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Abstract 

The field of bispecific therapeutics has experienced significant growth in recent decades. 

With their ability to target two target antigens, bispecific therapeutics have facilitated cell-to-cell 

interactions and found applications in various therapeutic domains such as cancer immunotherapy, 

inflammation, and angiogenesis, as well as in drug delivery and medical imaging. Bispecific 

therapeutics are available in various formats, ranging from full antibodies to smaller antibody-

derived fragments and non-antibody-derived formats known as alternative proteins. (Chapter 1). 

The Wagner lab has contributed to this field with a unique protein scaffold, termed chemically self-

assembled nanorings (CSANs), which are not only bispecific but also multivalent, enabling cell-

to-cell interactions. CSANs have broad utility in multiple biomedical applications such as targeted 

drug delivery, PET/CT imaging, and CSAN-assisted cargo transfer. This dissertation delved into 

two additional applications of CSANs: cancer immunotherapy and cell delivery. 

In previous studies, CSANs were employed to redirect T cells to target cancer cells by use 

of bispecific CSANs consisting of two monomeric proteins, one targeting a cancer antigen and the 

other containing a T cell-targeting scFv (ŬCD3). In Chapter 2, we aimed to condense the two 

monomeric proteins into a single protein scaffold named E1-DHFR2-CD3. This scaffold comprises 

two targeting ligands, one a fibronectin that targets EGFR (ŬE1) and the other a single chain 

variable fragment that targets T cells (ŬCD3). We designed, expressed, and characterized E1-

DHFR2-CD3, demonstrating its ability to form CSANs in the presence of bis-MTX. Further testing 

showed that E1-DHFR2-CD3 effectively induces T cell-mediated cytotoxicity, both in its 

monomeric and CSAN form across multiple protein concentrations and effector-to-target (E:T) 

ratios. In later experiments, the valency of the ŬE1 fibronectin and ŬCD3 scFv in E1-DHFR2-CD3 
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CSANs was modified by altering the ratio of E1-DHFR2-CD3 incubated with the ŬE1 and ŬCD3 

monomers. However, cytotoxicity experiments revealed that changes in valency did not 

significantly affect treatment outcomes across different treatment groups. 

Building on the successful use of E1-DHFR2-CD3 to induce T cell-mediated cytotoxicity, 

Chapter 3 details our use of E1-DHFR2-CD3 to modify glass-supported lipid bilayers, which have 

historically been used to investigate T cell signaling.  We employed CSAN-modified bilayers to 

assess T cell behavior as they land and spread on the CSAN-modified surface using single 

localization microscopy. We confirmed that SLBs could be modified with CSANs and observed the 

mobility of CSANs on the bilayer. Furthermore, we determined the stoichiometry of our CSANs 

using single step photobleaching, which aligned with previously acquired data. We further 

investigated if the presence of the CSANs on SLBs impacted T cell landing and spreading by 

measuring their maximal contact area, finding no significant difference across various CSAN 

densities.  

In the final part of this dissertation (Chapter 4), we explored using CSANs to deliver 

hematopoietic stem cells (HSCs) to the blood-brain barrier (BBB) to treat Hurler Syndrome, a rare 

lysosomal storage disorder. After our initial method employing ŬVEGFR2 CSANs proved 

unsuccessful, we pursued a secondary strategy that involved using ŬVEGFR2 prenylated CSANs 

to modify the surface of HSCs without reliance on antigen expression and direct HSCs towards 

VEGFR2+ brain endothelium. We designed, produced, and characterized two ŬVEGFR2 

monomeric biparatopic proteins and confirmed that the ŬVEGFR2 prenylated CSANs could bind 

to two different cell lines that do not express VEGFR2. Lastly, in Chapter 5, we discussed potential 

future applications of the proteins discussed throughout this dissertation.  
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Part 1: An Introduction to Bispecific Therapeutics 

Antibody-based therapeutics  

Over the past three decades, the pharmaceutical and biotech sectors have experienced 

exponential growth in the development of biologics. One notable area of interest has been the 

utilization of antibodies.1, 2 Antibodies, also referred to as immunoglobulins (Igs), are produced by 

the immune system, specifically by B lymphocytes in response to foreign pathogens and viruses.3 

These Y-shaped molecules consist of two identical heavy chains and two light chains, each with 

distinct functions, that are connected by disulfide bonds. The antibody binds to an antigen through 

complementary determining regions (CDRs) located on the variable regions of the heavy and light 

chains (Figure 1.1 A).3, 4 Antibodies can remove pathogens from the body through processes like 

opsonization and phagocytosis, antibody-dependent cellular cytotoxicity (ADCC), neutralization, 

or complement-dependent cytotoxicity (CDC) as shown in Figure 1.1 B. Their high specificity and 

binding affinity, along with other pharmacological characteristics, have propelled their use in 

developing therapeutic agents for various medical conditions and diagnostic applications.3, 5 

The history of antibody therapy traces back several centuries, with one of the earliest 

instances occurring in 1893. Seeking to combat diphtheria, Emil von Behring and colleagues 

immunized horses with the diphtheria toxin and used that resulting serum, containing antibodies 

against the toxin, to neutralize it. This marked the introduction of employing passive immunization 

to save patients, a pioneering effort for which Emil received the Nobel Prize in 1901.6-8 Since those 

formative years, antibody research has evolved, leading to the development of numerous antibody-

based therapeutics, particularly monoclonal antibodies (mAbs), which have become a prominent 

treatment option in multiple therapeutic indications.9, 10 
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Figure 1.1: Antibodies and their effector functions. A) IgG1 is composed of two identical heavy 

chains (VH) and two light chains (VL) linked by a disulfide bond. Most of the antibody is 

comprised of a fragment crystallized region (Fc). The Fc includes an upper section (dark purple 

and pink) which connects with the variable fragment (Fv) in light purple and pink through two 

disulfide bonds. The antibody demonstrates high-affinity binding to antigens via the 

complementary determining regions (CDRs). B) Antibodies target and destroy foreign pathogens 

through four methods: opsonization and phagocytosis, ADCC, neutralization, or CDC. Created 

with Biorender.com (Figure 1.1 A). Adapted from Akiko Iwasaki on Biorender.com (Figure 1.1 B) 
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Monoclonal antibodies (mAbs) are engineered to recognize and target specific antigens,  

whether cell-bound or secreted, with high affinity and specificity. These antibodies are also capable 

of mimicking immune responses such as ADCC and CDC against foreign pathogens and malignant 

cells.11 The first monoclonal antibodies were developed in 1975 by researchers Ceasar Milstein and 

Georges Kohler who aimed to produce mAbs in large quantities.12 They achieved this goal through 

the invention of hybridoma technology, which involves the fusion of immortal myeloma cell lines 

with B lymphocytes from an immunized animal.  The hybridomas are then screened to isolate single 

clones that produce the same antibody targeting the antigen of interest.1, 13, 14 This innovative 

technology allowed for mass production of pure monoclonal antibodies, applicable in basic 

research and medicine.1 In 1986, the first therapeutic monoclonal antibody, Muronab-CD3 

(Orthoclone OKT), which targets CD3 expressed on mature T cells, received  FDA approval.3, 15 

This milestone paved the way for further advancements in hybridoma technology and the 

development of new production technologies, which has led to the continuous improvement of 

mAb formats and the development of antibodies targeting an array of antigens.1, 11, 14 Since the 

initial approval of Muromonab-CD3, as of June 30, 2022, a total of 111 antibody products have 

gained FDA approval and entered the market (Table 1.1).5, 16 These approved monoclonal 

antibodies have found therapeutic applications in conditions such as cancer, autoimmune disorders, 

inflammatory diseases, and infectious diseases.17  
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Active Ingredient Trade Name 
First  

Approval 
Indication Reference 

Muromonab-CD3 
Orthoclone 

OKT3 
1986 Immunosuppressant  

Smith, S et al 

199615 

Panitumumab Vectibix 2006 Colorectal cancer 
Saltz, L et al  

200618 

Ixekizumab Taltz 2016 Psoriasis 

Carmen-Rocha, E 

et al  

201619 

Sarilumab Kevzara 2017 RA 
Scott, L et al 

201720 

Tafasitamab-cxix Monjuvi 2020 DLBCL 
Lu, Q et al 

 202121 

Tralokinumab-ldrm Adbry 2021 AD 
Duggan, S et al 

202122 

Anifrolumab-fnia Saphnela 2021 SLE 
Deeks, E et al 

202123 

Tezepelumab-ekko  Tezspire 2021 Severe asthma 
Hoy, S et al  

202124 

Sutimlimab-jome Enjaymo 2022 
Cold agglutinin 

disease 

Dhillon, S et al 

202225 

Spesolimab Spevigo 2022 
Generalized pustular 

psoriasis 

Blair, H et al 

202226 

Ublituximab-xiiy Briumvi 2022 Multiple sclerosis 
Jakimovski, D et al 

202227 

 

Table 1.1: FDA-approved monoclonal antibodies. RA: Rheumatoid arthritis. DLBCL: Diffuse 

large B cell lymphoma. AD: atopic dermatitis. SLE: systemic lupus erythematosus. 
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Monoclonal antibodies  (Figure 1.2 A) are designed to target a single epitope on an antigen, 

interacting with just one specific target. However, this focused approach has its drawbacks. In 

multifactorial diseases like cancer and inflammatory diseases, which involve multiple signaling 

pathways, treatment with monoclonal antibodies can lead to relapse due to drug resistance or non-

responsiveness.17, 28, 29 Consequently, researchers have used mAbs in combination to enhance 

therapeutic efficacy by blocking multiple targets or multiple sites on a single target.17, 30 Notably, 

