnase-barstar scFv fusion system to obtain 

extremely stable divalent and trivalent antibodies with favorable tumor targeting 

properties. (Figure 8) In addition, the barnase-barstar module has also been applied to 

produce multivalent bispecific scFv constructs even from different expressing hosts.52 

4. Dock and Lock 

Similar to the Barnase-barstar module which is based on the specific protein-protein 

interaction, the “dock and lock” approach53, 54, incorporating the dimeric regulatory 

subunit of cAMP-dependent protein kinase and the anchoring domains of A kinase 

anchor proteins, have also been applied to engineer trivalent bispecific antibodies  
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Figure 8. Scheme for engineering multivalent antibodies with barnase-barstar module. 
Figures adapted from Deyev et al.51 
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with improved cancer targeting and imaging.55 (Figure 9) However, the potential 

limitations of this approach include the low yield of the recombinant proteins, and 

relative low binding affinity of the dimers which requires additional stabilization with 

disulfide bonds. 

5. Shiga-like toxin fusion 

Zhang and coworkers demonstrated a means to assemble pentameric antibodies by 

fusing single-domain antibody to B-subunit of E. coli verotoxin.56 (Figure 10) One of the 

advantages of this technique is that the pentabody can be expressed in high yield in E. 

coli in a non-aggregated state, while exhibiting excellent thermo-stability and protease 

resistance. The self-assembled pentabody showed increased binding affinity compared to 

the sdAb. The pentameriztion strategy has been applied to optimize sdAb for the 

molecular imaging application by improving the apparent affinity and prolonging the 

plasma half-life.57 Furthermore, this method can also be utilized to generate the 

decavalent antibody by fusing the antibody to both N and C termini of verotoxin B-

subunit.58 

6. Knob-into-holes 

“Knob-into-holes” method is not an approach designed to increase the valancy of 

antibodies, but it is a very elegant strategy to engineer antibody heavy chain homodimers 

for heterodimerization.59 (Figure 11) In this approach, the “knob” mutant can be 

generated by replacing a small amino acid (threonine) in the CH3 domain with large  
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Figure 9. Scheme for engineering multivalent antibodies with “dock and lock” approach. 
Figures adapted from Rossi et al.53 
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Figure 10. Plasmid structure for the VTB-sd Ab fusion protein, and the modeled 
structure of the PTH50 pentabody. Figures adapted from Zhang et al.56 
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amino acid (tyrosine), whereas the “hole” mutant can be created by replacing a large 

amino acid (tyrosine) in the CH3 domain with a small amino acid (threonine). Co-

expression of the “Knob” and “hole” mutants in eukaryotic cells allows the formation of 

a heterodimer with dual specificity. “Knob-into-holes”, is not only a strategy for creating 

heterodimeric antibodies, but also for increasing dimerization stability. This strategy has 

been applied to engineer bispecific IgG and bispecific minibody.60 

7. Antibody Nanoparticle Conjugates  

In order to access valencies beyond these, typically liposomes or nanoparticles are 

biofunctionalized with either monoclonal antibodies (MABs) or scFvs, and generally the 

antibody valencies are in the range of 10’s to 1000’s.61-65 Nanoparticles provide specific 

physicochemical properties, as well as the possibility of improving drug bioavailability, 

biocompatibility and payload delivery to cells. By combining the properties of 

nanoparticles and the specific antigen targeting ability of the antibody, antibody 

nanoparticle conjugates have been developed to selectively deliver the therapeutic agent, 

such as drugs, genes, or heat. 61-65 However, the valencies of these antibody conjugates 

are in wide ranges, and the steric effect with their three dimensional structure limits the 

number of antibodies able to interact with the cell surfaces.  

 

Although the current methods of preparing recombinant antibodies have a variety of 

advantages, in general, control over their assembly and disassembly is not possible 

without resorting to conditions necessary for protein unfolding. Since the molecular 
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weight and dimensions of engineered antibodies is a significant determinant of their in 

vivo avidity, biodistribution and pharmacokinitics, a method allowing these parameters to 

be temporally altered by chemically controlled assembly and disassembly would in 

principle enhance the therapeutic and diagnostc utility of recombinant antibodies. 

 

III. Method of chemically induced dimerization (CID) 

A. CID system 

In nature, protein-protein interactions66 including protein dimerization play an 

important role in protein structure, as well as signal transduction.67 Through protein 

dimerization, different regulatory strategies can be achieved to obtain the functional 

physical and physiologic consequences.68-73 Dimerization of cell surface receptors70 can 

bring the receptors into proximity, and may even allow the favorable change of the 

receptors’ orientations, which would activate the intracellular signaling pathways. 

Heterodimerization of proteins belonging to different sub-families may induce 

differential regulation of the biological process.68, 74 For instance, heterodimerization of 

the members in the Bcl-2 family plays an essential role in the regulation of a delicate 

balance of proteins that either induce or suppress cell death.74 Moreover, protein 

dimerization may induce several other biological outcomes, such as the enhancement of 

DNA binding specificity68, regulation of intracellular calcium levels75.  

Chemically induced dimerization (CID)76-78 is the controlled dimerization of proteins 

via molecular dimerizers. In the process of dimerization, the dimerizers bring proteins 
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together and assemble them into homospecific or heterospecific multivalent protein 

structures. The first synthetic dimerizer in the CID systems that has been developed to 

control signal transduction was FK1012.76 (Figure 12) FK1012 is a cell permeable 

dimeric FK506 derivative, and capable of binding two FKBP domains with high affinity. 

Dimerization of FKBP by FK1012 could initiate the signaling cascade by crosslinking the 

ζ chain of the T cell receptor complex within the cells. Moreover, the CID system of 

dihydrofolate reductase (DHFR) and dimeric methotrexate (MTX) dimerizer78 has been 

developed for controlled transcriptional activation, as well as protein nanostructural 

assembly79. Besides the induction of protein-protein interaction by homodimerizer, 

heterodimeric dimerizers have also been engineered to induce a proximal relationship 

between two different target proteins. For instance, FKCsA,80 a heterodimer derived from 

FK506 and cyclosporine, is able to heterodimerize FKBP and cyclophilin, and selectively 

induce intracellular signaling.80 

Mimicking the functions of biological inducers for protein dimerization to regulate 

cellular signaling pathway, CID systems have been developed as investigative tools for 

the selective activation of various cellular processes to control cell membrane receptor 

signal transduction, and gene expression.81-83 To demonstrate the competency of this 

technique, CIDs have also been exploited in the three hybrid methodology84 for high- 

throughput bioscreening.85, 86 Furthermore, the application of CID as a means to control 

the assembly of protein oligomers offers a new avenue to engineer protein-based 

materials and nanostructures.79, 87  

 



29 
 

Figure 12. a) Structure of FK1012; b) Scheme for crosslinking FKBP-TCR fusion 
proteins by FK1012, and initiating intracellular signaling. Figures adapted from Spencer 
et al.76 
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B. Introduction of DHFR-MTX 

Herein, the methodology being applied to assemble multivalent antibodies in this 

study is the dihydrofolate reductase-methotrexate (DHFR-MTX) CID system.78 The CID 

system is unique and different from the self-associating protein systems. Since it requires 

that protein dimerization be efficiently generated only in the presence of the ligand, the 

binding affinity between the protein and the ligand should be high enough to stably 

maintain the conformation of the CID protein complex.  

As for the inspiration source of the DHFR-MTX CID system design, Wagner and 

coworkers noted that although E. coli DHFR and MTX were monomerically bound in 

solution, the DHFR-MTX complex crystallized in a dimeric form with the γ-carboxylate 

tail of MTX being directly pointed toward its cognate and sterically uncrowned.88 Based 

on the molecular modeling data showing the possibility of bridging the 9 angstrom gap 

between the carboxylates by a 9 to 12 carbon linker without significantly perturbing the 

ligand orientation, a dimeric methotrexate ligand (bis-MTX) has been designed and 

synthesized to induce the dimerization of DHFR.78 (Figure 13) When incubating with 

bis-MTX, DHFRs can be dimerized and form robust complexes. The conformation 

analysis of bis-MTX suggested that, despite the known entropic hurdles of a restricted 

linker conformation for the dimeric DHFR, the possibility of a folded conformation for 

bis-MTX and the intramolecular hydrophobic interactions between DHFRs may 

contribute to stabilize the dimerized DHFR. 
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Figure 13. Top panel: Crystal structure of DHFR in binary complex with bis-MTX. The 
figure displays an overlay of the current crystal structure (ribbon in blue, with ligand 
colored by atom) and the 4DFR structure (ribbon in maroon, with MTX ligands not 
shown). The linker of bis-MTX is modeled in gray and white. Bottom panel: Structure of 
bis-MTX dimerizer. Figures adapted from Carlson et al.78 
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To further explore the application of the DHFR-MTX CID model, Wagner and 

coworkers engineered the DHFR-DHFR fusion proteins (DHFR2) tethered together by a 

flexible peptide linker.79 (Figure 14) In the presence of bis-MTX, highly stable cyclic 

protein nanorings with diameters ranging from 8-30nm could easily be prepared from two 

to eight DHFR2 monomers, respectively. The protein nanoring size was found to be 

governed by the specific length and composition of the peptide inserted between the 

DHFRs. For example, when the linker peptide between the DHFR2 was a 13 amino acid 

flexible linker, dimer formation was observed almost exclusively after incubation with 

Bis-MTX. In comparison, octamers were observed when the peptide between the DHFR2 

was a single glycine. Static and dynamic light scattering data together with the 

transmission electron microscopy (TEM) images confirmed the circular nature of these 

complexes. In addition, the TEM images exhibited remarkably homogeneous structures 

with no apparent linear fragments, or fractured toroids present. This DHFR2-bisMTX 

cyclic oligomerization phenomenon could be explained by polymer assembly theory with 

regard to the parameters on controlling the balance between the formation of discrete 

cyclic nanostructures and extended macrostructures.89-92 In the polymerization system at 

low concentrations, since the intramolecular effective molarity of the growing polymer 

chain is much higher than the solution concentration, the formation of ring structures is 

highly favored.90, 91 The extremely high binding affinity between the DHFR2 fusion 

protein and bis-MTX (picomolar range) is a strong driving force for the ring formation. 

One advantage of this method is that the excess amount of monomeric DHFR inhibitor 

would reversibly disassemble the protein complex, indicating the possibility of 
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Figure 14. Protein nanoring structure. a) Schematic of protein nanoring structure and 
assembly. b) TEM of DHFR nanorings. Figures adapted from Carlson et al.79 
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chemically manipulating this biomolecular system. In addition, the DHFR-MTX model 

suggests further engineering of protein heterodimerization is possible. Several strategies 

including creating salt bridge or “knob-into-holes” might be applied to resurface the 

protein-protein interface within the DHFR2-bisMTX complex and stabilize the formation 

of DHFR heterodimers. 

C. Hypothesis of DHFR-scFv-MTX 

Although the current methods of preparing recombinant antibodies have a variety of 

advantages, in general, control over their assembly and disassembly is not possible 

without resorting to conditions necessary for protein unfolding. Since the molecular 

weight and dimensions of engineered antibodies is a significant determinant of their in 

vivo avidity, biodistribution and pharmacokinitics, a method allowing these parameters to 

be temporally altered by chemically controlled assembly and disassembly would in 

principle enhance the therapeutic and diagnostc utility of recombinant antibodies. 

By inspecting the x-ray crystal structure of the dimerized DHFR-MTX complex,88 we 

found that both N- and C- termini of DHFR were on the opposite sides of the MTX 

binding domain. As such, we hypothesized that the additional proteins, such as scFv’s, 

could be appended to DHFR2 fusion proteins without loss of their ability to undergo 

chemically induced macrocyclic oligomerization, and therefore for Chemically Self-

Assembled Antibody Nanorings (CSANs). To test our hypothesis, a DHFR2 scFv fusion 

proteins that bind to the T-cell antigen, CD3 epsilon, of the human T-cell receptor was 
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prepared with valancies of two and eight were prepared, and their interactions with T 

cells were evaluated.93  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



36 
 

 

 

 

 

Chapter Two 

 

Plasmid Construction, Prokaryotic Expression and 

Purification of DHFR-DHFR-scFv Fusion Protein 

 

 

 

 

 

 



37 
 

I. Introduction 

Production of recombinant antibodies have adopted diverse prokaryotic and 

eukaryotic expression systems, including bacterial94-96, yeast97-100, eukaryotic alga101, 

insect cells102, plants103-105, mammalian cells106-108, and transgenic animal systems109. 

Therapeutic IgGs with complex structure have necessitated the development of 

eukaryotic expression systems110, which contain the appropriate cellular machinery for 

proper glycosylation and efficient folding. In comparison, non-glycosylated single-chain 

antibodies and single-chain antibody fusion proteins, which have much simpler structures, 

can be easily expressed at high levels in E. coli.94, 111-113 Several advantages of bacterial 

protein expression system, such as simple fermentation conditions, low costs, simple 

process scale-up and a lack of the potential for contamination by pathogenic viruses, have 

made it a widely used host for the expression of recombinant proteins.111, 114-120 In this 

chapter, several different prokaryotic expression systems were investigated to produce 

DHFR-DHFR-anti-CD3 scFv fusion protein which targeted CD3 receptors on T cell 

surface, and the engineered fusion protein would be applied for assembling multivalent 

antibody in next two chapters. 

 

A. Genetically engineering of recombinant fusion protein 

In order to obtain efficient recombinant protein expression in E. coli, various 

commercially available expression vectors have been developed. When choosing and 

designing the expression vector for a specific recombinant protein, several factors must 
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be considered to improve the protein synthesis in vivo, including plasmid copy number, 

promoter strength, mRNA stability, and the efficiency of translation initiation.111, 118, 121     

In general, moderate and high copy number plasmids122-124 are preferred to achieve 

the efficient gene dosage, such as pBR322 vectors (15-20 copy number), pUC vectors 

(500-700 copy number), etc. Increasing the intracellular product accumulation rate 

possibly induces protein aggregation, which may be beneficial when the production of 

protein in inclusion bodies is desired. On the other hand, lower copy number plasmid 

may be good for slower and more sustained production of soluble and active protein.125, 

126    

Nowadays, many promoters have been applied to regulate protein expression.127-132 

Comparing to weak promoters, such as lac and lacUV5, the synthetic tac and trc 

promoters provide strong signals and allow high level protein accumulation in the cells. 

The non-hydrolyzable lactose analog isopropyl-β-D-1-thiogalactopyranoside (IPTG) is 

commonly used for induction. Among the IPTG induced promoters, the pET vector 

which encodes strong T7 promoter is widely used. In addition, several other types of 

promoters that are regulated by pH,133 osmolarity,134 anaerobiosis,135 have been 

developed. 

In addition, mRNA stabilities136, 137 and translation initiation signal138 are both 

important factors for efficient protein expression. The different codon usage between 

prokaryotic and eukaryotic cells can affect mRNA and plasmid stability, and further 

inhibit protein synthesis and cell growth. For example, the arginine codons (AGG, AGA, 

CGA, and CGG), leucine codon (CUA), isoleucine codon (AUA), and proline codon 
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(CCC) are rarely used in E. coli.139 An efficient method to solve the rare codon issue is 

site-directed mutagenesis, which can be applied to replace rare codons with the 

commonly used codons. 

One more thing that needs to be considered when designing an expression vector is 

the inclusion of an affinity tag. Many different affinity tags have been widely used, 

including DHFR, His-tag, Flag, HA, and c-myc.140 The importance of an affinity tag as a 

fusion protein, enables the use of affinity chromatography for protein isolation, which can 

greatly simplify final product isolation.141 Among these methods, Methotrexate (MTX) 

affinity chromatography has been used to Dihydrofolate Reductase (DHFR) fusion 

proteins.142, 143 Consequently, DHFR-DHFR based fusion proteins with scFv or peptides 

that might be useful for protein nanoring constructions can also be purified by MTX 

affinity chromatography.93  

scFvs, ~28 KDa polypeptides capable of recognizing antigen, have been constructed 

by fusing the heavy chain and light chain variable domains of the parental monoclonal 

antibody via a flexible peptide linker.18 Each variable domain conserves two cysteine 

residues that are used for the formation of a internal stabilized disulfide bond. Therefore, 

the production conditions for recombinant scFv fusion proteins require optimization for 

correct and sufficient disulfide bond formation to occur.    

B. Protein expression systems of recombinant antibody 

1. Protein expressed as inclusion body in cytoplasm 

Because of the foreign nature, high expression rate, and inability to form disulfide 

bonds in the reducing environment, recombinant antibodies are often expressed as 
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inclusion body in the cytoplasm.112, 113, 144 Renaturation from inclusion bodies is required 

to obtain functionally active proteins. The method used for protein renaturation generally 

includes three steps: 1) isolation and partial purification of inclusion bodies; 2) 

solubilization of the partially purified inclusion bodies; 3) refolding of the denatured 

protein. During the first step of inclusion body isolation, it is important to completely lyse 

the cell wall. Incomplete cell lysis would lead to possible contamination of host cell 

proteins, during pelleting of the inclusion bodies by centrifugation. After being washed to 

completely remove the soluble proteins, the inclusion bodies must be solubilized by 

strong denaturants, such as 7 M Guanidine, 8 M urea, or sodium lauryl sarcosine.144 

Because the oxidative refolding may not be effective due to the low solubility of the 

folding intermediates, the disulfide bonds in the recombinant antibody can be formed 

before the refolding step by air-oxidizing the solubilized protein in the presence of 

catalyst such as copper sulfate. The refolding process afterwards is the yield-determining 

step. There is a fine line between correct protein folding and protein aggregation. 

Conditions such as protein concentration, temperature and pH must be carefully 

optimized to avoid aggregation. In addition, L-arginine, which is believed to stabilize 

folding intermediates, has often been added to the refolding buffer to improve refolding 

yields. The ability to successfully refold recombinant proteins makes protein expression 

as inclusion bodies in E. coli an efficient way to produce recombinant proteins. 

Furthermore, protein production from inclusion bodies has been shown to be useful for 

the production of unstable as well as toxic proteins.38 

2. Protein expressed in periplasm 
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Recombinant protein secretion into the E. coli periplasm is one way to facilitate 

correct formation of protein disulfide bond inside cells.145, 146 The periplasm is a space 

between the inner cytoplasmic membrane and external outer membrane of the E. coli 

cells. The periplasmic space is an oxidizing environment, which favors disulfide bond 

formation, and contains many proteins including disulfide bond isomerase and 

chaperones that assist the folding and assembly process. To directly secrete recombinant 

antibodies into the periplasm, appropriate leader sequences such as pelB, phoA or ompA 

must be incorporated in the protein N-terminus. The advantages of periplasmic 

expression systems include, ease of purifying proteins from periplasmic extract and 

avoidance of the time-consuming process required for the in vitro protein refolding. 

However, it should always be kept in mind that secretion of proteins into periplasm does 

not always guarantee the correct folding of the proteins, and the limited volume of the 

periplasm is highly restricted on total protein yields. 

3. Protein expressed in oxidative cytoplasm 

As an alternative to protein secretion to the periplasm, E. coli cells have been 

engineered to carry mutations in the genes coding for thioredoxin reductase (trxB) and 

gluthathion oxidoreductase (gor).95 The trxB/gor deficient E. coli strains, such as the 

Origami B strains, offer oxidative conditions in the cytoplasm. The co-expression of 

disulfide bond chaperones within cells may further improve the correct folding and yield 

of antibody fragments in the cytoplasm.95 This strategy has been applied to the 

production of functionally active recombinant antibodies.147 
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II. Results and Discussion 

A. Plasmid construction and Multi-mutant cysteine free reaction 

In order to produce the DHFR-DHFR-anti-CD3 scFv fusion protein in the cytoplasm 

of E. coli, we first designed the primers to enable the introduction of a 13 amino acid 

linker segment (Gly-Leu-Gly-Gly-Gly-Gly-Gly-Leu-Val-Pro-Arg-Gly-Thr) between the 

2nd DHFR and anti-CD3 scFv. After insertion of a gene appending the 13 amino acid 

linker to the C-terminal of 2nd DHFR within the parental plasmid, we prepared the 

DHFR-DHFR-anti-CD3 expression plasmid p13DD13CD3.1 by ligating the short double 

digested expression plasmid and anti-CD3 scFv encoding PCR product excised from 

Mo3.pGEMT.e. (Figure 1)The expression cassette for the constructed plasmid 

p13DD13CD3.1 is driven by a tac promoter and borne on a pBR322 origin-based plasmid 

encoding ampicillin resistance. (Figure 2) 

Recognizing that each wild-type DHFR contained two cysteines not involved in 

disulfide formation and that the oxidative conditions necessary for scFv disulfide bond 

formation may result in inappropriate DHFR internal disulfide formation. We prepared 

the quadruple DHFR2 cysteine mutant (C85A C152S C257A C324S), since it had been 

previously shown that neither the DHFR mutant, C85A nor C152S resulted in loss of 

DHFR activity.148 (Figure 3) The expression vector p13DD13CD3.2 encoding cysteine 

free DHFR2-anti-CD3 was then used for protein production.    
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Figure 1. Scheme for constructing the expression vector encoding DHFR2–anti-CD3 
scFv fusion protein 
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Figure 2. Plasmid map encoding DHFR2–anti-CD3 scFv fusion protein 
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B. Fusion protein expression and purification from inclusion bodies 

E. coli BL21 (DE3) cells were transformed with p13DD13CD3.2. The transformants 

were grown in super broth containing LB medium, glucose, MgSO4, and carbenicillin, 

and induced with 1M IPTG. (Figure 4) Over-expression of the recombinant scFv fusion 

proteins in the reducing cytoplasm of E. coli BL21 (DE3) led to protein accumulation at a 

very high level in insoluble inclusion bodies with little production of active soluble 

fusion protein based on DHFR enzyme activity and PAGE analysis. (Figure 5) Although 

some DHFR activity was detectable in soluble fractions, all of the DHFR activity was 

found to result from truncated in the soluble fractions came from the truncated DHFR-

DHFR that did not contain the scFv. The result was further confirmed by purification of 

active component from the soluble fraction by MTX affinity chromatography. (Figure 6)    

In order to simplify the purification process after refolding, cell lysates were then 

washed with l% sodium deoxycholate in tris buffer to obtain highly purified inclusion 

bodies. After washing with detergent, cell lysates were rinsed with detergent-free tris 

buffer until partially purified inclusion bodies (PPIB) was obtained with at least 80% 

pure fusion protein by SDS-PAGE. 

Next, PPIB were solubilized in 2.5% sodium N-lauroyl-sarcosine (SLS) by stirring 

the SLS buffer containing PPIB for 1 hour at room temperature. The sulfhydryl groups 

present in the SLS-solubilized scFv fusion proteins were oxidized in air at room 

temperature for 20 hours using copper-sulfate as catalyst. It has been shown previously 

that air-oxidation of free sulfhydryl groups for SLS solubilized proteins did not lead to 
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Figure 4. Scheme of DHFR2-anti-CD3 protein preparation from inclusion bodies 
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Figure 5. SDS-PAGE for DHFR2-anti-CD3 fusion protein prepared from inclusion 
bodies [expressed in BL21 (DE3) cells] 
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Figure 6. SDS-PAGE for soluble truncated DHFR proteins [expressed in BL21 (DE3) 
cells] eluted from MTX column 

 

      1    2      3      4      5      6      7       8     9      10    11   12 

 

 

 

 

 

 

 

 

 

1, Marker 
2-10, eluted fractions from 
MTX column 
11, 12. 1DD control 



50 
 

the formation of disulfide bonded aggregates, and only intra-molecular disulfide bonds 

were formed.144  

After SLS facilitated disulfide bond formation, removal of the detergent before 

refolding was a critical step. Strong anion-exchange resin, Dowex 1xG8, was used to 

remove the SLS. The resin could efficiently remove the detergent, however, lose of a 

significant amount of solubilized protein was observed. In order to enhance the protein 

yield during the detergent removal step, 6M urea was added to the protein solution. After 

removing the SLS in solution, resins were separated from protein solution with filters.  

Solubilized and air-oxidized recombinant scFv fusion proteins were then diluted 40-

fold into refolding buffer at pH 8 containing 50 mM Tris, 0.5 M L-arginine, 20 % 

Glycerin, 5 mM EDTA. The dilution step allowed the protein to slowly re-fold into a 

stable conformation. The addition of arginine to the refolding solution proved to be very 

important, since L-arginine has been shown to stabilize the refolding intermediate and 

suppress the formation of aggregates during the refolding process. After incubation of the 

protein solution at 4 °C for 2 days, the remaining denaturant in the protein solution was 

removed by dialysis. Misfolded and aggregated protein precipitated during the dialysis 

process and was removed.  

The refolded and active DHFR fusion proteins were then purified by methotrexate 

affinity chromatography, followed by DEAE ion exchange chromatography. (Figure 5) 

Typically, 2.5mg/1L culture of purified DHFR2-anti-CD3 scFv was obtained by this 

methodology.   
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C. Fusion protein expression and purification from Origami-B cells 

An alternative way to produce functional scFv fusion protein in cytoplasm is by 

expression of the protein in E. coli cells that have an oxidizing cytoplasmic environment 

favorable for the formation of cysteine disulfides. The advantage of this method is to 

avoid the need to use protein refolding from inclusion bodies, which greatly decreases the 

length of time and cost of protein production. However, efficient protein purification 

from possible soluble contaminants can become a concern when using such a method.  

The plasmid p13DD13CD3.2 was transformed into TrxB- Gor- Origami-B cells. 

After induction with IPTG, the soluble fraction of the cell lysate was purified by MTX 

affinity chromatography. Two main bands were observed by SDS-PAGE after elution 

from the MTX column. Unfortunately, the minor band was the expected DHFR2-scFv 

fusion protein, while the major band represented the truncated DHFR2 fusion protein. 

DEAE ion exchange chromatography was further applied to purify the DHFR2-scFv 

fusion protein from the truncated protein. However, because of the similar isoelectric 

points of the DHFR2-scFv fusion protein and truncated DHFR2 fusion protein, the yield 

of the DHFR2-scFv fusion protein was a disappointing value of 0.2mg/1L culture. 

(Figure 7) We also tested the protein expression of the scFv fusion protein in SHuffle E. 

coli cells, which not only provided the oxidative condition in cytoplasm but also 

constitutively co-expressed the disulfide bond isomerase DsbC to facilitate correct 

protein disulfide bonds formation. However, again, the production of truncated protein 

resulted in yields of the scFv fusion protein lower than expected. (Figure 8) Analysis of 

the codons used to encode the linker peptide between the C-terminal DHFR and the anti-
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CD3 scFv did not reveal the incorporation of rare codons, which might lead to the 

generation of the observed truncated DHFR2 proteins. In addition, expression of the 

fusion protein in a variety of protease deficient E. coli strains (BL21 (DE3), Origami B, 

and SHuffle), did not appreciably reduce the amount of truncated protein expression. 

Furthermore, studies of the components of the linker domain governing truncation should 

hopefully allow these determinants to be removed by protein engineering techniques.  