FDA-approved mABs such as cetuximab (Erbitux), trastuzumab (Herceptin), and bevacizumab 

(Avastin), have been used in combination to treat solid tumors, including metastatic cancers such 

as HER2+ breast cancer or colorectal cancer. In cases of advanced multiple myeloma, patients have 

received a combination of Nivolumab (Opdivo) and Ipilimumab (Yervoy) 17, 31, 32  However, 

combination therapy requires significant investments in manufacturing resources, FDA approvals 

for each antibody, and additional clinical studies and regulatory processes. To address these 

challenges, researchers have explored the development of bispecific antibodies as an alternative to 

combination therapy.17, 31, 33  

The notion of bispecific antibodies (BsAbs) was originally presented by Alfred Nosonoff 

and colleagues in the 1960s, more than six decades ago. In his vision, Nosonoff aimed to merge 

two distinct antigen-binding sites into a single molecule.34, 35 To pursue this objective, he employed 

mild reoxidation to connect rabbit antigen-binding fragments (Fabs) from two different cells 

through bispecific fragments.35, 36 Kohlerôs pioneering work with hybridoma technology, paved the 

way for the production of pure monoclonal antibodies.13, 37 Following the success of hybridoma 

technology, the 1980s introduced hybrid-hybridoma technology, and subsequently, the invention 

of the single chain variable fragment (scFv) addressed refolding challenges.37, 38 Since the inception 

of bsAbs development, ongoing efforts in antibody engineering and antibody biology have 
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contributed to the evolution of bsAb construction and understanding of their structural biology. The 

diverse applications of bsAbs have been facilitated with the development of various platforms.37, 39 

With continuous advancements, the field has witnessed over 110 types of bsAbs in various stages 

of clinical development, and 11 bsAbs have gained FDA approval as of April 2024 (Table 1.2).34, 

36, 39-42  
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Figure 1.2: Monoclonal vs Bispecific antibodies. A) Monoclonal antibodies are engineered to 

target a single antigen with high affinity and specificity. For instance, the FDA approved 

monoclonal antibody Orthoclone OKT3 (Muromomab-CD3) specifically targets CD3 expressed 

on T cells. However, B) Bispecific antibodies are engineered hybrids designed to target two 

antigens on the same or different targets. An example of this is Lunsumio (Mosunetuzumab-

axgb), a bispecific antibody approved by the FDA that targets CD3 on T cells as well as CD20 on 

tumor cells. Created with Biorender.com 
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Active Ingredient Trade Name 
First 

Approval 
Indication Reference 

Blinatumomab Blincyto 2014 ALL 
Jen, E et al 

201943 

Emicizumab-kxwh Hemlibra 2017 Hemophilia A 
Scott, L et al 

201844 

Amivantamab-vmjw Rybrevant 2021 NSCLC 
Brazel, D et al 

202345 

Tebentafusp-tebn Kimmtrak 2022 Uveal melanoma 
Dhillon, S et al 

202246 

Faricimab-svoa Vabysmo 2022 
wAMD, DME, & 

RVO 

Shirley, M et al 

202247 

Teclistamab-cqyv Tecvayli 2022 RRMM 
Kang, C et al 

202248 

Mosunetuzumab-axgb Lunsumio 2022 RRFL 
Kang, C et al 

202249 

Epcoritamab-bysp Epkinly 2023 DLBCL 
Frampton, J et al 

202350 

Glofitamab-gxbm Columvi 2023 DLBCL 
Shirley, M et al 

202351 

Elranatamab-bcmm Elrexfio 2023 RRMM 
Dhillon, S et al, 

202341 

Talquetamab-tgvs Talvey 2023 Multiple myeloma 
Keam, S et al 

202342 

Table 1.2: FDA-approved bispecific antibodies as of April 2024. ALL: acute lymphoblastic 

leukemia. NSCLC: non-small cell lung cancer. wAMD: wet age-related macular degeneration. 

DME: diabetic macular edema. RVO: retinal vein occlusion. RRMM: relapsed and refractory 

multiple myeloma. RRFL: relapsed or refractory follicular lymphoma. DLBCL: diffuse large B cell 

lymphoma 
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Immunoglobulin based scaffolds  

Overview 

Nearly 50 years ago, the idea of bispecific antibodies (Figure 1.2 B) emerged. Since then, 

extensive research has been conducted to address the limitations of monoclonal antibodies, which 

can only bind to a single epitope.52, 53 In contrast, bispecific antibodies have the unique ability to 

simultaneously bind to two antigens, enabling the recruitment of effector molecules, effector cells, 

and drug carrier systems to target specific structures. This functionality was anticipated to result in 

fewer side effects and reduced frequency of injections. From a manufacturing standpoint, 

combining two molecules into one was expected to simplify production and decrease the number 

of clinical trials.17, 52, 54 Over the decades, exploration of various bispecific scaffolds and derivatives 

has led to the emergence of two main formats in the market: the full-length IgG-based antibody 

and its Fc-fragment-lacking derivatives, which will be discussed in the following paragraphs.37, 52  

 

Recombinant whole bispecific antibodies  

 Full-length IgG-based antibodies have similarities with their natural counterparts, although 

they are engineered rather than naturally produced by B lymphocytes. Bispecific antibodies can be 

generated through various biochemical methods, including chemical conjugation of two antibodies, 

fusion of two antibody-producing cell lines, or genetic engineering.35, 53-55 Despite being lab 

generated, the inclusion of the Fc regions in bsAbs allows them to mediate immune responses akin 

to those of natural antibodies, including antibody depend cellular cytotoxicity (ADCC) and 

complement-mediated cytotoxicity. As previously noted, their dual functionality also permits 

bsAbs to redirect immune effector cells toward specific target cells or serve drug carriers. In direct 
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targeting scenarios, bsAbs can either simultaneously bind and neutralize two ligands or receptors,  

activate two receptors, or in some cases a combination of both. These properties have allowed 

bsAbs to be used in multiple indications including cancer, inflammatory conditions, and infectious 

diseases.34, 56, 57 However, the production and use of whole antibodies despite their unique 

advantages, present several challenges. One significant challenge in the recombinant production of 

bsAbs is the correct assembly of antibody fragments. Bispecific antibodies require two different 

heavy chains and two different light chains, resulting in asymmetry due to two distinct Fv regions. 

Proper assembly of these fragments is crucial for both quantity and functionality.53, 55, 58 

Additionally, the large size of whole antibodies (150 kDa) and the presence of the Fc region hinders 

their ability to penetrate tissues and the extracellular matrix, which limits their efficacy, particularly 

in the treatment of solid tumors. Efficient tissue penetration is especially crucial in these cases.59, 60 

Finally, as mentioned earlier, itôs important that bsAbs are properly produced into their active form. 

Due to their complex structure, sophisticated methods are necessary to ensure they are reliably 

produced which can increase production costs and potentially complicate their scalability.59 To 

address these challenges and harness the potential of antibodies, researchers have turned to 

exploring the use of antibody derivatives.59-61  

 

Immunoglobulin-derived scaffolds  

Antibody derivatives  

Antibodies (Figure 1.3 A) can be fragmented into smaller pieces while still retaining the 

ability to bind antigens with high specificity. These segments, derived from the complete antibody, 

lack the Fc region, and can be obtained through enzymatic proteolysis and the use of reducing 
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agents. Smaller antibody derivatives include the bivalent antigen-binding fragment  F(abô)2, which 

can be further reduced to a monovalent Fabô.62 Through the use of protein engineering, the variable 

region (Fv) of the whole antibody facilitates the creation of single antibody domains (sdAb). A 

sdAb that only consists of the variable heavy chain (VH) is known as a nanobody (Figure 1.3 B).63, 

64 The VH chain and variable light (VL) chain can be covalently connected to form a single chain 

variable fragment (scFv) as shown in Figure 1.3 B.63 Owning to their smaller size, these antibody 

derivatives enhance tumor uptake and tissue distribution. These derivatives are also simpler to 

produce and purify than full-length antibodies and can be manufactured using prokaryotic systems, 

which lowers production costs and manufacturing demands.62, 65 These derivatives have been 

integrated into various antibody-based scaffolds and adapted for dual targeting. In the following 

paragraphs, we will explore bispecific scaffolds that incorporate antibody derivatives, specifically 

scFvs and nanobodies.  
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Figure 1.3: A whole antibody and its smaller antibody derivatives. A) Whole antibody B) 

Various segments derived from IgG1 that lack the Fc region. F(abô)2, Fabô, scFv, and sdAb are all 

monovalent. Created with Biorender.com 
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Single-Chain-Based Formats 

Single chain variable fragments (scFvs) represent engineered antibody fragments 

composed of the variable regions of the heavy (VH) and light (VL) chains, connected by a short 

peptide linker. Unlike traditional antibodies with two heavy and two light chains, scFvs simplify 

this arrangement into a single, unbroken polypeptide chain.52 The VH and VL regions are 

indispensable for the antibodyôs capacity to bind to a particular antigen. While the scFvs maintain 

the antigen-binding specificity of the original antibody, they achieve this in a more compact form. 

The flexibility provided by the linker, typically consisting of 10-25 amino acids, is crucial for both 

retaining the binding capacity of scFvs and facilitating the correct folding of the protein.63, 66 In the 

development of scFvs, various considerations come into play, including the types of antibody 

fragments, the nature of the linker, and production capabilities. Compared to conventional IgG 

molecules, scFvs exhibit heightened tumor specificity and enhanced tissue penetration, opening up 

a diverse range of clinical applications.28, 64 Presently, three primary formats exist for scFv-based 

bispecific antibodies: bispecific T cell engagers (BiTE) (Figure 1.4 A). , dual affinity re-targeting 

proteins (DARTs) (Figure 1.4 B). , and Tandem diabodies (TandAbs) (Figure 1.4 C). Each will 

be discussed below.  