 

D. DHFR activity assay and anti-CD3 scFv binding assays 

The characterization of DHFR activity of the DHFR2-scFv fusion protein was based 

on the ability of DHFR to catalyze the reversible NADPH-dependent reduction of 

dihydrofolic acid to tetrahydrofolic acid. The reaction progress was followed by 

monitoring the decrease in absorbance at 340 nm. Based on the DHFR activity assay, the 

quadruple DHFR2-scFv cysteine mutant (C85A C152S C257A C324S) was found to 

exhibit the same specific DHFR activity as wild type DHFR, and was easily purified by 

methotrexate affinity chromatography. The DHFR activity of DHFR2-scFv fusion protein 

was titrated with a known concentration of MTX to accurately determine the DHFR 

concentration in protein solutionand therefore the amount of fusion protein. (Figure 9) 

To test the ability of the DHFR2-anti-CD3 to bind CD3 receptors, we established two 

CD3 receptor binding assays, including a cytotoxicity blocking assay and a flow  
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Figure 7. SDS-PAGE for soluble DHFR2-anti-CD3 fusion protein expressed in Origami 
B cells 
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Figure 8. SDS-PAGE for soluble DHFR2-anti-CD3 fusion protein expressed in Shuffle 
cells 
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cytometric competitive binding assay. The cytotoxic blocking assay was based on 

comparing the IC50 of diphtheria-anti-CD3 immunotoxin on CD3+ human T-leukemia 

HPB-MLT cells with and without the presence of the DHFR2-anti-CD3 fusion protein. 

The binding ability of DHFR2-anti-CD3 to CD3 receptor was observed as the ability to 

protect CD3+ HPB-MLT cells from the simultaneous treatment with the diphtheria-anti-

CD3 immunotoxin (DTUM3, IC50 = 0.0337 ± 0.0116 nM). The anti-CD3 scFv was shown 

to be highly active by increasing the IC50 by greater than 100- fold (IC50 = 3.48 ± 1.33 

nM). (Figure 10) 

To quantitatively determine the binding affinity of the scFv fusion protein, the 

dissociation constant (Kd) for DHFR2–anti-CD3 was evaluated with a flow cytometric 

competitive binding assay. This binding assay was performed to determine the ability of 

scFv fusion protein to compete with FITC-UCHT-1 for binding to CD3 receptors on 

HPB-MLT cells. The Kd value for DHFR2–anti-CD3 scFv fusion protein was found to be 

51 ± 9.8 nM. (Figure 11) The results of the competitive binding and cytotoxicity 

blocking studies demonstrated that the DHFR2–anti-CD3 scFv fusion protein exhibited 

high binding affinity to the CD3 receptor.    

 

III. Conclusions: 

In the present study, we engineered the expression vector encoding DHFR2–anti-CD3 

scFv fusion protein, which incorporated 13 amino acid linkers between the DHFR 

monomers and between the C-terminal DHFR and scFv. In addition, four cysteines in 

two DHFRs were mutated to either alanine or serine to  
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Figure 10. Characterization of the binding ability of DHFR2-anti-CD3 to CD3 receptors 
by cytotoxicity blocking assay 
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Figure 11. Characterization of the binding affinity of DHFR2-anti-CD3 to CD3 receptors 
by flow cytometric competitive binding assay 
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enhance protein correct folding and air-oxidation re-folding. The protein was expressed 

in BL21 (DE3) cells, and effective refolding of inclusion bodies expressed in the 

cytoplasm could be achieved utilizing the sodium N-lauroyl-sarcosine (SLS) air oxidation 

and in vitro dilution refolding method. Although Origami B cells which have an 

oxidizing cytoplasmic environment have been applied to express soluble DHFR2–anti-

CD3 scFv fusion protein, the inability to separate the DHFR2–anti-CD3 scFv fusion 

protein from the truncated DHFR2 fusion protein greatly limited the application of this 

method in our study. Furthermore, the engineered DHFR2–anti-CD3 scFv fusion protein 

demonstrated high specific DHFR activity and high binding affinity to CD3+ human T-

leukemia HPB-MLT target cells. 

  

IV. Materials and Methods 

A. Construction of p13DD13CD3 

We constructed anti-CD3-DHFR2 fusion proteins based on the p13DD plasmid 

template previously made in our lab, which was derived from the pFLAG-ATS 

expression vector. The p13DD plasmid encodes a fusion protein containing a wild-type 

ecDHFR linked by a 13 amino acid linker (GLGGGGGLVPRGT) to a second copy of 

wild-type ecDHFR. Our construction scheme relied on the insertion of anti-CD3 scFv 

gene into the C-terminal of p13DD plasmid. 

  Firstly, the forward primer 5’-GAAATCCTCGAGCGTCGTGCGGGCGAAAA 

CCTGTATTTTCAGGGAATCGGTCTAGATAGATGAGCTCG-3’ and the reverse 

primer 5’-CGAGCTCATCTATCTAGACCGATTCCCTGAAAATACAGGTTTTCGC 
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CCGCACGACGCTCGAGGATTTC-3’ were used to remove the stop codon and insert a 

13 amino acid linker (AGENLYFQGIGLD) containing a TEV protease site between the 

end of the DHFR2 gene and the XbaI restriction site by Quick ChangeTM insertion 

mutagenesis. 

Secondly, the anti-CD3 scFv was amplified from the plasmid Mo3.pGEMT.e, kindly 

provided by Dr. Daniel Vallera. The upstream primer 5’-

GGTCTAGATGACATCCAGATGACCCAGACC-3’ supplied the XbaI restriction site, 

and the downstream primer 5’-GAGCTCCTATGAGGAGACGGTGACGGT GG-3’ 

supplied the SacI restriction site.  

Finally, both the p13DD13 and the amplified anti-CD3 scFv gene were sequentially 

digested for 4 hours at 37ºC with XbaI and then another 4 hours at 37ºC with SacI. 

Ligation of the double digested anti-CD3 scFv and p13DD13 fragments, mixed at a range 

of stoichiometries, with T4 DNA ligase (Promega, WI) for 18 hours at room temperature, 

followed by transformation into z-competent XL1-Blue E. coli cells yielded colonies 

bearing the ligated plasmid, p13DD13CD3.1. This plasmid encodes a fusion protein 

containing two copies of ecDHFR linked by a 13 amino acid linker to the anti-CD3 scFv 

gene. The DNA sequence was verified (University of Minnesota, Advanced Genetic 

Analysis Center) to confirm the gene had no mutations. 

B. Multimutagenesis of four cysteines in the two DHFRs of the p13DD13CD3 

In the process of the protein preparation, the presence of the four cysteines in the two 

DHFRs of the anti-CD3-DHFR2 would disturb the formation of the disulfide bonds in the 
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anti-CD3 scFv. In order to mutate the four cysteines in the two DHFRs, the three primers 

5’-GCCATCGCGGCGGCTGGTGACGTACCAGAAATCATGG-3’, 5’-

GCAGAACTCTCACAGCTATAGCTTTGAGATTCTGG–3’, 5’-GCAGAACTC 

GCATAGCTATAGCTTCGAAATCCTCGAGCG-3’ were used to obtain C85A C152S 

C257A C324S p13DD13CD3.2 by QuikChange® Multi Site-Directed Mutagenesis 

(Stratagene). The DNA sequence was verified (University of Minnesota, Advanced 

Genetic Analysis Center) to confirm the four cysteines mutations.  

C. Construction of p1DD13CD3 Plasmid 

We constructed the p1DDantiCD3 plasmid from the p13DD13CD3.2 plasmid template 

previously made in our lab93. The p13DD13CD3.2 plasmid encodes a fusion protein 

containing a cysteine-free ecDHFR coupled by a 13 amino acid linker 

(GLGGGGGLVPRGT) to a second cysteine-free ecDHFR, followed by a second 13 

amino acid linker to the anti-CD3 scFv gene. Plasmid p1DD13CD3 was obtained by 

shortening the first linker from 13 amino acids to 1 amino acid (G) using the Stratagene 

QuickChange Site-directed Mutagenesis Kit, following the standard protocol as described 

by the manufacturer. The primers used for the deletion were: forward 5’- 

CTGGAGCGGCGGGGTATGATCAGTCTGATTGCG-3’ and reverse 5’-

CGCAATCAGACTGATCATACCCCGCCGCTCCAG-3’. The DNA sequence was 

verified (University of Minnesota, Advanced Genetic Analysis Center) to confirm the 

required deletion. 
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D. Protein expression, refolding and purification 

Plasmid was transformed into the E. coli strain BL21 (DE3) (Novagen), (or Origami 

B cell from Novagen, or Shuffle cell from New England Biolabs). Bacteria were grown 

in 1L LB medium containing 100ug/ml carbenicillin in 4 flasks with shaking and aeration 

to an OD600 in the range of 0.6-0.8, whereupon isopropyl β-D-1-thiogalactopyranoside 

(IPTG) was added to the concentration of 1mM. Four hours after induction, the bacteria 

were harvested by centrifugation. 

The cell paste was suspended and sonicated 8x30 seconds in the lysis buffer (50mM 

Tris, 50mM NaCl, 5mM EDTA, pH 8, 1mM PMSF), with at least 2 minutes between 

each repetition to allow the lysate to cool below 10 ºC. After centrifugation, the cell 

pellets were extracted and washed to obtain partial purified inclusion body (PPIB) with 

wash buffer (0.3% sodium deoxycholate, 5% Triton X-100, 10% glycerin, 50mM Tris, 

50mM NaCl, 5mM EDTA, pH 8). 

The proteins were refolded using sodium N-lauroyl-sarcosine (SLS) air oxidation 

method. Inclusion bodies were dissolved in 100mM Tris, 2.5% SLS, and incubated at 

room temperature with rapid stirring for 20 hours for air-oxidization of –SH group after 

adding 50uM of CuSO4 to the solution. After removing detergent SLS by adding 6M urea 

and 10% 1-X8 resin (200-400 mesh, chloride form), the protein solution was diluted 40-

fold with refolding buffer (50mM Tris, 0.5M L-arginine, 20% glycerin, 5mM EDTA, pH 

8), then incubated at 4 ºC for 2 days. 



63 
 

After dialyzing first against Tris buffer (20mM, pH 9) and then equilibration buffer 

(10mM KH2PO4, 0.1mM EDTA, 0.5M KCl, pH 6), the protein solution was loaded onto 

a methotrexate affinity column that had been prepared with phosphate buffer (50mM 

KH2PO4, 1mM EDTA, pH 6). The column was washed with high salt buffer (50mM 

KH2PO4, 1mM EDTA, 1M KCl, pH 6) until A260 and A280 of the flow-through were less 

than 0.05. The protein was eluted with 200 ml of 3mM folate buffer (10mM KH2PO4, 

0.1mM EDTA, 1M KCl, 1mM folate, pH 9) at 1ml/min, collected in 8ml fractions. The 

gradient program then increased the elution buffer to 15mM folate over the next 100 

minutes, and finished with a further 200ml of 15mM folate buffer. The high DHFR 

activity eluted fractions were combined, and dialyzed first against dialysis buffer (50mM 

Tris, 1mM EDTA, 1M NaCl, pH 6) and then equilibration buffer (10mM Tris, 1mM 

EDTA, pH 7.2). As for the proteins expressed in Origami B cells or shuffle cells, there 

were no refolding step, and soluble protein fractions of cell lysates were purified by MTX 

chromatography and DEAE chromatography. Proteins DHFR2-anti-CD3 were 

concentrated with a Millipore Amicon Ultrafiltration YM-30 Membrane to approximately 

1mg/ml. 

E. DHFR Activity Assay 

Protein sample was mixed with a volume of NADPH stock to a final concentration of 

100 μM in MTEN buffer (50mM MES, 25mM Tris, 0.1M NaCl, 25mM ethanolamine, 

pH 7) to final volume of 1mL minus the necessary volume of DHF addition. After a 4 

minute incubation, the baseline was read at 340nm. DHF was then added to a final 

concentration of 50 μM, the sample was mixed and the absorbance was read at 340nm for 
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2min. The rate of absorbance decline corresponds to Vo in μM/min, and is calculated 

with known extinction coefficient for the DHFR catalyzed reaction, 11,300 M-1. 

F. In vitro cytotoxicity blocking assay 

HPB-MLT T leukemia cells (105) were plated in a 96-well flat-bottom plate in RPMI 

1640 medium supplemented with 10% heat-inactivated fetal bovine serum, 2mM L-

glutamine, 100ug/ml penicillin, and 100ug/ml streptomycin. Immunotoxin (DTUM3) in 

varying concentrations was added to triplicate wells containing cells. The plates were 

incubated at 37 ºC, 10% CO2 for 72 hours, and 20ul MTS solution (CellTiter 96® AQueous 

One Solution Cell Proliferation Assay, Promega) was added per well for the last 4 hours 

of incubation. The absorbance at 490nm was measured to determine the cell proliferation.  

G. In Vitro Competitive Binding Assay 

Purified 13DDantiCD3 at varying concentrations was mixed with a subsaturating 

concentration of FITC-labeled mAb UCHT-1 (eBioscience Inc.) for 10 minutes. The 

subsaturation level of antibody was pre-determined experimentally for the HPB-MLT 

cells by incubating increasing concentrations of labeled antibody with the cells and 

visualizing binding by flow cytometry. HPB-MLT T leukemia cells were grown in 

RPMI-10 medium (RPMI 1640 medium supplemented with 10% heat-inactivated fetal 

bovine serum, 2mM L-glutamine, 100ug/ml penicillin, and 100ug/ml streptomycin) at 37 

ºC in 5% CO2 atmosphere. 106 cells were incubated with the antibody mixture in PBS 

supplemented with 1% BSA and 0.1% sodium azide for 30 minutes at room temperature. 