 

Tandem scFv Bispecific T cell engagers (BiTEs) 

 Tandem scFv BiTEs are constructed through the genetic fusion of two single-chain variable 

fragments (scFv) units, forming tandem scFv molecules. The linkage of scFv fragments from two 

distinct monoclonal antibodies by a peptide linker (Figure 1.4 A) enables retention of the 

antibodyôs binding activity upon assembly. The presence of a short flexible linker allows the two 
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scFvs to rotate freely, facilitating flexible interactions with targeted receptors on opposing cell 

membranes.67, 68 BiTE molecules have predominantly found application in cancer immunotherapy 

by redirecting T cells towards tumor-associated antigens or tumor cells within the tumor 

microenvironment. These molecules play a crucial role in facilitating the connection between tumor 

cells and immune cells, forming an immune synapse. This capability is attributed to the short 

peptide linker, akin to those observed in natural cytotoxic T cell recognition.69, 70 Consequently, 

this arrangement enables crosslinking mediated by single-chain bispecific antibodies, leading to 

the recruitment of lymphocytes to target cells. Subsequently, cytotoxins are released into the 

immunological synapse milieu. Notably, the artificially recruited cytotoxic lymphocytes (CTLs) 

exhibit the ability to bypass the major histocompatibility complex (MHC) context required for 

antigen recognition by the T cell receptors.71 A notable success among tandem scFv BiTEs is 

blinatumomab (Blincyto), which consists of an ŬCD19 scFv and an ŬCD3 scFv. It was the first 

tandem scFv BiTE to receive FDA approval, granted in 2014.72, 73 More recently, in 2022, a second 

tandem scFv BiTE Tebentafusp-tebn (Kimmtrack), was approved by the FDA for treating uveal 

melanoma.46 Studies are currently underway to explore additional tandem scFv BiTEs targeting 

various TAA as listed in Table 1.3.  
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Figure 1.4 Different immunoglobulin derived formats. (A) The arrangement of tandem scFv 

bispecific T cell engagers (BiTEs). Linkers are inserted between both heavy chains and both light 

chains to enable accurate formation of the two scFvs. Additionally, a shorter linker is situated 

between the two scFvs to facilitate their connection. (B) The arrangement of dual-affinity-

retargeting proteins (DART). A linker joins the variable heavy region in the first binder with the 

variable light region of the second binder, whereas the variable heavy region in the first binder is 

linked to another variable light region of the second binder. To enhance stability, cysteine residues 

are appended to the end of the variable heavy regions in both binders to allow the formation of a 

disulfide bond. (C) The arrangement of Tandem Diabodies (TanAbs).  A tandem of two scFvs 

comprising two variable light and two variable heavy chains linked together by short linkers 

enables the creation of a tetravalent molecule featuring two sets of unique scFvs. (D) The 

arrangement of bi-nanobodies. A flexible linker connects two distinct variable heavy regions.  

Created with PowerPoint and adapted from Yang et al.70 Link Creative Commons Attribution 

license: http://creativecommons.org/licenses/by/4.0/) 

http://creativecommons.org/licenses/by/4.0/
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Target Name Format Indication Study Number Status 

DLL3 and 

CD3 

Tarlatamab 

AMG 757 

Tandem 

scFv BiTE 

 

SCLC 

NEPC 

NCT0611777474 

(Phase 3) 

 

NCT0470273775 

(Phase 1) 

Recruiting 

Active 

CEA and 

CD3 
MEDI565 

Tandem 

scFv BiTE 
AGA 

 

NCT0128423176 

(Phase 1) 

 

Complete 

EGFRVIII 

and CD3 
AMG596 

Tandem 

scFv BiTE 

EGFRIII+ 

Glioblastoma 

 

NCT0329669677 

(Phase 1) 

 

 

Complete 

CD123 and 

CD3    MGD024 DART 

 

AML 

CD132+ HM 

 

NCT0536277378, 

79 

(Phase 1) 

Recruiting 

PD-1 and 

LAG-3 

Tebotelimab 

MGD013 
DART 

Solid tumors 

HM 

 

 

NCT0321926880 

(Phase 1) 

 

Complete 

CD32B and 

CD279B PRV-3279 DART SLE 

 

NCT0508762881 

(Phase 2) 

 

Active 

Table 1.3: Select Tandem scFv BiTEs, DARTs, TandAbs, and Bi-nanobodies in clinical trials. 

DLL3: delta-like ligand 3. SCLC: small cell lung cancer. NEPC: neuroendocrine prostate cancer. 

CEA: carcinoembryonic antigen. AGA: advanced gastrointestinal adenocarcinomas. EGFRVIII: 

epithelial growth factor receptor variant 3. AML: acute myeloid leukemia. HM: hematological 

malignancies. PD-1: programmed cell death protein 1. LAG-3: lymphocyte-activation gene 3. SLE: 

systemic lupus erythematosus.  
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Target Name Format Indication Study Number Status 

CD33 and 

CD3 

Vixtimotamab 

(AMV564) 
TandAb 

AML 

MDS 

NCT0312224582 

(Phase 1) 

 

NCT035165983 

(Phase 1) 

Complete 

 

Complete 

CD30 and 

CD16A 
AFM13 TandAb 

CD30+ Lymphoma 

RRHL 

NCT0319220284 

(Phase 1/2) 

 

NCT0232159285 

(Phase 2) 

Complete 

 

Complete 

TSLP and 

IL-13 

 

Lumsekimig 

SAR443765 

Bi-

nanobody 
Asthma 

NCT0610200586 

(Phase 2) 

 

Recruiting 

 

 

VEGF and 

ANG2 
BI836880 

Bi-

nanobody 

Neoplasms 

wAMD 

NCT0386123487 

(Phase 1/2) 

 

NCT0268950588 

(Phase 1) 

Complete 

 

Complete 

TNFŬ and 

Ox40L 
SAR442970 

Bi-

nanobody 
HS 

 

NCT0584992289 

(Phase 2) 

 

Recruiting 

Table 1.3 continued: Select Tandem scFv BiTEs, DARTs, TandAbs, and bi-nanobodies in 

clinical trials. AML: acute myeloid leukemia. MDS: myelodysplastic syndrome. RRHL: relapsed 

refractory Hodgkin lymphoma. TSLP: thymic stromal lymphopoietin. IL-13: Interleukin 13. 

VEGF: vascular endothelial growth factor. ANG2: angiopoietin 2. wAMD: wet age-related macular 

degeneration. TNFŬ: tumor necrosis factor alpha. HS: hidradenitis suppurativa.  
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Dual affinity retargeting re-targeting (DART) proteins 

DARTs (Figure 1.4 B) are comprised of two Fv fragments from two separate antibodies (antibody 

A and B), each designed to target distinct antigens. The first Fv fragment (Fv1) consists of a VH 

chain from antibody A paired with a VL chain from antibody B. Conversely, the second Fv 

fragment (Fv2) includes the VL chain from antibody A combined with the VH chain from antibody 

B. Short peptide linkers connect the VH chains and VL chains in both  Fv1 and Fv2, which is 

essential for maintaining the appropriate distance and alignment between the two, ensuring 

effective antigen binding. Additionally, cysteine residues are added to the VH chains of each Fv 

fragment, facilitating the formation of a disulfide bond that stabilizes the structure, enhances the 

functionality, and mimics the natural interactions found within an IgG molecule.50, 52, 67, 70 

Therapeutically, DARTs are mainly used in cancer immunotherapy to redirect T cells, but the can 

also be configured to function as checkpoint inhibitors for t cells and tumor cells, or to target B 

cells in the treatment of autoimmune diseases (Table 1.3 ).78, 80, 81, 90 

 

Tandem Diabodies (TanAbs) 

TandAbs (Figure 1.4 C) are tetravalent molecules that possess two binding sites for two 

distinct antigens, achieving avidity comparable to natural bivalent antibodies. These molecules are 

constructed from two tandem scFv fragments, each containing VH and VL chains from separate 

antibodies. With these tandem scFvs, the VH and VL chains are connected both between and within 

chains using short peptide linkers. These linkers ensure the VH and VL chains remain associated 

and prevent the formation of conventional antibody structures.37, 70 TandAbs have a MW of 105 

kDa, making them larger than BiTEs (~55 kDa) and DARTs (~50 kDa). This size exceeds the 
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threshold for first-pass renal clearance, which contributes to an extended half-life, potentially 

decreasing the need for dosing and improving patient compliance. Moreover, TandAbs feature two 

binding sites per antigen, which enhance the moleculeôs binding affinity through increased avidity, 

thereby boosting its potency.52, 70 Several Tands currently undergoing clinical trials are listed in 

Table 1.3. 