The cells were then washed and fluorescence intensities of cell bound FITC-labeled 

antibodies were quantitated using a FACSCalibur flow cytometer (BD Biosciences). % 



65 
 

inhibition of binding was calculated by subtracting the mean fluorescence observed at a 

given competitor concentration from 100% binding (defined as mean fluorescence 

observed in the absence of competition) then divided by 100% binding. Relative affinities 

were calculated from the corresponding IC50 values according to the equation: 

KD(I)=IC50/(1+[FITC-UCHT1]/KD(FITC-UCHT1)), where I is the unlabeled inhibitor, [FITC-

UCHT1] is the concentration of FITC-UCHT1 used in the competitive reaction, KD(FITC-

UCHT1) is the binding affinity of FITC-UCHT1, IC50 is the concentration of the inhibitor 

that yields 50% inhibition of binding. KD(FITC-UCHT1) was determined as previously 

described by fitting mean fluorescences of cell bound FITC-labeled UCHT-1 observed at 

different concentrations of FITC-labeled UCHT-1 to the Lineweaver-Burk equation: 

1/F=1/Fmax+(KD/Fmax)(1/ [FITC-UCHT1]).93 

 

 

 

 

 

 

 

 



66 
 

 

 

 

 

Chapter Three 

Self-Assembling Antibodies by Chemical Induction 
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I. Introduction 

A. Methodology for self-assembling antibodies 

The methodology for self-assembling antibodies relies on chemically induced 

dimerization77. Theoretical principles governing dimerization are based on the 

conformational and binding energetics of receptors and ligands.78, 149-151 Wagner and 

coworkers, while examining the DHFR-based dimerization system with the engineered 

bis-MTX protein dimerizer, presented a model of dimer equilibrium dependent on 

cooperativity and ligand binding.78 In such a model, the ligand conformational equilibria 

(Keq) was considered as an important factor. It has been found that a set of well populated 

conformational states of bis-MTX, including the extended conformations and folded 

conformations, exist in solution. The equilibrium between the active dimerizers which are 

suitable for protein binding and inactive dimerizers which are unable to bind the protein 

target limits the amount of dimerizer available for binding. The next critical parameters in 

the scheme are the association constant for binding the ligand to the first receptor Ka1, 

which determines the ligand concentration required for the peak dimerization, and the 

association constant for the formation of the ternary complex Ka2, which governs the 

magnitude of the peak response and the width of the dimerization plateau. In addition, the 

effect of cooperative receptor interactions, including the protein-protein or protein-ligand 

cooperative effects to entropic contribution, is considered as a component of Kc in this 

model. Taken together, the equation in scheme 1 demonstrates the factors regulating the 

ability of the dimerizer to induce cooperative protein dimerization. In the DHFR-MTX  
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Scheme 1: Scheme for chemically induced dimerization. Scheme adapted from Carlson 
et al. 
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CID system investigated in Wagner’s group, the bivalent methotrexate (bis-MTX) binds 

to dihydrofolate reductase with picomolar affinity, forming very stable complexes. 

Another important theory for successfully self-assembling multivalent antibodies is 

the concept of self-assembly based macrocyclizations.91, 92 Theoretical treatments of 

macromolecular self-assembly152-154 describe a balance between the formation of discrete 

cyclic nanostructures and linear macrostructures. The principle of self-assembly 

macrocyclization is based on the effective molarity of the self-assembling cyclic oligmer 

(EMn) and the equilibrium constant for the intermolecular reaction between monomeric 

reactants (Kinter).91 At concentrations, in which the intramolecular effective molarity of 

the growing polymer chain is much higher than the solution concentration, the formation 

of cyclic structures is highly favored.92 The extremely high binding affinity between the 

DHFRs and bis-MTX (picomolar range)78 is a strong driving force for the formation of 

macrocycles composed of DHFR. Controlling the rigidity of the DHFR2 fusion protein by 

changing the linker length between the two DHFRs can increase the effective molarity of 

the specific oligomer. For example, when the linker peptide between the DHFR2 was a 13 

amino acid flexible linker, dimer formation was observed almost exclusively after 

incubation with Bis-MTX. In comparison, octamers were observed when the peptide 

between the DHFR2 was a single glycine. 

Inspection of the DHFR-MTX crystal structure revealed that the N and C termini of 

DHFR lie on the opposite side of the DHFR active site domain, thus it was hypothesized 

that appended fusion protein, such as scFv or peptide, would not interfere with possible 

chemically induced macrocyclic oligomerization. As such, we chose to apply the set of 
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DHFR2 constructs, which we had previously developed for the formation of DHFR 

nanorings, as scaffolds for development of self-assembling antibodies. 

In last chapter, we have shown that anti-CD3-DHFR2 could be successfully expressed, 

refolded and purified from E. coli cells. Herein, we have demonstrated that anti-CD3-

DHFR2 fusion proteins could be induced by bis-MTX to self-assemble into bivalent 

antibody nanorings, that are functionally equivalent to diabodies. (Figure 1) Incubation 

of anti-CD3-DHFR2 with the chemical dimerizer, bis-MTX, resulted in almost exclusive 

formation of the bivalent anti-CD3-DHFR2
. To test diabodies binding, the ability of the 

bivalent anti-CD3-DHFR2 to selectively block the killing of the CD3+ human T-leukemia 

HPB-MLT by a diphtheria-anti-CD3 immunotoxin was tested. Flow cytometric 

competitive binding assay was also applied to quantitatively determine the binding 

affinity of the diabodies to CD3+ T leukemia cells. In addition, the dimerization was 

shown to be reversible by the addition of excess amounts of the non-toxic FDA approved 

DHFR antagonist, trimethoprim. To our knowledge this is the first example reported of a 

method to reversibly chemically self assemble antibodies that exhibit affinities equivalent 

to the parental monoclonal antibody. Furthermore, since the long-term objective of our 

project is to exploit our methodology for the controlled assembly of polyvalent antibody-

nanorings for tissue imaging and drug delivery, we investigated the ability of the 

engineered antibody nanorings to undergo cellular internalization. 

B. Endocytosis Mechanism Study of self-assembled bivalent anti-CD3-DHFR2 

Endocytosis155, 156 is the process used by cells to internalize extracellular molecules. 

This process is required by the cells for nutrients uptake, receptor signaling, receptor  
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down-regulation, and many other functions which are essential for maintaining cellular 

health, as well as molecularly cellular function.157, 158 Once internalized, the potential fate 

of the substances vary with the endocytosis pathways utilized: either moving from the 

endosome to lysosome for degradation, or recycling to the cell membrane. Pathogens 

such as viruses159-161 take advantages of the endocytosis pathways to infect host cells. 

After binding to the cell surface receptors, viruses internalize into cells, followed by 

escape from endocytic vesicles and eventual delivery of their genome to the nucleus.  

In the targeted drug delivery systems, understanding endocytic mechanisms162-164 for 

directed targeting can allow researchers to engineer macromolecules as vehicles for 

highly specialized delivery.165-167 Directed delivery of toxic agents such as anti-cancer 

drug can not only enhance drug accumulation at target sites, but also reduce the dose 

related side effects caused by untargeted toxicity. A variety of targeting molecules such 

as antibodies, peptides, proteins, sugars and vitamins have been applied for targeted 

delivery of cytotoxic agents.168-178 Many of the targeted reagents have shown 

considerable effectiveness in the clinical treatment of cancer. Mylotarg179, for instance, is 

the first antibody-targeted chemotherapeutic agent approved by the FDA for the 

treatment of relapsed AML (acute myeloid leukemia). It is a conjugate of anti-CD33 

mAb and the highly potent DNA-alkylating agent calicheamicin linked by an acid-labile 

hydrazone bond.  Mylotarg was designed so that after being internalized into the acidic 

environment of lysosomes, a labile hydrazone bond in the conjugate would undergo 

hydrolytic release of calicheamicin. Since self-assembled antibodies are designed to serve 
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as vehicles for drug delivery, the intracellular fate of the self-assembled antibodies is an 

important parameter governing successful drug delivery.  

In this chapter, we studied the binding affinities and cell surface behavior of the 

engineered bivalent scFv fusion protein by comparing with those for the parental 

monoclonal antibody. In addition, we assessed the ability of trimethoprim, a non-toxic 

competitive inhibitor of DHFR and FDA approved antiobiotic, to carry out disassembly 

of the bivalent antibody nanoring. Thus we demonstrated the development of a modular 

method for the reversible preparation of stable recombinant antibodies by chemically 

induced self-assembly. Furthermore, the endocytosis mechanisms of the self-assembled 

antibodies were also investigated in detail.  

II. Results and Discussion 

A. Characterization of antibody dimerization by SEC 

The purified antibody fusion protein, anti-CD3-DHFR2 was incubated for 1 hr with 

one equivalent of Bis-MTX and analyzed by size exclusion chromatography (SEC). 

(Figure 2) bivalent anti-CD3-DHFR2 (138KD, 69%) was observed to elute from the 

Superdex G200 column at a retention time of 27 min, while monovalent anti-CD3-

DHFR2 (68KD) eluted with a retention time of 30.5. A small amount of trimer (24.4 min, 

3%) and monomer (28%) was observed. As observed previously for the oligomerization 

of DHFR2 fusion proteins containing a 13 amino acid linker, the larger species 

disappeared with time.180 In addition, similar to DHFR2 containing a 13 amino acid linker, 

a small amount of remaining monovalent anti-CD3-DHFR2 (25%) was observable, even 

when incubated with as high as 5 equivalents of Bis-MTX. Given the slightly increased  
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Figure 2. Assembly of anti-CD3-DHFR2 dimer was characterized by size exclusion 
chromatography. Red curve showed anti-CD3-DHFR2 monomer, while green curve 
represented the induced dimerization reaction of anti-CD3-DHFR2 with Bis-MTX. 
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retention time (31 min vs. 30.5 min) relative to monomer not incubated with Bis-MTX 

and the observation that the amount of remaining monomer is considerably lower at high 

monomer concentrations, it is highly probable that this species results from 

intramolecular macrocyclization of anti-CD3-DHFR2. Relative to DHFR2, peak 

broadening of the anti-CD3-DHFR2 dimer was observed and is expected given the 

possibility of trans and cis isomer formation with respect to the position of the appended 

scFv’s. The future development of strategies for DHFR heterodimerization should allow 

the preparation of exclusively either the cis or trans dimer isomer to be obtained.  

The stability of the self-assembled antibodies was assessed by incubating dimerized 

anti-CD3-DHFR2 at room temperature for 1 week followed by re-analysis by SEC. No 

appreciable change in the species distribution or amount of bivalent self-assembled 

antibody was observed. (Figure 3) 

B. Characterization of binding affinities of self-assembled by blocking assay 

To determine the binding affinity of the bivalent anti-CD3-DHFR2 to CD3, we first 

compared the ability of the anti-CD3-DHFR2 monomer and dimer to protect CD3+ 

human T-leukemia HPB-MLT cells from the simultaneous treatment with the 

immunotoxin, diphtheria-anti-CD3 immunotoxin38 (DTUM3, IC50 = 0.0337 ± 0.0116 nM). 

(Figure 4) monovalent anti-CD3 scFv was shown to be highly active by increasing the 

IC50 by greater than 100- fold (IC50 = 3.48 ± 1.33 nM). Protection from the immunotoxin 

was further enhanced by an additional 16- fold (IC50 = 55.7 ± 13.6 nM) when the cells 

were incubated with bivalent anti-CD3-DHFR2, thus affording and overall protection of 

approximately 1600- fold. Consistent with a fully functioning antibody mimic, the  
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Figure 3. Stability of anti-CD3-DHFR2 dimer was characterized with size exclusion 
chromatography. Red curve showed anti-CD3-DHFR2 dimer right after separated from 
dimerization reaction, while green curve represented anti-CD3-DHFR2 dimer after 
incubating at room temperature for 1 week. 
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Figure 4. Top panel: Binding affinities of anti-CD3-DHFR2 monomer and dimer to HPB-
MLT T leukemia cells were compared by in vitro cytotoxicity blocking assay. Plot 
displayed cytotoxicity of immunotoxin DTUM3 alone (purple dots), cytotoxicity of 
DTUM3 blocked by 100nM anti-CD3-DHFR2 monomer (blue triangles), and cytotoxicity 
of DTUM3 blocked by 100nM anti-CD3-DHFR2 dimer (green squares). 

Bottom panel: Binding affinity of UCHT-1 to HPB-MLT T leukemia cells was 
characterized by in vitro cytotoxicity blocking assay. Plot displayed cytotoxicity of 
immunotoxin DTUM3 blocked by 100nM UCHT-1. 
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parental antibody, UCHT-1 (IC50= 56.6 ± 2.9 nM), was found to provide the same degree 

of protection as dimerized anti-CD3-DHFR2.  

 

C. Characterization of binding affinities of self-assembled by FACS competitive 

binding assay 

To quantitatively determine the binding affinity of the chemically self-assembled 

diabody, the dissociation constants (Kd) for the monomic and bivalent anti-CD3-DHFR2 

and UCHT-1 were evaluated with a flow cytometric competitive binding assay. (Figure 5) 

Compared to the parental monoclonal antibody, UCHT1 (Kd = 1.8 ± 0.2 nM), bivalent 

anti-CD3-DHFR2 displayed a comparable Kd value of 3.5 ± 0.2 nM. Clearly, the bivalent 

antibodies have superior affinities over the monovalent scFv fusion protein, since the Kd 

value for monovalent anti-CD3-DHFR2 (Kd = 51 ± 9.8 nM) was found to be 

approximately 16- fold lower than the value for bivalent anti-CD3-DHFR2. Taken 

together, the results from the cellular protection and cell binding studies demonstrate that 

the self-assembled diabody is nearly identical in affinity to the parental monoclonal 

antibody.   

D. Characterization of disassembly of self-assembled antibodies by SEC 

Unlike other methods of preparing recombinant antibodies, one of the distinct 

advantages of a chemically induced self-assembly approach dependent on a bivalent 

ligand is the potential to temporally initiate disassembly by addition of a competitive 

monovalent ligand. Since trimethoprim is an FDA approved antibiotic, which is like 

MTX, binds tightly to the DHFR active site, we investigated its ability to initiate DHFR  
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Figure 5. Flow cytometric competitive binding assay was used to determine 
disassociation constant of anti-CD3-DHFR2 monomer (blue triangles), dimer (green 
squares) and UCHT-1 (orange dots). 
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Figure 6. Disassembly of anti-CD3-DHFR2 dimer by trimethoprim at different time 
points was characterized with size exclusion chromatography. Light purple curve showed 
anti-CD3-DHFR2 dimer, while red, black, green, and blue curves displayed the 
disassembled anti-CD3-DHFR2 after incubating with trimethoprim for 10, 30, 60, and 
240 mins. 
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oligomer disassembly by incubating bivalent anti-CD3-DHFR2 with a 10- fold excess of 

trimethoprim, followed by determination of the amount of dimer and monomer present at 

various time points. As can be seen in Figure 6, disassembly was rapidly initiated with 

40% conversion of the bivalent protein to monomer occurring in 10 min and 

approximately 100% conversion within 1 hr. The half-life for disassembly (t1/2) at 10 uM 

trimethoprim was found to be 18 min corresponding to a rate of 0.0385 min-1,  (See 

Supplementary Fig. 4 online) Therefore, despite the lower affinity of trimethoprim181 (Kd 

= 4.6 nM) relative to Bis-MTX (Kd = 21 pM)78, rapid disassembly of the self-assembled 

antibodies can be achieved. The conversion of the cyclic oligomer to less stable 

intermediate linear species undoubtedly contributes to the observed rapid disassembly. 

E. Fluorescence labeling of the self-assembled antibodies 

To visualize the self-assembled antibodies during the endocytosis mechanism study, 

the engineered antibodies were labeled by a commonly used fluorophore FITC 

(fluorescein isothiocyanate) with an excitation maximum of 495nm and an emission 

maximum of 521nm in water. FITC is a derivative of fluorescein with a function group of 

an isothiocyanate reactive group which crosslinks primary and secondary amino groups 

on anti-CD3-DHFR2. To obtain the optimal FITC labeling efficiency, several key points 

need to be kept in mind. First, FITC is light- and moisture- sensitive, so the starting 

material FITC must be stored in a dark and dry place. Second, the FITC labeling reaction 

is pH dependent with the highest labeling efficiency occuring at pH 8-9, thus, borate or 

carbonate/bicarbonate buffer is recommended. Third, the presence of amines (e.g., tris, 

glycine) in the reaction buffer can interfere with the protein labeling. Therefore, complete 
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buffer exchange via column or other method into sodium borate buffer must be 

performed before the addition of FITC. Fourth, since FITC tends to be hydrolyzed easily 

in water, the best way to improve the labeling efficiency is to prepare FITC in DMF or 

DMSO and add an aliquot of FITC into the reaction buffer every 20 minutes over the 2 

hour reaction. Fifth, bivalent anti-CD3-DHFR2 was typically reacted with a 15- fold 

molar excess of FITC. Consequently, it is important to completely remove the excess free 

FITC after the reaction finishes and thus avoid spurious results due to contamination of 

free FITC. Sixth, the FITC coupling efficiency (FITC-to-protein ratio) can be calculated 

via measuring absorbance of the labeled protein in PBS at 280nm and 495nm. Lastly, we 

found that the labeled bivalent anti-CD3-DHFR2 protected from light can be stored at 4 

ºC for up to one month or in single-use aliquots at -20ºC, and avoid repeated freeze/thaw 

cycles. 

Internalization of fluorescently labeled bivalent anti-CD3-DHFR2 to T leukemia cells 

HPB-MLT was characterized by confocal microscopy. Confocal microscopy is a 

technique for obtaining high-resolution optical images with depth selectivity. Comparing 

to the conventional widefield optical microscope in which images are limited by the 

degree that a wavelength of light can penetrate, confocal microscope acquires images at 

one depth level at a time. In this way, confocal microscopy provides several advantages 

including the ability to control the depth of field, reduction of background noise away 

from the focal plan, and the ability to collect serial optical sections from specimens of 

variable width along the z-axis. 
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F. Cell internalization studies of self-assembled antibodies 

When studying the internalization mechanism of bivalent anti-CD3-DHFR2, the first 

question raised up was whether the internalization process was facilitated diffusion or 

energy-dependent endocytosis. As for facilitated diffusion, binding of molecules or ions 

to transport proteins on one side of the membrane triggers the conformation change in the 

transport proteins, and results in a carrying through of the substances to the other side of 

the membrane.  As such, facilitated diffusion is a form of passive transport facilitated by 

transport proteins. In comparison, receptor-mediated endocytosis offers a means for 

selective uptake of macromolecules. This type of active transport is highly dependent on 

ATP hydrolysis. To explore the mechanisms of cellular uptake, the internalization of 

bivalent anti-CD3-DHFR2 at 4 ºC can be compared to incubations carried out at 37 ºC, by 

using confocal microscopy. 

When incubating with HPB-MLT at 37 ºC, the bivalent anti-CD3-DHFR2 was found 

to be punctates localized inside cells (Figure 7, 8a).  In contrast, intracellular uptake of 

bivalent anti-CD3-DHFR2 was not observed when the HPB-MLT cells were treated with 

bivalent anti-CD3-DHFR2 at 4 ºC, strongly suggesting that the internalization mechanism 

relies on the energy dependent process (Figure 8b).   

The localization of bivalent anti-CD3-DHFR2 after internalization into cells is 

important to determine with implications for their utility in drug delivery. For example, 

the delivery of rituximab-vcMMAE to lysosomes results in cleavage of the valine-

citrulline (vc) linker and release of the anti-mitotic agent, monomethyl auristatin E  
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Figure 7. Confocal images of intracellular distribution of FITC-labeled anti-CD3-DHFR2 
monomer, dimer or UCHT-1 at 37ºC. HPB-MLT cells were incubated with FITC-labeled 
anti-CD3-DHFR2 monomer (a-c), FITC-labeled anti-CD3-DHFR2 dimer (d-f), or FITC-
labeled UCHT-1 (g-i) for 2 hours at 37ºC. Cell membranes were stained with 
concanavalin A-Alexa Fluor 594 (Red). Superposition of red channel and green channel 
were shown in images c, f, and i. 
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Figure 8. Internalization studies of FITC labeled bivalent anti-CD3-DHFR2 (green) to 
HPB-MLT T-leukemia cells. a) Incubation at 37 ºC or (b) 4 ºC. (c) Colocalization with 
Alexa Fluor 594-labeled transferrin (red) after incubation at 37 ºC. Incubation in the 
presence of clathrin-dependent endocytosis inhibitor chlorpromazine (d), actin 
polymerization inhibitor cytochalasin D (e),  protein tyrosine kinase inhibitor genistein (f), 
caveolin-dependent endocytosis inhibitor nystatin  (g), or cholesterol depletion agent 
methyl-β-cyclodextrin (h) at 37 ºC. All incubations were for 30 min. 
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(MMAE), from the antibody. The technique that we can use to probe the localization of 

bivalent anti-CD3-DHFR2 inside cells is the colocalization of fluorescently labeled 

bivalent anti-CD3-DHFR2 with LysoTracker by confocal microscopy. LysoTracker 

probes consist of a fluorophore linked to a weak base which is only partially protonated 

at neutral pH.  These probes are freely permeant to cell membrane, and appear to 

accumulate in acidic organelles as the result of protonation, and thus, have been applied 

to study the location of lysosomes inside cells.   

Co-localization studies carried out at 37 ºC with a lysosomal specific fluorescent dye, 

LysoTracker Red DND-99, identified the intracellular punctuates harboring bivalent anti-

CD3-DHFR2 as late endosomes. (Figure 9) This is consistent with the co-localization 

studies carried out with transferrin, a marker of receptor-mediated endocytosis, 

suggesting that bivalent anti-CD3-DHFR2 localized in endosomes, and might follow a 

clathrin-dependent endocytosis pathway used by transferring.182 (Figure 8c) 

In an attempt to study the mechanism of bivalent anti-CD3-DHFR2 internalization, 

we performed the cell internalization experiments in the presence of known inhibitors of 

certain components of the endocytosis pathway. 1) chlorpromazine, a molecule known to 

inhibit clathrin-mediated endocytosis183 2) nystatin, a well known inhibitor of caveolin-

dependent endocytosis,184 3) methyl-β-cyclodextrin, an agent known to deplete 

cholesterol,185 4) actin polymerization inhibitor, cytochalasin D186 5) protein tyrosine 

kinase inhibitor genistein187. 
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Figure 9. Confocal images of HPB-MLT T leukemia cells incubated with FITC-labeled 
anti-CD3-DHFR2 monomer (b) dimer (e) or UCHT-1 (h) for 30 mins at 37ºC. Images a, d 
and g showed lysosomal compartments of the cells. Superposition of red channel and 
green channel were shown in images c, f, and i. 
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Treatment with chlorpromazine, partially inhibited the cell penetration of bivalent 

anti-CD3-DHFR2, suggesting that bivalent anti-CD3-DHFR2 uptake proceeds in part by a 

clathrin-dependent endocytotic pathway (Figure 8d). Since it has been shown that 

clathrin-dependent endocytosis is dependent on actin mobilization,164 treatment with an 

actin polymerization inhibitor, cytochalasin D, significantly blocked the intracellular 

uptake of bivalent anti-CD3-DHFR2 (Figure 8g). 

Since phosphorylation of clathrin and the CD3  chain by the protein tyrosine kinase, 　

Lck, appears to be required for TCR internalization, we examined the effect of the 

tyrosine kinase inhibitor, genistein, on antibody internalization. Consistent with the 

known mechanism of TCR/CD3 internalization, treatment of HPB-MLT T leukemia cells 

with genistein completely blocked the intracellular uptake of bivalent anti-CD3-DHFR2 

(Figure 8h) as well as, monovalent anti-CD3-DHFR2 and anti-CD3 mAb UCHT-1. 

(Figure 10, 11)   

Nevertheless, the inability to completely block bivalent anti-CD3-DHFR2 

internalization suggested that other uptake mechanisms, such as caveolin-dependent 

processes, may coexist. However, pretreatment of HPB-MLT cells with nystatin, an 

inhibitor of caveolin-dependent endocytosis, failed to block endocytosis (Figure 8e). 

Partial inhibition of bivalent anti-CD3-DHFR2 internalization was observed after 

treatment with methyl-β-cyclodextrin, which has been shown to deplete cellular 

membranes of cholesterol; thus blocking lipid-raft mediated endocytosis. Methyl-β-

cyclodextrin treatment also resulted in the loss of defined punctates and generally 

dispersal of labeled bivalent anti-CD3-DHFR2 within the cell, which is consistent with  
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Figure 10. Internalization studies of FITC labeled anti-CD3-DHFR2 monomer (green) to 
HPB-MLT T-leukemia cells. a) Incubation at 37 ºC or (b) 4 ºC. (c) Colocalization with 
Alexa Fluor 594-labeled transferrin (red) after incubation at 37 ºC. Incubation in the 
presence of clathrin-dependent endocytosis inhibitor chlorpromazine (d), actin 
polymerization inhibitor cytochalasin D (e),  protein tyrosine kinase inhibitor genistein (f), 
caveolin-dependent endocytosis inhibitor nystatin  (g), or cholesterol depletion agent 
methyl-β-cyclodextrin (h) at 37 ºC. All incubations were for 30 min. 
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Figure 11. Internalization studies of FITC labeled UCHT-1 (green) to HPB-MLT T-
leukemia cells. Incubation at (a) 37 ºC or (b) 4 ºC. (c) Colocalization with Alexa Fluor 
594-labeled transferrin (red) Colocalization with Alexa Fluor 594-labeled transferrin (red) 
after incubation at 37 ºC. Incubation in the presence of clathrin-dependent endocytosis 
inhibitor chlorpromazine (d), actin polymerization inhibitor cytochalasin D (e),  protein 
tyrosine kinase inhibitor genistein (f), caveolin-dependent endocytosis inhibitor nystatin  
(g), or cholesterol depletion agent methyl-β-cyclodextrin (h) at 37 ºC. All incubations 
were for 30 min. 
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the importance of cholesterol in maintaining the integrity of endosomal and lysosomal 

membranes (Figure 8f). Consequently, both the monovalent and bivalent anti-CD3-

DHFR2 and the parental monoclonal appear to interact with cells in a similar manner. 

(Figure 7-11) 

 

V. Conclusions: 

We have developed a modular method for the reversible preparation of stable 

recombinant antibodies by chemically induced self-assembly. Unlike previous 

recombinant antibody methods, our approach allows the oligomeric state of the antibody 

to be temporally controlled by a FDA approved drug. This is particularly important for 

not only controlling antibody avidity, but also molecular weight, a key determinant of 

antibody in vivo pharmacokinetics.13 Since we have previously demonstrated DHFR2 

fusion proteins can be self-assembled into protein nanorings comprised of from two to 

eight subunits, we envisioned that our approach will allow preparation of antibody 

nanorings incorporating from two to eight scFv’s. Our unique approach would then allow 

their disassembly into subunits with a common molecular weight of approximately 60 

kDa, which would undergo for rapid elimination by kidney filtration.28, 188  
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VI. Materials and Methods 

A. Size Exclusion Chromatography (SEC) 

After incubation at room temperature with 1.1 equivalents of MTX2-C9 dimerizer in 

P500 buffer (0.5M NaCl, 50mM KH2PO4, 1mM EDTA, pH 7) with 5% (v/v) glycerol for 

1 hour, the protein solution was injected onto a Superdex G200 size exclusion column 

(Amersham Biosciences, USA), and eluted with P500 buffer at 0.5 ml/min. Relative peak 

areas where quantitated by integrating the absorbance at 280nm.  

B. In vitro cytotoxicity blocking assay  

HPB-MLT T leukemia cells (105) were plated in a 96-well flat-bottom plate in RPMI 

1640 medium supplemented with 10% heat-inactivated fetal bovine serum, 2mM L-

glutamine, 100ug/ml penicillin, and 100ug/ml streptomycin. Immunotoxin (DTUM3) in 

varying concentrations was added to triplicate wells containing cells. The plates were 

incubated at 37 ºC, 10% CO2 for 72 hours, and 20ul MTS solution (CellTiter 96® AQueous 

One Solution Cell Proliferation Assay, Promega) was added per well for the last 4 hours 

of incubation. The absorbance at 490nm was measured to determine the cell proliferation.  