 

Bi-nanobody-based formats   

Nanobodies, also known as single domain antibodies, are unique antibodies composed 

solely of the VH chain and are found naturally in camelids and sharks. These are the smallest 

antibodies, with a MW of 15 kDa, about half that of scFvs, which are 26 kDa, and just a tenth of 

the size of typical full-sized antibodies, which weigh 150 kDa.64, 91 Nanobodies primarily interact 

with antigens via their complementary-determining region 3 (CDR3), which forms a stretched 

convex paratope with concave epitopes, enabling access to hidden or conventionally inaccessible 

epitopes for conventional monoclonal antibodies.63, 64, 92 Nanobodies are also more physically and 

chemically robust than mAbs, exhibiting stability under extreme conditions such as high pressures, 

low pH levels, and elevated temperatures. An additional disulfide bond enhances their 

confirmational stability and minimizes the risk of aggregation.63 Due to their small size, nanobodies 

in their monomeric form are quickly cleared from the body. However, linking multiple nanobodies 

together can increase their MW. For example, connecting two nanobodies with a short linker can 

create a bi-nanobody platform (Figure 1.4 D), facilitating bispecific binding and longer half-lives 

in circulation.63, 93 Table 1.3, lists some bi-nanobodies that are currently being tested in clinical 

trials. Due to their unique characteristic, nanobodies have been explored for a wide array of 
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therapeutic applications including medical diagnostics, infectious diseases, and autoimmune 

diseases.94  

 

Alternative protein scaffolds 

Overview 

Antibodies serve as a widely employed biomolecular framework for creating agents with 

specific affinity. Nevertheless, challenges related to genetic engineering and antibody development 

have driven researchers to explore alternative protein scaffolds, aiming to eliminate antibody-

driven sequences.95, 96 Moreover, the success of smaller bispecific agents, such as single-chain 

antibody formats like bispecific T cell engagers (BiTEs), dual affinity retargeting proteins 

(DARTs), and tetravalent tandem antibodies (TandAbs), has spurred this exploration.70 Over time, 

the advancement of techniques like phage display and ribosomal display has enabled the generation 

and isolation of non-Ig-based affinity proteins. While maintaining high affinity and specificity for 

these proteins is desirable, the alternative proteins offer advantages such as increased tissue 

penetration due to their smaller size, absence of cysteines, rapid refolding, proteolytic and thermal 

stability, and flexible engineering for adaptation into bispecific or multispecific constructs.97 While 

the alternative scaffolds present potential advantages, the field is not as mature as the endeavors 

focused on traditional bispecific antibodies. Over 50 alternative proteins have been identified, 

encompassing well-established systems like Anticalins (Figure 1.5 C), DARPins (Figure 1.5 D), 

and the scaffolds that will be explored in this dissertation, Adnectins/Monobodies (Fibronectins) 

(Figure 1.5 A) and Affibodies (Figure 1.5 B).96, 97  



 

 

22 

 

  

 

 

   

 

 

 

 

 

 

 

 

 

 

Figure 1.5: Examples of alternative protein scaffolds. The alternative proteins are depicted as 

orange cartoon representation, while their respective targets are represented as gray surface 

structures A) Engineered 10Fn3 in association with the human estrogen receptor alpha-binding 

domain (PDB: 2OCF). B) Affibody molecule bound to the HER2 extracellular region 

(PDB:3MZW). C) Anticalin interacting with the extracellular domain of human CTLA-4 

(PDB:3BX7). D) Designed Ankyrin Repeat Proteins (DARPin) bound to aminoglycoside 

phosphotransferase (PDB:2BKK). Figure adapted from Lofblom, J et al.96 Rights Link License 

number: 5798400315587. 
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Anticalins 

Anticalins are small, engineered proteins (<20 kDa) derived from natural lipocalins 

(Figure 1.5 C), which are prevalent small proteins in human plasma and other bodily fluids.98, 99 

Since anticalins are modeled after these natural proteins, they maintain a rigid eight-strand ɓ-barrel 

structure, preserving the stability and folding properties of lipocalins.98, 100  At the open end of the 

ɓ-barrel, four loops akin to the CDR loops in antibodies are engineered for specific and high-

affinity binding. The structure of these loops not only allows them to bind very small molecules 

within their binding pockets but also larger proteins, owing to the loopsô flexibility. This enables 

them to target a variety of molecules including proteins, peptides, toxins, and small molecules, 

making them valuable both as therapeutic agents and in diagnostic applications.96, 98, 100, 101 Their 

small size and high stability also make anticalins suitable for use in localized and inhalable drug 

formulations, enhancing their versatility. Unlike immunoglobulins, anticalins have a simpler 

structure comprised of a single polypeptide chain and lack glycosylation, which allows for their 

expression in prokaryotic systems. Additionally, they can be developed as monovalent structures 

or fused to other anticalins or antibodies to create bi- or multispecific scaffolds 101, 102 The first 

anticalin to enter clinical studies was PRS-050 (Angiocal), which targeted the vascular endothelial 

growth factor receptor (VEGF) for treat solid tumors.97, 103 Since then, several anticalins have 

entered clinical testing as seen in Table 1.4. 
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Target Name Format Indication Study Number Status 

IL-4RŬ 

Elarekibep 

PRS-060 

AZD1402 

Anticalin Asthma 

NCT03574805104 

(Phase 1) 

 

NCT03921268105 

(Phase 1) 

Complete 

Complete 

41BB and 

HER2 
PRS-343 Anticalin 

HER2+ solid 

tumor 

NCT03330561106 

(Phase 1) 

 

Complete 

 

41BB and 

PD-L1 

PRS-344 

S095012 
Anticalin Solid tumor NCT05159388107 

(Phase 1/2) 
Recruiting 

VEGFA 

Abicipar Pegol 

MP0112 

AGN-150998 

DARPin wAMD 

NCT02467928108 

(Phase 3) 

 

NCT02462486108 

(Phase 3) 

Completed 

 

Completed 

CD3, 

CD70, 

CD123, and 

CD33 

MP0533 DARPin AML NCT05673057109 

(Phase 1/2) 
Recruiting 

FAP and 

CD40 
MP0317 DARPin 

Advanced solid 

tumor 

 

NCT05098405110 

(Phase 1) 

 

Terminated 

Table 1.4: Select Anticalins, DARPins, Adnectins/Monobodies (Fibronectins), and Affibodies 

in clinical trials. IL-4RŬ: interleukin-4 receptor alpha. HER2: human epithelial growth factor 

receptor 2. PD-L1: programmed death-ligand 1. VEGFA: vascular endothelial growth factor A. 

wAMD: wet age-related macular degeneration. AML: acute myeloid leukemia. FAP: fibroblast 

activation protein.  
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Target Name Format Indication Study Number Status 

Myostatin 

 

Taldefgrobep 

Alfa 

 

Adnectin SMA NCT05337553111 

(Phase 3) 
Active 

PCSK9 
Lerodacibep 

LIB003 
Adnectin 

CVD 

Homozy FH 

Heterozy FH 

NCT04797104112 

(Phase 3) 

 

NCT04797247113 

(Phase 3) 

Complete 

Complete 

IL-17A Izokibep Affibody 

HS 

PA 

AS 

Uveitis 

NCT04706741114 

(Phase 2) 

 

NCT05905783115 

(Phase 3) 

Complete 

Active 

HER2 [18F]GE-226 Affibody HER2+ tumors 

 

NCT05535621116 

(observational) 

 

Recruiting 

HER2 
99mTc-

ZHER2:41071 
Affibody HER2+ tumors 

 

NCT05203497117 

(Phase 1) 

 

Complete 

Table 1.4 continued: Select Anticalins, DARPins, Adnectins/ Monobodies (Fibronectins), and 

Affibodies in clinical trials. SMA: spinal muscular atrophy. PCSK9: proprotein convertase 

subtilisin/kexin 9. CVD: cardiovascular disease. Homozy FH: homozygous familial 

hypercholesterolemia. Heterozy FH: heterozygous familial hypercholesterolemia. IL-17A: 

interleukin 17A. HS: hidradenitis suppurativa. PA: psoriatic arthritis. AS: axial spondylarthritis. 

HER2: human epithelial growth factor receptor 2.  
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DARPins 

DARPins (Figure 1.5 D), short for Designed Ankyrin Repeat Proteins, are derived from 

the ankyrin repeat, one of the most ubiquitous protein motifs found in nature. Each DARPin is 

made up of units called ankyrin repeat units, consisting of 33 amino acids. These units include two 

anti-parallel Ŭ-helices connected by a ɓ-turn. The ends of these repeats feature loops that can be 

engineered to bind with high affinity and specificity to a target.118-120 Similar to anticalins, DARPins 

offer several advantages over immunoglobulins, such as greater stability, cost-effective production, 

versatility in therapeutic uses, and a lower tendency to aggregate compared to other protein-based 

agents. 120, 121 Due to their small size (14 to 17 kDa), DARPins are often conjugated to polyethylene 

glycol PEG), albumin, or fused into multivalent scaffolds to extend their half-life for in vivo 

applications.119, 120, 122 Several DARPins have been tested in clinical trials (Table 1.4) in fields such 

as oncology and ophthalmology. 

 

Adnectins/ Monobody (Fibronectins)  

Adnectins, also known as monobodies (Figure 1.5 A) are the most extensively studied 

alternatives to immunoglobulin scaffolds. These proteins are derived from the tenth human 

fibronectin domain (FN3),  which plays a role in cell adhesion and the structure of the extracellular 

matrix.123, 124 FN3 was chosen as the foundational structure for adnectin development because of 

its structural resemblance to the variable domains of antibodies. Both antibodies and FN3 consist 

of two anti-parallel beta sheets forming a sandwich-like structure. At one end of this beta-sandwich, 

there are three exposed loops akin to the CDRs of antibodies. These loops are crucial for the 

diversification process that creates high-affinity binders to specific target molecules.97, 120, 125 A 
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significant distinction between the antibody and adnectin beta sheets is the absence of the disulfide 

bridge that typically connects them. This absence renders FN3 more adaptable, allowing it to 

assume various optimal confirmations. Such flexibility enables Adnectins to bind to smaller and 

less accessible sites on target molecules. Additionally, the lack of a disulfide bridge enhances Fn3ôs 

thermostability and reduces the likelihood of aggregation.120, 123, 125 Substantial progress has been 

achieved in leveraging Adnectins as alternatives to immunoglobulins, with two products having 

completed Phase 3 clinical trials (Table 1.4) and several others in preclinical stages targeting 

different antigens.96, 126-128 Further details on an adnectin (fibronectin) targeting EGFR, employed 

in the Wagner lab will be discussed in subsequent chapters. 