C. In vitro Competitive Binding Assay 

Purified bivalent anti-CD3-DHFR2 at varying concentrations was mixed with a 

subsaturating concentration of FITC-labeled mAb UCHT-1 (eBioscience Inc.) for 10 

minutes. The subsaturation level of antibody was pre-determined experimentally for the 

HPB-MLT cells by incubating increasing concentrations of labeled antibody with the 
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cells and visualizing binding by flow cytometry. HPB-MLT T leukemia cells were grown 

in RPMI-10 medium (RPMI 1640 medium supplemented with 10% heat-inactivated fetal 

bovine serum, 2mM L-glutamine, 100ug/ml penicillin, and 100ug/ml streptomycin) at 37 

ºC in 5% CO2 atmosphere. 106 cells were incubated with the antibody mixture in PBS 

supplemented with 1% BSA and 0.1% sodium azide for 30 minutes at room temperature. 

The cells were then washed and fluorescence intensities of cell bound FITC-labeled 

antibodies were quantitated using a FACSCalibur flow cytometer (BD Biosciences). % 

inhibition of binding was calculated by subtracting the mean fluorescence observed at a 

given competitor concentration from 100% binding (defined as mean fluorescence 

observed in the absence of competition) then divided by 100% binding. Relative affinities 

were calculated from the corresponding IC50 values according to the equation: 

KD(I)=IC50/(1+[FITC-UCHT1]/KD(FITC-UCHT1)), where I is the unlabeled inhibitor, [FITC-

UCHT1] is the concentration of FITC-UCHT1 used in the competitive reaction, KD(FITC-

UCHT1) is the binding affinity of FITC-UCHT1, IC50 is the concentration of the inhibitor 

that yields 50% inhibition of binding. KD(FITC-UCHT1) was determined as previously 

described by fitting mean fluorescences of cell bound FITC-labeled UCHT-1 observed at 

different concentrations of FITC-labeled UCHT-1 to the Lineweaver-Burk equation: 

1/F=1/Fmax+(KD/Fmax)(1/ [FITC-UCHT1]).93 

D. Competitive disassembly of bivalent anti-CD3-DHFR2 

Competitive disassembly experiments were performed by mixing the preformed 

bivalent anti-CD3-DHFR2 with a 10-fold excess of trimethoprim in P500 buffer and 
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incubating at room temperature for various lengths of time. Disassembly of the nanorings 

was visualized via SEC, as described above. 

E. Confocal microscopy 

Bivalent anti-CD3-DHFR2 were firstly fluorescein labeled using the EZ-LabelTM 

FITC protein labeling kit (Pierce Biotechnology). HPB-MLT T leukemia cells (5x105) 

were incubated with FITC-labeled bivalent anti-CD3-DHFR2, or UCHT-1 in PBS at 37 

ºC, in 5% CO2 for 30 min on Poly Prep SlidesTM coated with poly-L-lysine (Sigma). For 

experiments at 4 ºC the cells were incubated on the slides with the appropriate antibody at 

4 ºC for 30 min. All incubations were carried out in the dark to prevent dye bleaching.  

As for the colocalization studies, cells were incubated with FITC labeled protein and 

LysoTracker Red DND-99 (molecular probes) or Transferrin-Alexa Fluor 594 conjugate 

(invitrogen) in PBS at 37 ºC for 30 min. The inhibitors used in the endocytosis 

mechanism studies included chlorpromazine HCl (10ug/ml), nystatin (25ug/ml), 

cytochalasin D (10ug/ml), methyl-β-cyclodextrin (4.3mg/ml), and genistein (10.8ug/ml). 

Before the incubation with the FITC-labeled antibody, HPB-MLT T leukemia cells 

(5x105) were pretreated with the appropriate inhibitor for one hour at 37 ºC. 

Following the incubation with the FITC-labeled antibody, cells were then washed 

twice with PBS and fixed with 2% paraformaldehyde in PBS for 10 mins. After washing 

twice with PBS, cells were embedded in prolong gold antifade mounting medium 

(Invitrogen). Images were taken within inner sections of the cells by sequential scanning 

using a confocal microscope. 
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I. Introduction 

Antibodies and recombinant antibodies are a rapidly growing area for the 

development of therapeutics and imaging agents.19, 24, 189, 190 Typically, antibodies are 

found in nature as either bivalent (IgG), tetravalent (IgA) or decavalent (IgM) species. 

Numerous clever and imaginative strategies for the design of recombinant antibodies 

have been developed.29, 30, 39, 41, 44, 45, 51, 56, 191-193 In general, these approaches have relied 

on the genetic manipulation of the antibody variable domains to produce monomeric, 

single chain antibodies (scFvs), Fab fragments, bivalent diabodies and tetravalent tantabs. 

In order to access valencies beyond these, typically liposomes or nanoparticles are 

biofunctionalized with either monoclonal antibodies (MABs) or scFvs.61-65 However, 

valencies of these antibody conjugates can be hard to control and generally are in the 

range of 10’s to 1000’s. Recently, Rossi et al. described the formation of a hexavalent 

CD20 antibody composed of 6 Fabs and one Fc region.54 Access to intermediate 

valencies (i.e., >4) has been limited primarily due to the challenge of producing such 

large and rather complex proteins recombinantly. Nevertheless, being able to prepare 

antibody conjugated nanoparticles that are similar in valency and size to IgM’s, for 

example, would be advantegous, since they should be able to leverage the greater 

circulation half-lives and avidity observed for antibody-nanoparticles, but with 

considerably reduced molecular weight and size. In particular, higher valent antibody 

nanoparticles with diameters in the range of 60-80 nm, should be able to take full 

advantage of their targeting potential due to enhanced avidity, without reliance on the 

EPR effect.32, 194  
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 Previously, we have demonstrated that dimers of the potent inhibitor of E. coli 

dihydrofolate reductase (DHFR), methotrexate, rapidly and robustly dimerize DHFR.78, 79 

Taking advantage of this observation, we have shown that DHFR-DHFR (DHFR2) fusion 

proteins will undergo macrocyclization. The size of the DHFR nanorings was found to be 

dependent on the length and composition of the linker peptide between the DHFRs, 

resulting in the formation of DHFR nanorings composed of from 2 to 8 monomers and 

ranging in diameter from 7-30 nm.79  

Recently, we have been able to construct bivalent chemically self-assembled 

antibody nanorings (CSANs) that mimic the binding and internalization behavior of the 

parental MAB. The bivalent CSANs were prepared by dimerizing an anti-CD3 scFv- 

DHFR2, fusion protein containing an internal flexible 13 amino acid linker with bis-

MTX.93 Our success in forming bivalent scFv-DHFR2 fusion protein nanorings that 

mimic IgG’s has encouraged us to further develop the antibody nanorings with higher 

valencies and avidities, such as tetravalent IgA and decavalent, IgM. (Figure 1) 

Consequently, we engineered octavalent anti-CD3 CSANs (Figure 1), which were 

characterized by size exclusion chromatography, static light scattering, and atomic force 

microscopy. The octavalent anti-CD3 CSANs exhibited improved affinity to CD3 

expressing cells compared to the parental mAb UCHT-1. The octavalent CSANs could be 

successfully disassembled by treatment with excess amount of monovalent ligand. In 

addition, we found that anti-CD3 CSANs and the parental mAb UCHT-1 exhibited a 

similar cellular internalization mechanism. In contrast to the MAB, the bivalent and  
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Figure 1. Scheme for the assembly and disassembly of octavalent anti-CD3 scFv 
antibody targeting T cell receptor. 
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octavalent CSANS were unable to induce T cell proliferation, and they exhibited 

divergent effects on the T-cell receptor internalization and IL-2 receptor expression. 

 

II. Results and Discussion 

A. Assemby of multivalent CSANS 

To construct the DHFR-DHFR-scFv fusion protein which is capable of forming 

octavalent CSAN, two copies of DHFR were fused in tandem with one amino acid linker 

(G), followed by a 13 amino acid linker to anti-CD3 scFv (named 1DDantiCD3). The 

1DDantiCD3 fusion protein was expressed in BL21 (DE3) cells, refolded and purified as 

previously described93. After incubation of 1DDantiCD3 fusion protein with 1.1 

equivalents of bis-MTX for 1 hour, assemblies of multivalent scFv were characterized by 

size-exclusion chromatography using a Superdex G200 column. (Figure 2) The 

assemblies of 1DDantiCD3 and bis-MTX were observed to elute in a broad peak centered 

at 19.7 min with 100% oligomerization of 1DDantiCD3 fusion protein, which provided 

the evidence for the formation of high valency recombinant antibody.  In comparison, 

previous results showed that the dimerization of 13DDantiCD3 was eluted at 27 min with 

the formation of 28% intramolecular macrocyclized monomer.93 The lack of this species 

as observed here may be predicted because shortening the linker between the two DHFRs 

of DDantiCD3 fusion protein from 13 amino acids to 1 amino acid decreases the 

conformational flexibility of DHFR2. In order to evaluate the valency of the CSAN, static  
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Figure 2. Characterization of 1DDantiCD3 oligomerization by Size-Exclusion 
Chromatography. Blue curve: 1DDantiCD3 monomer; Black curve: induced 
oligomerization of 1DDantiCD3 with bis-MTX.  
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light-scattering experiment was therefore carried out to determine the mass of the 

oligomers.  

B. Characterization of CSANs by SLS and AFM 

Size exclusion chromatography coupled with multi-angle light scattering can be used 

to determine the weight-average molecular weight (Mw) and radius of gyration (Rg) of  

protein aggregates. Analysis of the scattered light from the broad peak as observed by 

UV absorbance gave an experimental Mw of 525 ± 20 kDa and a Rg of 24.8 ± 1 nm. The 

molecular weight of 525 ± 20 kDa is 8.2 times that of the monovalent 1DDantiCD3 

protein (64 kDa) suggesting a predominantly octavalent species in solution, which would 

have an expected Mw of 512 kDa. This is in line with our previous work where 

unfunctionalized 1DD proteins formed an octamer as the major species79. The lead and 

trail ends of the broad peak contain species of higher and lower valency respectively, 

approximately 12mers and 6mers. However, the relatively lower UV absorbance at the 

edge of the peak, coupled with the calculated Mw suggests that these species are formed 

to a lesser degree. Previously rings lacking the anti-CD3 scFv were shown to have a 

radius of gyration of 10.8 ± 1 nm while for the scFv rings the calculated rg is 24.8 ± 1 nm. 

This increase radius is likely due to the anti-CD3 proteins displayed around the ring. It 

also is in agreement with the size of the rings observed by AFM.  

To characterize both the size and morphology of the constructed CSANs, high 

resolution intermittent contact mode atomic force microscopy (AFM) experiments were 

carried out under ambient conditions. As shown in Figure 3, the rings appear 

homodisperse on the mica surface in open ring form.  Previous measurements of  
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Figure 3. Characterization of octavalent anti-CD3 CSANs (1DDantiCD3 octamer) 
formation by Atomic Force Microscopy. (A) 2 μm x 2 μm AFM topograph showing 
homodispersed octavalent CSANs on a prepared atomically flat mica surface. Maximum 
height (white) is 5 nm. (B) Quantification of 55 individual ring diameters using 5 nm 
binning, showing the average ring sizes to exist as ~40-50 nm across. (C) Pseudo-3D 
representation of an individual nanoring, showing a peak-to-peak diameter of 45 nm. 
Large white particles in A are salt crystals, artifacts due to the short sample rinse time 
required to keep the nanorings on the surface for study. 
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hexavalent nanorings87 containing the enzyme Hint1 were measured by dynamic light 

scatting as well as AFM to be ~50 nm in size. Here, octavalent scFv rings show an 

average diameter of 45-55 nm as shown on the right in Figure 3, as expected due to the 

exclusion of the large Hint1 linker with only the DHFR forming a smaller but thicker ring.  

C. Disassembly of octavalent CSAN 

Disassembly of octavalent CSANs was examined by incubating the CSANs with a 

10-fold excess competitive monovalent methotrexate at room temperature. The rate of 

disassembly to intermediate oligomers and monomer was probed at various time points 

by size-exclusion chromatography. (Figure 4) octavalent CSANs rapidly disassembled 

into smaller oligomers and monomer within minutes. After 40 minutes about 75% 

monomer was observed while complete disassembly occurred within 3 hours. The half 

life for the disassembly with 10-fold excess methotrexate was determined to be 28 mins, 

which corresponds to a rate of 0.025 min-1 (Figure 4). Considering the potential of scFv 

nanorings as therapeutic agents and the renal filtration threshold of 65 kDa, the fast 

disassembly process of the nanoring disassembly may provide opportunities to tune the in 

vivo pharmacokinetics of the CSANs. 

D. Binding of anti-CD3 CSANs to cells 

The octavalent anti-CD3 CSANs were evaluated for the binding affinity to the CD3+ 

T leukemia cells HPB-MLT by determining the dissociation constant with a flow 

cytometric competitive binding assay. Binding of non-labeled antibody to T leukemia 

cells was competed with sub-saturated amount of FITC labeled mAb anti-CD3 UCHT-1,  
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Figure 4. Top panel: Characterization of induced octavalent anti-CD3 CSANs 
disassembly with methotrexate by Size-Exclusion Chromatography. Blue curve: CSANs; 
light green, pink, black, red, dark green, and purple curves: disassembled oligomers after 
incubation with methotrexate for 5, 20, 40, 80, 150, and 240 min, respectively. 

Bottom panel: Time course study of disassembly of octavalent CSANs by incubation 
with excess amount of methotrexate. %oligomers: Percentage of oligomers left in the 
disassembly reaction after incubating with methotrexate at different time points.  
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Figure 5. Flow cytometric competitive binding assay was applied to determine the 
disassociation constant of 1DDantiCD3 monomer (red stars), 13DDantiCD3 monomer 
(blue downward triangles), divalent CSANs (yellow squares), octavalent CSANs (purple 
upward triangles), and UCHT-1 (green dots) to T-leukemia cells HPB-MLT. 
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followed by quantitating the fluorescence intensities of cell bound FITC labeled UCHT-1 

with flow cytometry. (Figure 5) The Kd value of octavalent anti-CD3 CSANs was found 

to 0.93± 0.2 nM, which showed about 52-fold increase in functional affinity comparing to 

monovalent 1DDantiCD3 (Kd = 49 ± 6 nM), 4-fold increase to divalent anti-CD3 CSANs 

(Kd = 3.51 ± 0.2 nM)93, and 2-fold increase to parental mAb UCHT-1(Kd = 1.8 ± 0.2 nM). 