 

Affibody 

Affibodies are engineered proteins based on the B-domain from the immunoglobulin-

binding region of staphylococcal protein A (Figure 1.5 B). This domain is comprised of 58 amino 

acids (6.5 kDa), organized into a helix-bundle, and lacks disulfide bridges, facilitating efficient 

recombinant production in E coli. and synthesis by solid-phase peptide synthesis chemistry.129, 130 

Affibodies are durable, capable of enduring chemical labeling, such as conjugation to radioactive 

tracers, without losing their binding capabilities. Due to their compact size, affibodies quickly 

penetrate solid tumors but are rapidly cleared from the bloodstream. However, this rapid clearance 

is beneficial for high-contrast tumor imaging using short-lived isotopes at low radiation doses.120, 

131, 132 For applications requiring prolonged body retention, such as most therapeutic and certain in 

vivo imaging applications, half-life extension strategies are employed. Affibodies have applications 
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in therapy, imaging, and biotechnology (Table 1.4).96, 129, 131 Further discussion on affibodies 

targeting VEGFR2 developed in the Wagner lab will be covered in a subsequent chapter. 

 

Half-life extension strategies 

Overview 

Researchers have developed various frameworks for bsAbs, drawing inspiration from 

traditional antibodies, antibody derivatives, and alternative proteins. These frameworks are 

increasingly vital to the biologic portfolios of many pharmaceutical companies and biotech firms.34, 

133 However, many biologic constructs, particularly antibody derivatives and alternative proteins, 

suffer from short half-lives. This rapid clearance necessitates frequent administration or higher 

doses to maintain an effective therapeutic concentration over time, potentially leading to poor 

patient compliance and diminished treatment efficacy.134, 135  Additionally, a short half-life implies 

a short therapeutic window. Where the effective dosage is close to levels that may cause toxicity 

and other adverse effects necessitating precise dosing to balance efficacy and safety.134-136 

Biotherapeutic with extended half-lives stay within the therapeutic window longer, enhancing both 

efficacy and safety. Several mechanisms contribute to drug clearance, including renal and hepatic 

clearance, proteolytic degradation, and receptor mediated endocytosis. For instance, the renal 

clearance threshold is 50 kDa; proteins smaller than this are quickly eliminated, whereas larger 

proteins are retained longer.137, 138 Consequently, strategies to extend protein half-lives have been 

implemented. In the forthcoming paragraphs, we will explore three methods for extending half-

lives: fusion with Fc fragments, conjugation to albumin protein, and multimerization (Figure 1.6).28 
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Figure 1.6: Half-life extension strategies.  A) AMG 794  is a half-life extension BiTE that consists 

of an ŬCLDN6/ ŬCD3 BITE conjugated onto a Fc region. B) HPN 217, a trispecifc T cell engager,  

targets BCMA and CD3 with an ŬABD to increase its half-life. C) MP0533 is a DARPin directed 

at four antigens (CD3, CD33, CD123, and CD70), and employs multimerization to enhance its half-

life in the body. Created with Biorender.com 
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Fc Fusion 

The neonatal Fc receptor (FcRn) is a heterodimeric receptor closely associated with major 

MHC I receptors and is expressed in various tissues, including endothelial cells, macrophages, 

epithelial cells,  and dendritic cells. FcRn primarily functions to regulate and transport IgG and 

albumin, playing a crucial role in maintaining the homeostasis of these proteins.139, 140 FcRn is 

instrumental in providing passive immunity to newborns by transferring maternal antibodies to the 

offspring during or shortly after birth via the placenta and the proximal small intestine. This transfer 

grants the newborn temporary immunity against infections until their immune system is fully 

developed.133, 139, 141  In addition to its role in immune function, FcRn protects IgG and albumin 

from degradation. At the acidic pH of early endosomes within cells, FcRn binds to the Fc region of 

IgG. This pH dependent interaction prevents the antibodies from breaking down in lysosomes. 

Instead, they are transported to recycling endosomes and then back to the cellôs surface, where they 

are released at a neutral pH. This recycling process significantly extended the half-life of IgG by 

two to three weeks, helping to sustain antibody-mediated immunity139, 141. Similarly, FcRn binds to 

albumin in acidic endosomes and recycles it back to the surface, effectively extending its half-life 

by about three weeks. This recycling is vital for maintaining stable albumin levels in the blood, 

which is essential for preserving oncotic pressure and preventing edema.139, 141, 142 It's important to 

note that IgG and albumin bind to separate epitopes on FcRn, meaning there is no competition 

between these molecules for binding sites.143 Leveraging the knowledge that both IgG and albumin 

bind to FcRn at low pH, researchers have developed strategies to fuse Fc regions onto smaller 

protein scaffolds to extend their half-life (Table 1.5). This approach has been implemented across 

various bispecific scaffolds, enhancing their therapeutic stability and efficacy.141, 143, 144  
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Target Name Format Indication Study Number Status 

Vɔ9Vŭz 

and PSMA 
LAVA-1207 

Bispecific 

nanobody and 

Fc fragment 

mCRPC 

 

NCT05369000 

(Phase 1/2)145 

 

Recruiting 

CLDN6 

and CD3 
AMG 794 

Tandem  

scFv BiTE 

Fc Fragment 

Solid tumors 

 

NCT05317078146 

(Phase 1) 

 

Active 

PD-1 and 

CTLA-4 

Lorigerlimab 

MGD019 

Bispecific 

DART 

Fc fragment 

 

Advanced 

solid tumors 

NCT03761017 

(Phase 1)147 

 

NCT0584801 

(Phase 2)148 

Active 

Recruiting 

TNF-Ŭ 

HSA 

Ozoralizumab 

TS-152 

Two TNF-Ŭ 

Nanobodies 

and HSA 

domain 

RA 
Approved in 

Japan149 

2022 

N/A 

DLL3 

HSA 

CD3 

HPN-328 

DLL3, HSA, 

and CD3 

domain 

 

SCLC 

NCT04471727150 

(Phase 1/2) 
Recruiting 

BCMA 

HSA 

CD3 

HPN-217 

DLL3, HSA, 

and CD3 

domain 

RRMM NCT0418050151 

(Phase 1) 
Active 

CDH3. 

MSLN, and 

CD3 

AMG-305 

Trispecific 

Tandem scFv 

BiTE 

Colorectal 

cancer 
NCT05800964152 

(Phase 1) 

 

Recruiting 

 

PDL-1 and 

CTLA-4 
KN046 

Tetravalent 

2 by 2 

nanobody 

APDA 

TNBC 

NSCLC 

 

NCT05149326153 

(Phase 3) 

 

Active 

VWF 

Cablivi 

Caplacizumab-

yhdp 

 

Bivalent 

nanobody 

TTP 

Thrombosis 

 

Approved in 

US154 

 (2019) 

 

N/A 

Table 1.5: Select HLE therapeutics in clinical trials or approved. PSMA: prostate-specific 

membrane antigen. mCRPC: metastatic castration-resistant prostate cancer. CLDN6: claudin-6.  

PD-1:programmed cell death protein 1.  CTLA-4: cytotoxic T lymphocyte associated protein 4. 

TNF-Ŭ: tumor necrosis factor alpha. HSA: human serum albumin. RA: rheumatoid arthritis. DLL3: 

delta like ligand 3. SCLC: small cell lung cancer. BCMA: B-cell maturation antigen. RRMM: 
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relapsed and refractory multiple myeloma. CDH3: P-cadherin. MSLN: mesothelin. APDA: 

advanced pancreatic ductal adenocarcinoma. TNBC: triple negative breast cancer. NSCL: non-

small cell lung cancer. VWF: von Willebrand factor. TTP: thrombotic thrombocytopenic purpura 

 

Albumin Protein Fusion 

Human serum albumin (HSA) is the predominant plasma protein in humans, accounting 

for about 65% of all plasma proteins. It plays a crucial role in maintaining oncotic pressure, which 

is essential for regulating fluid movement between tissues and blood vessels, and in sustaining 

plasma pH. HSA facilitates the transport of both endogenous and exogenous compounds, 

particularly those that are less soluble and more hydrophobic.142, 143 Composed of a single 

polypeptide chain of 585 amino acids, HSA is mainly structured in Ŭ-helices, which enhance both 

its flexibility and stability. HSA has a half-life of ~3 weeks, a duration influenced by its molecular 

weight of 67 kDa, which exceeds the threshold for renal clearance. Additionally, its strong anionic 

nature helps prevent its filtration by the kidneys. However, the primary cause for its extended half-

life is its ability to undergo pH-dependent recycling mediated by FcRn.137, 141 Furthermore, HSA 

tends to accumulate in tumors and inflamed tissues, making it advantages for attaching or binding 

small therapeutic agents to albumin for targeted delivery to these areas. Because of these properties, 

HSA fusion has been employed as a strategy to extend the half-life of smaller molecules. Smaller 

moieties can be attached to the N-terminus, C-terminus, or both of HSA directly through site-

specific chemical conjugation.28, 143, 155 Another approach involves using molecules that non-

covalently interact with HSA, achieved by genetically fusing or conjugating an albumin binding 

domain (ABD). ABD is a three-helix protein weighing 6 kDa, which binds to circulating 
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albumin.155,133, 134 Several therapeutics using this strategy have been, or are currently, undergoing 

clinical testing, as listed in Table 1.5. 