The inability of the octavalent CSANs to fully realize the maximum theoretical binding 

affinity to the cell surface is likely due to several factors, including the fact that CD3 is 

not displayed on 100% of the cellular surface. In addition, there is likely to steric 

constrains on the number of CD3s, particularly in the context of being associated with the 

TCR, that can be oligomerized on the surface. 

To demonstrate the specific binding ability of the engineered anti-CD3 CSANs to 

cells that only express CD3 receptor,  FITC-octavalent anti-CD3 CSANs, or FITC-

antiCD19 mAb, were incubated with Daudi cells (CD3-/CD19+ B lymphoma cell line). 

FITC-antiCD19 mAb was used as positive control. After washing with FACS buffer, 

bound cell fluorescence was analyzed by flow cytometry. When HPB-MLT cells 

(CD3+/CD19- T leukemia cell line) were treated with FITC-octavalent anti-CD3 CSANs 

or FITC-antiCD19 mAb, only FITC-octavalent anti-CD3 CSANs exhibited strongly 

bound fluorescence (Figure 6a). While FITC-antiCD19 mAb exhibited obvious bound 

fluorescence on Daudi cells, no specific fluorescence was detected on cells treated with 

FITC-octavalent anti-CD3 CSANs (Figure 6b). Therefore, octavalent anti-CD3 CSANs 

were able to specifically bind cells that express CD3 receptor. 
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Figure 6. FITC-octavalent anti-CD3 CSANs bound to CD3+ HPB-MLT cells (a) but not 
to CD3- Daudi cells (b). HPB-MLT cells or Daudi cells were incubated with FITC-
antiCD19 mAb or FITC-octavalent anti-CD3 CSANs at 37oC for 30 mins. FITC-
antiCD19 mAb was used as positive control bound to Daudi cells. The fluorescence of 
bound FITC-antiCD19 mAb or FITC- octavalent anti-CD3 CSANs was analyzed by flow 
cytometry. The horizontal axis of the diagram represents the fluorescent intensity, and the 
vertical axis shows the percentage of maximum cell number. 
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E. Mechanism of anti-CD3 CSANs cellular uptake 

Internalization of fluorescently labeled octavalent anti-CD3 CSANs to T leukemia 

cells HPB-MLT was characterized by confocal laser scanning microscopy. After 

incubation with HPB-MLT at 37 ºC, intracellular punctuates harboring the fluorescent 

octavalent anti-CD3 CSANs could be observed (Figure 7a).  In contrast, intracellular 

uptake was not observed when HPB-MLT cells were treated with octavalent anti-CD3 

CSANs at 4 ºC, strongly suggesting that the internalization mechanism relies on an 

energy dependent process (Figure 7b).  Co-localization studies at 37 ºC with transferring, 

a marker of receptor-mediated endocytosis, suggested that octavalent CSANs localize to 

endosomes and follow an internalization mechanism similar to transferrin, which relies 

on clathrin-dependent endocytosis182 (Figure 7c). This was further confirmed by the use 

of a lysosomal specific fluorescent dye, LysoTracker Red DND-99, which identified the 

intracellular punctate location of CSANs as late endosomes (Figure 8).  

To further characterize the mechanism of octavalent anti-CD3 CSANs cellular 

internalization, we performed the internalization experiments in the presence of known 

inhibitors of components of the endocytosis pathway. The treatment with chlorpromazine, 

a molecule known to inhibit clathrin-mediated endocytosis,183 partially inhibited the cell 

penetration of octavalent anti-CD3 CSANs, suggesting that the octavalent anti-CD3 

CSANs partially follow a clathrin-dependent endocytotic pathway (Figure 7d). 

Consistent with the dependence of clathrin-dependent endocytosis on actin 

mobilization,164 treatment with an actin polymerization inhibitor,186 cytochalasin D, 

significantly blocked the intracellular uptake of octavalent anti-CD3 CSANs (Figure 7g). 
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Figure 7. Internalization studies of FITC labeled octavalent anti-CD3 CSANs (green) to 
HPB-MLT T-leukemia cells. (a) Incubation at 37 ºC or (b) 4 ºC. (c) Colocalization with 
Alexa Fluor 594-labeled transferrin (red) after incubation at 37 ºC. Incubation in the 
presence of clathrin-dependent endocytosis inhibitor chlorpromazine (d), actin 
polymerization inhibitor cytochalasin D (e),  protein tyrosine kinase inhibitor genistein (f), 
caveolin-dependent endocytosis inhibitor nystatin  (g), or cholesterol depletion agent 
methyl-β-cyclodextrin (h) at 37 ºC. All incubations were for 30 min.  
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Figure 8. Confocal images of HPB-MLT T leukemia cells incubated with FITC-labeled 
octavalent anti-CD3 CSANs (b) for 30 mins at 37ºC. Image (a) showed lysosomal 
compartments of the cells. Superposition of red channel and green channel were shown in 
image c. 
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Since phosphorylation of clathrin and the CD3  chain by the protein tyrosine 　

kinase, Lck, appears to be required for TCR internalization, we examined the effect of the 

tyrosine kinase inhibitor, genistein, on antibody internalization.187 Consistent with the 

known mechanism of TCR/CD3 internalization, treatment of HPB-MLT T leukemia cells 

with genistein completely blocked the intracellular uptake of octavalent anti-CD3 CSANs 

(Figure 7h).  

Nevertheless, the inability to completely block octavalent anti-CD3 CSANs 

internalization suggests that other uptake mechanisms, such as caveolin-dependent 

processes, may coexist. However, pretreatment of HPB-MLT cells with nystatin, an 

inhibitor of caveolin-dependent endocytosis,184 failed to block endocytosis (Figure 7e). 

Partial inhibition of CSANs internalization was observed after treatment with methyl-β-

cyclodextrin, which has been shown to deplete cellular membranes of cholesterol; thus 

blocking lipid-raft mediated endocytosis.185 Methyl-β-cyclodextrin treatment also 

resulted in the loss of defined punctates and generally dispersal of labeled octavalent anti-

CD3 CSANs within the cell, which is consistent with the importance of cholesterol in 

maintaining the integrity of endosome and lysosome membranes195 (Figure 7f). 

Since both T-leukemia cells, such as HPB-MLT cells, and normal T-cells found in 

peripheral blood mononuclear cells (PBMCs) display CD3 on their surfaces, we also 

investigated the abilty of the anti-CD3 CSANs to be internalized by PBMCs (Figure 9). 

In contrast to the rapid internalization observed for octavalent anti-CD3 CSANs by HPB-

MLT cells, very little of the recombinant multivalent antibody was internalized by 

unstimulated PBMCs at 37 ºC. Similar results were found for the monovalent DHFR2-  
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Figure 9. Comparing the internalization studies of anti-CD3 antibodies to HPB-MLT T 
leukemia cells and normal T cells. Confocal images of HPB-MLT T leukemia cells 
incubated with FITC-labeled monovalent 1DDantiCD3 (a) or FITC-labeled divalent anti-
CD3 CSANs (b) or FITC-labeled octavalent anti-CD3 CSANs (c) or FITC-labeled 
UCHT-1 for 30 mins at 37ºC. Confocal images of PBMC incubated with FITC-labeled 
monovalent 1DDantiCD3 (a) or FITC-labeled divalent anti-CD3 CSANs (b) or FITC-
labeled octavalent anti-CD3 CSANs (c) or FITC-labeled UCHT-1 for 30 mins at 37ºC. 
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antiCD3, bivalent CSANs and parental antibody. Taken together, these results 

demonstrate that anti-CD3 CSANs predominately enter the cell through a clathrin-

dependent endocytosis pathway that requires cholesterol, actin polymerization and 

protein tyrosine kinase activation Several other mechanisms, including lipid-raft 

dependent endocytosis or other non-clathrin dependent endocytosis, may simultaneously 

be minor contributors to  the internalization process of anti-CD3 CSANs. Valency and 

avidity of the anti-CD3 appear to have little impact on the cell internalization mechanism. 

It is evident from the binding assay and endocytosis studies that anti-CD3 CSANs 

specifically bind the T-cell leukemia cell-line, HPB-MLT cells, followed by rapid 

internalization, while avoiding uptake by normal PBMCs. 

F. Activation of T-cells by anti-CD3 CSANs 

A limitation to the clinical use of monoclonal antibodies against the TCR/CD3 

complex is the potential for severe adverse effects due to cross-linking of the TCR/CD3 

complex. This occurs when cells displaying Fc receptors bind to the Fc regions of the 

monoclonal antibodies causing cross-linking of TCR/CD3 complex, which is followed by 

T-cell activation resulting in expansion/proliferation of the T cell population.196  

To address the effects of the activation of T cell by the engineered anti-CD3 

CSANs (Figure 10), we examined the ability of anti-CD3 CSANs to induce proliferation 

of PBMCs by the CFSE (carboxyfluorescein succinimidyl ester) based assay, which 

relies on the dilution of the fluorescent cell staining dye CFSE to monitor the divided cell 

cycles.197 After incubation of CFSE-labeled PBMCs with the anti-CD3 antibodies at 37  



114 
 

Figure 10.  Comparison of the triggering of PBMCs by a panel of anti-CD3 (monovalent 
1DDantiCD3, divalent CSANs, octavalent CSANs, divalent UCHT-1 F(ab')2, and mAb 
anti-CD3 UCHT-1). 
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Figure 11. PBMC Proliferation assay. CFSE-labeled PBMCs were stimulated with a 
panel of anti-CD3 for 5 days. A representative experiment of 3 is shown in a-f. (a) 
unstimulated PBMCs, (b) monovalent 1DDantiCD3 stimulated PBMCs, (c) divalent 
CSANs stimulated PBMCs, (d) octavalent CSANs stimulated PBMCs, (e) UCHT-1 
F(ab')2 stimulated PBMCs, (f) UCHT-1 stimulated PBMCs. 
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ºC for 5 days, the extent of CFSE dilution was determined by flow cytometry (Figure 11).  

The anti-CD3 MAB, UCHT-1, induced significant PBMC proliferation, with 66 ± 8% of 

the cells undergoing between 2 and 5 divisions. In contrast, when cells were treated with 

monovalent 1DDantiCD3, divalent CSANs, octavalent CSANs, or UCHT-1 F(ab')2 only 

19 ± 3%, 20 ± 3%, 21 ± 4% and 19 ± 3%, respectively, of the cells were observed to 

undergo between 2 and 4 divisions. Thus, although TCR/CD3 oligomerization is required 

for T-cell activation, neither treatment with the bivalent nor the octavalent anti-CD3 

CSANs is apparently able to induce T-cell activation by sufficient aggregation. In 

contrast, given that the F(ab')2 fragment of UCHT-1 only induces 19% proliferation, as 

compared to 65% for the full MAB, it is very likely that accessory cell Fc receptor 

induced oligomerization requiring cell-cell interaction is responsible for the observed 

UCHT-1 induced PBMC proliferation.198 

To further delineate the effect of the anti-CD3 CSANs on T-cell activation, the 

up-regulation of CD25 (IL-2R) on CD4+ cells was investigated. The degree of CD25 (IL-

2R) regulation on CD4+ cells by engineered anti-CD3 CSANs was assessed by 

incubation of PBMCs with the indicated anti-CD3 species at 37 ºC for 20 hours. The 

results of flow cytometric assay, shown in Figure 12, illustrated that there was a certain 

correlation between the oligomerization degree of CD3 and early stage T cell stimulation. 

After treatment with octavalent CSANs, the percentage of CD4+CD25+ cells over the 

total CD4+ cells (%CD4+CD25+/CD4+) was increased from 3.6 ± 2.2% for non-

stimulated cells to 20.3 ± 4.2%, while %CD4+CD25+/CD4+ was elevated to 6.6 ± 3.0% 

for monovalent 1DDantiCD3 treated cells and 8.4 ± 5.6% for divalent CSANs treated  
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Figure 12. Effects of IL-2R (CD25) expression level on CD4+ cells by triggering 
PBMCs with a panel of anti-CD3. PBMCs were incubated with anti-CD3 for 20 hours, 
and then stained with mAbs of CD4 and CD25. Percentage of CD4+CD25+ cells over 
CD4+ cells were analyzed by FACS. (a) Unstimulated PBMCs, (b) monovalent 
1DDantiCD3 stimulated PBMCs, (c) divalent CSANs stimulated PBMCs, (d) divalent 
CSANs stimulated PBMCs, (e) UCHT-1 F(ab')2 stimulated PBMCs, and (f) UCHT-1 
stimulated PBMCs. 
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Figure 13. TCR modulation induced by a panel of anti-CD3 (monovalent 1DDantiCD3: 
black downward triangles; divalent CSANs: purple diamonds; octavalent CSANs: red 
dots; divalent UCHT-1 F(ab')2: blue upward triangles; and mAb anti-CD3 UCHT-1: 
green squares). PBMCs were treated with indicated anti-CD3 for 1, 5, 10, 20, and 30 min, 
and T cell receptors on cell surface were then stained with FITC-anti-human αβTCR. 
TCR modulation was analyzed by flow cytometry. %TCR available represents 
percentage of TCR on cell surface treated with anti-CD3 as a fraction of surface TCR on 
control cells. 
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cells. Compared to divalent anti-CD3 CSANs, treatment of PBMCs with UCHT-1 F(ab')2 

where found to have  a similar effect on IL-2R expression levels (7.3 ± 4.7%)  while 

treatment with th UCHT-1 mAb dramatically increased the level of CD4+CD25+ cells 

(35.6 ± 10.5%). Therefore, although the octavalent anti-CD3 CSANs is able to induce 50% 

more IL2-R expression, which is with in 15% of the levels exhibited by the the UCHT-1 

monoclonal antibody, the levels of induced IL-2-R apparently do not reach the threshold 

necessary for T-cell activation.  