 

Multivalent Protein Scaffolds 

Multivalency refers to a moleculeôs ability to engage in multiple interactions at once, either 

by having multiple copies of a binding domain within the same complex or by binding to multiple 

targets. The phenomena are evident in natural biomolecular interactions such as viruses that utilize 

multivalent interactions for cell attachment and entry.156 Antibodies like IgA and IgM, which have 

four and ten binding sites respectively, along with oligosaccharides that feature repeating sugar 

units, also demonstrate multivalency.156, 157 Even though individual binding interactions may be 

weak, their cumulative effect can significantly enhance the functional affinity (avidity) due to 

simultaneous binding at multiple sites. Researchers have harnessed multimerization as a strategy 

to extend the half-life of smaller molecules and to mitigate the rapid clearance of bispecific 

scaffolds from the body.156-158 Multimerization involves constructing entities with multiple units or 

domains of the same of different proteins linked together. This increases their molecular size and 

enhances their pharmacokinetic properties, allowing them to surpass the size threshold for renal 

filtration and prolong their circulation time. body.157, 159, 160 Multimerized molecules can be 

designed to be monospecific, as seen in diabodies, triabodies, and tetrabodies, where each binder 

targets the same antigen, thereby increasing the avidity for stranger and more stable interactions.53, 

157, 161 They can also be multispecific, capable of engaging multiple antigens or receptors 

simultaneously, which is particularly beneficial for targeting complex diseases like cancer that 

involve multiple aberrant signaling pathways.156, 160, 162 Table 1.5 lists several multimerized 
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scaffolds currently undergoing clinical testing. In the upcoming chapter, we will explore a 

multivalent bispecific construct developed in the Wagner lab, known as chemically self-assembled 

nanorings (CSANs).   
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Part 2: Clinical Uses of Bispecifics 

In 2017, the FDAôs approval of  Hemlibra (emicizumab-kxwh) was a significant milestone, 

marking the first approval of a bispecific antibody for a non-cancerous condition. Since this 

approval, the scope of research into bispecific antibodies has broadened, with studies now 

examining their effectiveness in treating autoimmune diseases and as carriers for imaging agents.28, 

163, 164 Bispecific antibodies are uniquely designed molecules capable of binding two distinct 

antigens. This dual targeting capability was first showcased by Blincyto (blinatumomab), the 

inaugural FDA-approved bsAb, which facilitates call-to-cell interaction of T cells and tumor cells.72 

The successful development of Blincyto (blinatumomab) demonstrated the stability and 

effectiveness of bispecific antibodies in clinical applications, sparking a new wave of research 

focused on their use in cancer treatment. research.164, 165  Similarly, the approval of Hemlibra 

(emicizumab-kxwh) encouraged further investigation into the potential of bsAb in non-cancer 

contexts, driven by their enhanced specificity, multivalency that increases binding affinity, and 

ability to target multiple antigens simultaneously.28, 158 This section discusses the different 

therapeutic uses of bsAbs, encompassing cancer immunotherapy, angiogenesis, autoimmunity and 

inflammation, medical imaging, and drug delivery. It also gives an overview of both approved 

therapeutics and those currently under clinical investigation.  

 

Cancer Immunotherapy  

 Cancer is a complex array of diseases marked by abnormal cell growth and invasion due 

to cellular changes. These cells not only proliferate uncontrollably but can also invade adjacent 

tissues and disseminate to distant parts of the body via the blood stream or lymphatic system.166, 167 
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Cancer remains the second leading cause of death globally, responsible for nearly 10 million deaths 

annually. Despite medical advancements over the recent decades, the incidence of cancer-related 

deaths is projected to increase.168, 169 In response, beyond traditional treatments such as surgery, 

chemotherapy, radiation, and targeted drug delivery which carry significant drawbacks-deeper 

understanding of molecular and cancer biology has led to innovative strategies that leverage the 

immune system to attack cancer cells.170, 171 Normally, the immune system identifies and eliminates 

abnormal cells through a process known as immune surveillance. However, cancer cells have 

developed evasion strategies, known as immune escape, which include the down regulation or loss 

of antigens, expression of immune checkpoint inhibitors, the secretion of immunosuppressive 

substances, and the induction of regulatory cells.169, 172, 173 Therefore, researchers have developed 

methods to strengthen and harness the immune system to fight cancer. One such strategy involves 

bsAbs, a type of engineered protein designed to bind two distinct antigens simultaneously. BsAbs 

commonly used for T cell redirection, are engineered to target CD3 expressed on T cells and a 

tumor associated antigen, facilitating direct cell-to-cell interaction that enables T cells to effectively 

kill tumor cells.17, 174, 175 This approach has been validated with the FDAôs approval of multiple 

bsAbs (Table 1.2) and is further supported by numerous ongoing clinical trials (Table 1.3). In 

addition to these large molecules, there has been a push to develop smaller bsAb formats, such as 

BiTEs, DARTs, TandAbs, and bi-nanobodies. These smaller structures are not only more easily 

manufactured but also enhance tumor penetration and are conducive to multimerization, increasing 

their therapeutic potential.28, 175 Besides T cell redirection, bsAbs are also engineered to 

simultaneously inhibit two different immune checkpoints, such as programmed cell death protein 

1 (PD-1) and lymphocyte activation gene 3 (LAG-3), or block two growth factor receptors like 

HER2 and HER3 (Table 1.6). This dual blocking capability can inhibit cancer resistance 
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mechanisms and suppress multiple signaling pathways crucial for tumor growth and 

proliferation.173, 176, 177 

 

Chemically self-assembled nanorings  

The Wagner lab has devised a bispecific platform known as chemically self-assembled 

nanorings (CSANs), which not only facilitates cell-to-cell interactions but is also multivalent. 

These CSANs consist of monomeric proteins comprising two dihydrofolate reductase enzymes 

(DHFR2) linked by a single glycine, along with an antigen-targeting ligand derived from either Ig 

or an alternative protein scaffold. Upon the addition of the chemical dimerizer bis-methotrexate 

(bis-MTX), these monomers assemble into octameric rings to form multivalent bispecific 

CSANs.178, 179 Previously, it was demonstrated that a 1:1 ratio of two distinct targeted monomers, 

one modified with an ŬCD3 scFv for T cell binding and the other binding to a target antigen, results 

in a stochastic mixture of bispecific CSANs (Figure 1.7). Similarly, monospecific CSANs can be 

created by adding only one targeted monomer. The valency of CSANs can be adjusted by varying 

the ratio of DHFR2 targeted monomers to generate CSANs with modified binding affinity and T 

cell activity.180, 181 Earlier versions of CSANs targeted CD3 and several tumor-associated antigens 

(TAAs), including CD22, EpCAM, EGFR, and B7-H3, all of which have exhibited effective T cell-

mediated anti-tumor activity both in vitro and in vivo.120, 178-180 
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Figure 1.7: Bispecific CSANs can be used to facilitate cell-to-cell interactions between T cells 

and TAA expressed on cancer cells. Bispecific CSANs are formed from two bivalent DHFR2 

monomers incorporating targeting elements fused to the scaffold. In the presence of bis-MTX, the 

two monomeric proteins oligomerize to form bispecific CSANs. To facilitate interactions between 

T cells and cancer cells, a combination of two monomers is employed, with one targeting CD3 and 

the other TAA, mixed in a 1:1 ratio with bis-MTX. Moreover, CSANs can be dismantled upon 

treatment with trimethoprim. Created with Biorender.com. Adapted from and reprinted with 

permission from Petersburg et al.179 Copyright 2024 American Chemical Society. 
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Target Name Format Indication Study Number Status 

PD-1 and 

CTLA-4 

AK104 

Cadonilimab 

Tetravalent 

bispecific  

Advanced solid 

tumors 

Approved in 

China182  

(2022) 

N/A 

EGFR and 

Vɔ9Vŭz  

PF-08046052 

SGN-EGFRd2 

LAVA-1223 

Bispecific 

nanobody 

and Fc 

fragment 

Advanced solid 

tumors 
NCT05983133 

(Phase 1)183 
Recruiting 

CLDN6 and 

CD3 
Xmab541 

2+1 

bispecific 

antibody 

Ovarian cancer NCT06276491 

(Phase 1)184 
Recruiting 

VEGF and 

complement 
IBI302 

Bispecific 

antibody 

wAMD 

DME 

NCT05972473185 

(Phase 3) 

 

NCT05403749186 

(Phase 2) 

 

Recruiting 

Active 

VEGFA 

and ANG2 
IBI324 

Bispecific 

antibody 
DME 

 

NCT05489718187 

(Phase 1) 

 

Complete 

DLL4 and 

VEGFA 

CTX-009 

ABL-001 

Bispecific 

antibody 

BTC 

MCC 

NCT05513742188 

(Phase 2) 

 

NCT04492033189 

(Phase 1/2) 

   Active 

Active 

Table 1.6: Select therapeutics for various clinical indications in ongoing or completed clinical 

trials. PD-1:programmed cell death protein 1.  CTLA-4: cytotoxic T lymphocyte associated protein 

4. EGFR: epithelial growth factor receptor. CLDN6: claudin-6.  VEGF: vascular endothelial growth 

factor. wAMD: wet age-related macular degeneration. DME: diabetic macular degeneration. 