Although the physiological role of TCR down-regulation is not fully understood, 

the regulation of TCR expression levels play an important role in modulating T cell 

activation.199 To study the effect of engineered anti-CD3 CSANs on the down-regulation 

of TCR cell surface expression, PBMCs were incubated with monovalent 1DDantiCD3, 

divalent CSANs, octavalent CSANs, divalent UCHT-1 F(ab')2, and mAb anti-CD3 

UCHT-1 at 37 ºC for various times. After blocking receptor uptake by cooling cells to 4 

ºC, TCRs available on the cell surface were labeled with FITC-anti-human αβTCR 

followed by determining the level of labeled TCR with flow cytometry (Figure 13). 

Monovalent 1DDantiCD3, divalent CSANs, and octavalent CSANs showed similar effect 

on TCR modulation, resulting in a loss within minutes of approximately 30% of cell 

surface displayed TCR. In contrast, about 90% of the TCR was down-regulated by the 

treatment of PBMCs with UCHT-1 mAb. This result suggested that although the binding 

affinity of anti-CD3 CSANs is higher than UCHT-1 mAb, the valency is still below the 

threshold required for maximal TCR modulation by the T cells and therefore activation. 

The slight difference of TCR down-regulated response induced by UCHT-1 F(ab')2 when 
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compared to the divalent CSANs may be result from inherent differences in the cell 

surface interactions between the highly conformationally mobile CSANs relative to the 

more rigid F(ab')2. 

 

III. Conclusions 

By using our ability to prepare DHFR2 nanorings by chemically induced 

dimerization, we have developed a protocol for the reversible preparation of CSANs with 

valencies similar to IgMs, ranging from 8-10 scFvs. These anti-CD3 CSANs have been 

used to discretely probe the role of valency on T cell activation. Moreover, we have 

demonstrated that although the anti-CD3 CSANs are able to bind to normal unactivated 

T-cells, they do not activate T-cells nor are they apparently internalized. In contrast, they 

are able to undergo clathrin-dependent endocytosis target and be internalized by T-

leukemia cells. We believe that this approach is applicable to other scFvs and can be used 

to further elucidate the role of valency and receptor cross-linking on cell responses. In 

addition, the engineered CSANs show great potential for use as multivalent nano-vehicles 

for drug delivery. The future development of MTX dimerizers fitted with a third arm that 

can be reversibly conjugated to either a reporter group or small molecule drug will 

facilitate their therapeutic and chemical biological utility.  
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IV. Materials and Method 

A. Construction of p1DD13CD3 plasmid 

We constructed the p1DDantiCD3 plasmid from the p13DD13CD3.2 plasmid template 

previously made in our lab.26 The p13DD13CD3.2 plasmid encodes a fusion protein 

containing a cysteine-free ecDHFR coupled by a 13 amino acid linker 

(GLGGGGGLVPRGT) to a second cysteine-free ecDHFR, followed by a second 13 

amino acid linker to the anti-CD3 scFv gene. Plasmid p1DD13CD3 was obtained by 

shortening the first linker from 13 amino acids to 1 amino acid (G) using the Stratagene 

QuickChange Site-directed Mutagenesis Kit, following the standard protocol as described 

by the manufacturer. The primers used for the deletion were: forward 5’- 

CTGGAGCGGCGGGGTATGATCAGTCTGATTGCG-3’ and reverse 5’-

CGCAATCAGACTGATCATACCCCGCCGCTCCAG-3’. The DNA sequence was 

verified (University of Minnesota, Advanced Genetic Analysis Center) to confirm the 

required deletion. 

B. Protein expression, refolding and purification  

  1DDantiCD3 protein was expressed, refolded and purified by our previously reported 

method.26 Briefly, the protein was overexpressed in the E. coli strain BL21 (DE3). The 

inclusion bodies were obtained by sonicating cells in lysis buffer, followed by refolding 

the protein with the sodium N-lauroyl-sarcosine (SLS) air oxidation method. The 

refolded protein was purified by MTX affinity column and DEAE column.   
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C. Size exclusion chromatography (SEC) 

  After incubation at room temperature with 1.1 equivalents of bis-MTX dimerizer (Fig. 1 

a) in P500 buffer (0.5M NaCl, 50mM KH2PO4, 1mM EDTA, pH 7) with 5% (v/v) 

glycerol for 1 hour, the protein solution was injected onto a Superdex G200 size 

exclusion column (Amersham Biosciences, USA), and eluted with P500 buffer at 0.5 

ml/min. Relative peak areas where quantitated by integrating the absorbance at 280nm.  

D. Static light scattering analysis 

  Static light scattering experiments were conducted with a multi-angle light scattering 

(MALS) detector (DAWN EOS, Wyatt Technology Corp.) connected in line with the 

SEC, using UV absorption as the concentration detector. The analysis was carried out at a 

flow rate of 0.5 ml/min at room temperature. The DAWN EOS was calibrated with 0.02 

µM filtered toluene and further normalized with BSA using standard procedures as 

described by Wyatt Technology Corp. The collected data was analyzed using Astra V 

software (Wyatt Technology Corp.) to solve the equation relating scattered light at 

several angles, concentration, and weight-average molar mass by using the Zimm method 

to determine the average molecular weight and radius of gyration for each sample. The 

extinction coefficient for the 1DDantiCD3 bis-MTX complex was determined 

experimentally to be 2.305×103 ml/(g.cm). Experiments were repeated in duplicate with 

the error the standard deviation of the two runs.  
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E. Atomic force microscopy analysis 

Sample Preparation: 

Mica surfaces (Ted Pella, CA) were prepared by first immersion in DI Water 

(18.2 mΩ) for 10 minutes to dissociate surface cations for a homogeneous net negative 

surface. Then, stripped surfaces are exposed to MgCl2 solution (1mM) for 10 minutes to 

create a homogeneous net positively charged surface for the immobilization of the 

CSANs molecules. 2 μL of the protein nanorings (0.1 µM in P500 Buffer) was drop 

coated by pipette over the cationic mica surface for 10 minutes and immediately rinsed 

with 100 µL DI water and dried under Argon for imaging. 

AFM imaging: 

A Digital Instruments (Santa Barbara, CA) Multimode Nanoscope IIIa scanning 

probe microscope equipped with high frequency (~300 kHz) NanoSensors PPP-NCHR 

(NanoandMore USA, Lady’s Island, SC) Tapping mode probes with a 42 N/m spring 

constant were used to scan the mica surfaces. All imaging was carried out under tapping 

mode, with 512 x 512 data acquisitions at a scan speed of 0.8 Hz at room temperature 

under positive N2 pressure and acoustic isolation. Supplier-provided software 

(Nanoscope, V5.3r1, Veeco) was utilized for extracting quantitative data such as surface 

cross sections from AFM images. For high-resolution imaging, only tips with observed 

radii nominally 5 nm were used on the atomically flat mica surfaces to perform first order 

XY plane fitting. 
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F. Competitive disassembly of anti-CD3 CSANs 

Competitive disassembly experiments were performed by mixing the preformed anti-

CD3 CSANs with a 10-fold excess of methotrexate in P500 buffer and incubating at 

room temperature for various lengths of time. Disassembly of the nanorings was 

visualized via SEC, as described above. 

G. In vitro competitive binding assay 

Purified 1DDantiCD3 or CSANs at varying concentrations was mixed with a 

subsaturating concentration of FITC-labeled mAb UCHT-1 (eBioscience Inc.) for 10 

minutes. The subsaturation level of antibody was pre-determined experimentally for the 

HPB-MLT cells by incubating increasing concentrations of labeled antibody with the 

cells and visualizing binding by flow cytometry. HPB-MLT T leukemia cells were grown 

in RPMI-10 medium (RPMI 1640 medium supplemented with 10% heat-inactivated fetal 

bovine serum, 2mM L-glutamine, 100ug/ml penicillin, and 100ug/ml streptomycin) at 37 

ºC in 5% CO2 atmosphere. 106 cells were incubated with the antibody mixture in PBS 

supplemented with 1% BSA and 0.1% sodium azide for 30 minutes at room temperature. 

The cells were then washed and fluorescence intensities of cell bound FITC-labeled 

antibodies were quantitated using a FACSCalibur flow cytometer (BD Biosciences). % 

inhibition of binding was calculated by subtracting the mean fluorescence observed at a 

given competitor concentration from 100% binding (defined as mean fluorescence 

observed in the absence of competition) then divided by 100% binding. Relative affinities 

were calculated from the corresponding IC50 values according to the equation: 
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KD(I)=IC50/(1+[FITC-UCHT1]/KD(FITC-UCHT1)), where I is the unlabeled inhibitor, [FITC-

UCHT1] is the concentration of FITC-UCHT1 used in the competitive reaction, KD(FITC-

UCHT1) is the binding affinity of FITC-UCHT1, IC50 is the concentration of the inhibitor 

that yields 50% inhibition of binding. KD(FITC-UCHT1) was determined as previously 

described by fitting mean fluorescences of cell bound FITC-labeled UCHT-1 observed at 

different concentrations of FITC-labeled UCHT-1 to the Lineweaver-Burk equation: 

1/F=1/Fmax+(KD/Fmax)(1/ [FITC-UCHT1]).26 

H. Specific binding of octavalent anti-CD3 CSANs to cells that express CD3 

receptor  

HPB-MLT cells (CD3+ T leukemia cell line) and Daudi cells (CD3- B lymphoma cell 

line) were cultured in RPMI 1640 containing 10% fetal bovine serum, 100 units/ml 

penicillin, 100 ug/ml streptomycin, and 100 mmol/l L-glutamine. Octavalent anti-CD3 

CSANs was fluorescein labeled using EZ-LabelTM FITC protein labeling kit (Pierce 

Biotechnology). FITC-antiCD19 mAb, a gift from Dr. Vallera, was used as positive 

control bound to Daudi cells. Cells were incubated with FITC-antiCD19 mAb or FITC- 

octavalent anti-CD3 CSANs at 37oC for 30 mins. Cells were washed with FACS buffer 

twice and then resuspended with 500ul FACS buffer. Fluorescence intensities of cell 

bound FITC-labeled antibodies were quantitated using FACSCalibur flow cytometer (BD 

Biosciences). 

 

 



126 
 

I. Preparation of human PBMC 

After approval of the protocol by the Institutional Review Board of University of 

Minnesota and obtaining the written informed consent form from donors, human PBMCs 

were isolated from the heparinized peripheral blood of healthy volunteers by density 

gradient centrifugation. After a 2-fold dilution with PBS, the blood samples were slowly 

layered on top of Ficoll-Hypaque solution and centrifuged at 400xg for 30 mins with the 

brake off. PBMCs were collected from the cloudy interface, and washed three times with 

PBS before use. 

J. Confocal microscopy 

Anti-CD3 CSANs were firstly fluorescein labeled using the EZ-LabelTM FITC protein 

labeling kit (Pierce Biotechnology). HPB-MLT T leukemia cells or PBMCs (5x105) were 

incubated with FITC-labeled anti-CD3 CSANs, or UCHT-1 in PBS at 37 ºC, in 5% CO2 

for 30 min on Poly Prep SlidesTM coated with poly-L-lysine (Sigma). For experiments at 

4 ºC the cells were incubated on the slides with the appropriate antibody at 4 ºC for 30 

min. All incubations were carried out in the dark to prevent dye bleaching.  

As for the colocalization studies, cells were incubated with FITC labeled protein and 

LysoTracker Red DND-99 (molecular probes) or Transferrin-Alexa Fluor 594 conjugate 

(invitrogen) in PBS at 37 ºC for 30 min. The inhibitors used in the endocytosis 

mechanism studies included chlorpromazine HCl (10ug/ml), nystatin (25ug/ml), 

cytochalasin D (10ug/ml), methyl-β-cyclodextrin (4.3mg/ml), and genistein (10.8ug/ml). 
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Before the incubation with the FITC-labeled antibody, HPB-MLT T leukemia cells 

(5x105) were pretreated with the appropriate inhibitor for one hour at 37 ºC. 

Following the incubation with the FITC-labeled antibody, cells were then washed 

twice with PBS and fixed with 2% paraformaldehyde in PBS for 10 mins. After washing 

twice with PBS, cells were embedded in prolong gold antifade mounting medium 

(Invitrogen). Images were taken within inner sections of the cells by sequential scanning 

using a confocal microscope (Olympus, FluoviewTM FV1000 Laser Scanning Confocal 

Microscope). 

K. PBMC Proliferation Assay 

PBMCs were stained with 5 uM CFSE (carboxyfluorescein succinimidyl ester, 

Invitrogen) in PBS for 15 minutes at 37 ºC, then washed and incubated in RPMI-10 

medium for an additional 30 minutes. Labeled cells were washed and resuspended in 

RPMI-10 medium. 2x105 CFSE-labeled PBMCs were then cultured with 10ug/ml of the 

indicated antiCD3 sample in a 96-well flat-bottom plate for 5 days, followed by analysis 

with the FACScalibur flow cytometer. 

L. Analysis of expression of IL-2R (CD25) 

  2x105 PBMCs were incubated with the indicated anti-CD3 samples (5ug/ml) in RPMI-

10 medium at 37 ºC for 20 hours. After washing with diluent (PBS with 1% BSA, 0.1% 

sodium azide), cells were stained with Alexa Fluor 488-antiCD25, and APC-antiCD4 

(eBiosciences Inc.) at the concentration recommended by the manufacturer at 4 ºC for 30 

mins. Cells were then washed, and analyzed with the FACScalibur flow cytometer. 
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M. T cell receptor modulation 

  2x105 PBMCs were incubated with the indicated antibody samples (5ug/ml) in RPMI-

10 medium at 37 ºC for the desired time. T cell receptor modulation was stopped by 

cooling cells at 4 ºC for 10 mins, followed by washing cells twice with ice-cold diluent 

(PBS with 1% BSA, 0.1% sodium azide). After staining with FITC-anti-human αβTCR 

(eBiosciences Inc.), cells were analyzed with the FACScalibur flow cytometer. 
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