VEGFA: vascular endothelial growth factor A. ANG2: angiopoietin 2. DLL4: delta like canonical 

Notch ligand 4. BTC: biliary tract cancer. MCC: metastatic colorectal cancer.  
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Target Name Format Indication Study Number Status 

IL-17A and 

IL-17F 

Sonelokimab 

ALX-0761 

M-1095 

Heterodimeric 

Fv 
Psoriasis 

NCT05640245190 

(Phase 2) 

 

NCT05322473191 

(Phase 2) 

Complete 

 

Complete 

NGF and 

TNFŬ 
MEDI7352 

Bispecific 

antibody 

Osteoarthritis 

DN 

NCT03755934 

(Phase 2)192 

 

NCT04675034 

(Phase 2)193 

Complete 

Complete 

IL-1a and 

IL-1b 

Lutikizumab 

ABT-981 
DVD-Ig 

OA 

HS 

NCT05139602194 

(Phase 2) 

 

NCT0607568195 

(Phase 1) 

Recruiting 

Complete 

PD-L1 99mTc-NM01 
Radiolabeled 

nanobody 
NSCLC 

NCT04992715196 

(Phase 2) 

 

NCT04436406197 

(N/A) 

Recruiting 

Recruiting 

CD206 

68Ga-NOTA-

Anti-MMR 

VHH2 

Radiolabeled 

nanobody 

NSCLC 

Breast cancer 

Melanoma 

H&N cancer 

NCT04168528198 

(Phase 1/2) 

 

NCT04758650199 

(Phase 2) 

Recruiting 

Recruiting 

HER2 

68Ga-NOTA-

Anti-HER2 

VHH1 

Radiolabeled 

nanobody 
Breast cancer 

NCT3924466200 

(Phase 2) 

 

NCT03331601201 

(Phase 2) 

Recruiting 

Recruiting 

HER2 

(ECD4 and 

ECD2) 

Zanidatamab 

Zovodotin 

(ZW-49) 

Bispecific 

ADC 

HER2+ 

cancer 
NCT0382123202 

(Phase 1) 
Active 

HER3 and 

EGFR 
BL-B01D1 

Bispecific 

ADC 
Solid tumor 

NCT0611833203 

(Phase 3) 

 

NCT05924841204 

(Phase 2) 

Recruiting 

Recruiting 

EGFR and 

c-MET 
AZD9592 

Bispecific 

ADC 
Solid tumor NCT05647122205 

(Phase 1) 
Recruiting 

Table 1.6 continued: Selected therapeutics for various clinical indications in ongoing or 

completed clinical trials. NGF: nerve growth factor. TNFŬ: tumor necrosis factor alpha. DN: 

diabetic neuropathy. DVD: dual variable domain. OA: osteoarthritis. HS: hidradenitis supprativa. 
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PD-L1: programmed death-ligand 1. NSCLC: non-small cell lung cancer. H&N cancer: head and 

neck cancer. HER2: human epithelial growth factor receptor 2. ADC: antibody drug conjugate. 

HER2: human epithelial growth factor receptor 3. EGFR: epithelial growth factor receptor. c-MET: 

mesenchymal epithelial transition receptor 

 

Angiogenesis 

Angiogenesis refers to the formation of new blood capillaries from existing, functional 

vessels. This tightly controlled process is influenced by a combination of positive and negative 

angiogenic regulators, extracellular matrix components, and endothelial cells within the vascular 

microenvironment.206, 207 However, an imbalance between anti-angiogenic and proangiogenic 

factors can trigger a range of angiogenic disorders, including those leading to either insufficient 

vascularization-such as myocardial ischemia, wound healing problems, and cerebral ischemia-or 

excessive vascular growth, which occurs in conditions like tumor vascularization, retinopathies, 

and rheumatoid arthritis. To counteract these issues, therapeutic strategies have been developed to 

target and manipulate angiogenesis.207, 208 In the context of cancer, angiogenesis plays a pivotal role 

in enabling metastasis, tumor growth, and survival, as a tumor larger than 1-2 mm3 requires 

angiogenesis for further expansion.209, 210 The vascularization process is driven by ñswitchesò that 

attract nearby vessels through the balance of pro-angiogenic and anti-angiogenic factors. Tumor 

blood vessels often display high disorganization, which can affect the effectiveness of anticancer 

drugs. Key contributors to angiogenesis include vascular endothelial growth factor receptor 2 

(VEGFR2), VEGFR3, vascular endothelial growth factor A (VEGFA), platelet-derived growth 

factors (PDGF), and angiopoietins. These factors are targeted in the development of anti or pro-
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angiogenesis therapeutic agents.28, 211, 212 Specifically, the dual targeting capability of the bispecific 

antibodies allows them to bind to two key growth factors and their receptors, enhancing therapeutic 

effectiveness and reducing the likelihood of resistance. Furthermore, bsAbs can shut down multiple 

pathways simultaneously, minimizing the chance of cancer cells developing resistance or activating 

alternative pathways for angiogenesis. For instance, the FDA approved bsAb Faricimab-svoa 

(Vabysmo), targets both VEGFA and angiopoietin-2 (ANG-2) to effectively block the angiogenic 

signaling pathways exploited by tumors.70, 213, 214 Beyond cancer, angiogenesis occurs in the eyes, 

leading to ocular neovascularization. This process results in the emergence of new, abnormal, and 

often leaky blood vessels, which can lead to complications such as hemorrhage, fibrous 

proliferation, retinal detachment, and retinal edema, potentially resulting in vision loss or blindness. 

Conditions like conditions like age-related macular degeneration (AMD), diabetic macular edema 

(DME), and proliferative diabetic retinopathy (PDR). Currently, inhibition of VEGFA is a standard 

treatment approach for these ocular neovascular diseases (Table 1.6). 215-217 

 

Autoimmune and inflammatory conditions 

Cytokines are small, secreted molecules primarily produced by immune cells, that play a 

crucial role in cell signaling, influencing cellular behavior and interactions. They exert their effects 

through autocrine signaling on originating cells, paracrine signaling on nearby cells, and sometimes 

endocrine signaling on distant cells.218, 219 These molecules exhibit redundancy, with similar 

cytokines inducing similar functions, and can initiate signaling cascades, prompting cells to 

produce more cytokines. Integral to the bodyôs immune response, cytokines mediate processes like 

inflammation in response to infection.219, 220 Cytokines are generally categorized as pro-
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inflammatory and anti-inflammatory types, each playing specific roles. Pro-inflammatory 

cytokines such as  interleukin-1 (IL-1), interleukin 6 (IL-6), interleukin-17 (IL-17 and the tumor 

necrosis factor alpha (TNF-Ŭ) promote inflammatory responses, recruiting immune cells to 

infection or injury sites.221, 222 Conversely, anti-inflammatory cytokines like interleukin-10 (IL-10), 

transforming growth factor beta (TGF-ɓ), interleukin-4 (IL-4), and interleukin-13 (IL-13) suppress 

immune responses, preventing excessive activation.110, 223 Imbalances between pro and anti- 

inflammatory cytokines can lead to the overproduction of pro-inflammatory cytokines, 

exacerbating immune responses in autoimmune conditions such as rheumatoid arthritis (RA) and 

systemic lupus erythematosus (SLE) and inflammatory conditions such as Chronôs disease and 

ulcerative colitis.221, 224, 225 Advancements in protein engineering have led to the development of 

bsAbs, which are capable of binding to two distinct targets. BsAbs have been developed to treat 

autoimmune and inflammatory diseases by targeting two different pro-inflammatory cytokines or 

even two of the same cytokine, thus enhancing their effectiveness in suppressing immune 

responses. Additionally, bsAbs can bind to and block multiple receptors, preventing ligand binding 

to alter signaling.17, 28, 226, 227 Table 1.6 lists bsAbs designed to suppress excessive cytokine 

production.  

 

Medical imaging applications 

Bispecific antibodies are versatile molecules capable of binding to two distinct antigens 

simultaneously.228 These molecules can be engineered to have multiple specificities, resulting in 

trispecific, tetraspecific, or even monospecific functionalities.158 This adaptability has broadened 

their use beyond therapeutic applications to include molecular imaging. Molecular imaging enables 
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the noninvasive monitoring, analysis, and quantification of biological phenomena occurring at the 

cellular and molecular scale within humans and other living organisms.229 Over nearly 3 decades, 

various imaging modalities such as positron emission tomography (PET), magnetic resonance 

imaging (MRI), and fluorescence reflective imaging, have been developed and have significantly 

advanced our understanding of complex biochemical events.  These advancements help in the early 

detection of biomarkers, thereby accelerating diagnosis and enhancing patient treatment.230, 231 

Nevertheless, the challenge in molecular imaging remains the development of imaging probes that 

combine high target specificity, low background interference, and enhanced contrast in vivo.232 An 

ideal probe would exhibit strong affinity and specificity for the target, minimal non-specific uptake, 

and efficient capillary permeability.230 Bispecific molecules enable multitargeting and enhance 

specificity for antigens. More compact variants of bispecific molecules, such as BiTEs and bi-

nanobodies, as well as those constructed from alternative scaffolds like affibodies, adnectins, and 

DARPins, allow for better accumulation at the target sites. Their smaller size aids in deeper 

penetration into tumors, improving the contrast between the target and background and shortening 

the time between administration and imaging.230, 233  Examples of such molecular imaging agents 

are detailed in Table 1.6.  

 

Drug delivery 

Targeted drug delivery techniques leverage ligands such as peptides, antibodies, and 

oligosaccharides to administer cytotoxic drugs while minimizing damage to healthy cells.234 

Monospecific antibodies, recognized for their high affinity and specificity, have proven to be 

effective targeting agents. 235 These cytotoxic agents can be directly conjugated to targeted 
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antibodies through cleavable linkers, forming antibody drug conjugates (ADCs). Upon entering 

target cells and undergoing intracellular degradation, ADCs with cleavable linkers release their 

cytotoxic payload.236, 237 However, the chemical processes used to attach drugs to monoclonal 

antibodies can modify their structure and disrupt antigen binding sites, thereby reducing their 

binding efficiency. Moreover, mAb drug conjugates have shown limited success in clinical trials, 

particularly with patients in advanced stages of disease who often develop resistance to treatment. 

As an alternative, bispecific antibodies (BsAbs) have been investigated for drug delivery.17, 234 

When coupled with a payload, these create bispecific antibody-drug conjugates (BsADC). This 

format offers numerous advantages over monoclonal ADCs. Because bsAbs target two antigens, 

they enhance the specificity of the therapy to reduce off-target effects that could damage healthy 

tissues-crucial when linked to cytotoxic payloads. Additionally, their ability to dual-target may 

more effectively address heterogeneous tumors and decrease the likelihood of resistance.17, 174, 234 

BsAbs also enhance cellular internalization of the molecule by binding to two non-overlapping 

epitopes on the cell surface, a phenomenon known as biparatopic targeting, or by targeting surface 

receptors and intracellular trafficking pathways to achieve receptor binding and lysosomal 

trafficking.238, 239 Several bsADCs are currently undergoing clinical and pre-clinical trials, some of 

which are documented in  Table 1.6. 
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Part 3: Conclusions 

In conclusion, the field of bispecific therapeutics has undergone significant evolution since 

its inception nearly six decades ago, as pioneered by Alfred Nosonoff. The development of a single 

scaffold capable of binding to two distinct antigens swiftly revolutionized antibody engineering 

technology and concepts, leaving a profound impact on targeted biologics, particularly in the realm 

of antibodies and their components. Our comprehension of antibodies has facilitated the creation 

of novel scaffolds, which have significantly influenced cancer immunotherapy and various non-

oncological applications. The diverse array of scaffolds discussed in this chapter exemplifies the 

progression of technology and the evolution of techniques employed in their development. 

Strategies aimed at extending half-life underscore the pharmacokinetic considerations vital for 

successful bispecific therapeutics.  

While much of the discussion in this chapter revolved around bispecific therapeutics for 

cancer immunotherapy, researchers are increasingly exploring applications beyond oncology. 

Scientific endeavors continue to explore novel and innovative approaches to leverage bispecifics, 

unraveling the utility of each scaffold type to advance treatment options for patients.  

Here, we present our contribution to the field of bispecifics where the experiments and 

results reported in this dissertation detail the design of our bispecific scaffold that can also be 

multimerized and used to non-genetically modify the cell surface to facilitate cell-to-cell 

interactions. In a section of this dissertation, we hypothesized that the bispecific scaffold we 

developed could be used to redirect T cells to target EGFR+ cancer cells and when multimerized 

could increase the level of cytotoxicity. We demonstrated that the installation of an ŬEGFR 

fibronectin and ŬCD3 scfv onto the DHFR2 scaffold allows the formation of a monomeric bispecific 
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protein capable of acting like a BiTE molecule to direct T cell-mediated toxicity to EGFR+ cells. 

Furthermore, when incubated with our oligomerizer, our monomeric bispecific molecule can form 

rings that are also capable of T cell-mediated cytotoxicity (Chapter 2).  

Subsequently, we explored the use of E1-DHFR2-CD3 CSANs to modify lipid supported 

bilayers (SLBs), investigating how T cells engage with CSAN-modified bilayers via molecular 

response function experiments and single molecule localization microscopy. Our findings revealed 

that E1-DHFR2-CD3 CSANs not only adhere to the bilayer but also exhibit mobility. Additionally, 

the stoichiometry of the CSANs was deduced using step-size photobleaching, revealing that there 

was an average of three E1-DHFR2-CD3 monomers present in the CSAN, aligning with data 

presented in the preceding chapter. Finally, when T cells interacted with bilayers containing varying 

densities of CSANs, the maximal contact area remained consistent across all groups (Chapter 3). 

We investigated an alternative application of our CSANs aimed at delivering human HSCs 

to the blood-brain barrier for the treatment of Hurler Syndrome, utilizing ŬVEGFR2 CSANs. 

Although we initially pursued two strategies, the first proved unsuccessful, leading us to adopt 

ŬVEGFR2 prenylated CSANs as our new strategy. We hypothesized these CSANs would enable 

HSC modification without dependence on antigen expression, facilitating their delivery to 

VEGFR2+ brain endothelium. We confirmed that the ŬVEGFR2 prenylated CSANs were capable 

of binding to the VEGFR2- cell lines MCF-7 and mouse HSCs (Chapter 4). Finally, we discuss 

future project ideas that make use of the proteins discussed in this dissertation (Chapter 5). 
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Chapter 2: Design, Production, and Characterization of a 

Dual-Targeting Monomeric Protein 
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Introduction:  

Epithelial growth factor receptor (EGFR) as a therapeutic target for cancer immunotherapy 

The Epidermal Growth Factor Receptor (EGFR) belongs to a family of receptor tyrosine 

kinases and is expressed in various organs, particularly in epithelial tissues. As a surface receptor, 

EGFR can be activated by ligands such as Epithelial Growth Factor (EGF), Transforming Growth 

Factor-Alpha (TGF-Ŭ), and others, triggering the induction of several intracellular cascades like 

JAK/STAT, RAS/MAPK, and P13K/AKT/mTOR.240, 241 Activation of these canonical EGFR 

signaling cascades is pivotal to various cellular functions including cell survival, differentiation, 

proliferation, and motility. Additional metabolic functions such as autophagy regulation can occur 

through non-canonical signaling in response to environmental or cellular stress.240, 242, 243  

Dysregulation in EGFR activation can significantly contribute to cancer development and 

progression, often arising from upregulated expression due to gene amplification or oncogenic gene 

mutations, or in-frame shift deletions, altering intrinsic tyrosine kinase activity.241, 242, 244, 245 EGFR 

dysregulation has been implicated in various cancers including glioblastoma, non-small cell lung 

cancer (NSCLC), triple negative breast cancer (TNBC), and head and neck cancer, making it a 

prime target for anti-cancer drug development.240, 246 

In chapter 1, we explored the clinical applications of bispecific therapeutics, particularly 

in cancer immunotherapy.247 Given the over expression of EGFR on the surface of cancer cells, it 

has become a target of interest for the development of bispecific therapeutics.243, 248, 249  

Amvivantamab, for instance, is an FDA approved bispecific antibody targeting EGFR and the 

mesenchymal epithelial transition factor (MET) to treat NSCLC.250, 251 Efforts have also been 

directed towards leveraging the patientôs immune system to target cells through T cell redirecting 

methods like bispecific T cell engagers (BiTEs). 71, 252  BiTEs consist of two single-chain variable 
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fragments (scFvs) connected by a flexible linker, with one scFv binding to CD3 on T cells and the 

other binding to a tumor associated antigen, facilitating cell-to-cell interactions between T cells and 

cancer cells. This proximity allows T cells to activate, form an immune synapse with the target cell, 

and release cytotoxic granules, ultimately causing the death of the cancer cell.69, 70   

Despite the promise of T cell redirecting bispecific protein scaffolds, challenges remain. 

One limitation is that these biological constructs are often rapidly excreted from the body due to 

their small size necessitating half-life extension strategies.28 Additionally, concerns arise regarding 

immune-mediated toxicities resulting from excessive/uncontrolled release of proinflammatory 

cytokines. This can trigger the recruitment of other immune cells, intensifying the immune response 

and potentially leading to cytokine release syndrome (CRS) characterized by multiple organ 

dysfunctions and fever.177, 253 Another area of concern is immune effector-associated neurotoxicity 

syndrome (ICAN), which may manifest as confusion, headache, and in severe cases, 

encephalopathy.177, 254 

 

The use of Chemically self-assembled nanorings for EGFR+ Cancer 

As an alternative to current T cell redirecting therapeutics, the Wagner lab developed a 

multivalent bispecific protein scaffold called chemically self-assembled nanorings (CSANs), which 

facilitate cell-to-cell interactions.  Previously, we exploited the use of CSANs to redirect T cells to  

EGFR+ cancer cells (Figure 2.1).255 The EGFR targeted CSANs consisted of an EGFR-targeted 

fibronectin that was fused to the N-terminus our DHFR2 scaffold named E1-DHFR2. This 

monomeric protein was combined in a 1:1 ratio with an ŬCD3 scFv monomeric protein, previously 

developed in our lab, using the oligomerizer bis-MTX to form multivalent bispecific rings (Figure 
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2.2 A). The ŬEGFR/ŬCD3 rings exhibited selective cytotoxicity against different cell lines 

expressing varying levels of EGFR when tested in vitro. Furthermore, when tested in an orthotopic 

breast cancer model, the targeted CSANs were capable of suppressing tumor growth.255 

 

 

 

Figure  2.1:  Bispecific CSANs, combining E1-DHFR2 and DHFR2-CD3 monomers, redirect 

T cells to initiate the killing of EGFR+ cancer cells. By adding both monomers in a 1:1 ratio in 

the presence of bis-MTX, ŬE1/ŬCD3 bispecific CSANs are formed. These CSANs are co-cultured 

with T cells, leading to the generation of prosthetic antigen receptor (PAR) T cells. These modified 

T cells are then capable of specifically targeting EGFR+ cancer cells. Additionally, the CSANs can 

be dismantled through the addition of the antibiotic trimethoprim. Created with Biorender.com. 
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Adapted from and reprinted with permission from Petersburg et al.179 Copyright 2024 American 

Chemical Society.  

 

 

The production and purification of the ŬEGFR/ ŬCD3 bispecific rings involved the 

expression and purification of two separate proteins, a process that can be time consuming, 

particularly when conducting animal experiments. Moreover, both proteins required thorough 

characterization and evaluation to ensure their effectiveness. To streamline the protein production 

process, we aimed to create a unique protein scaffold combining two targeting elements fused to 

DHFR2. This monomeric fusion protein, with its dual targeting capability, would bind effectively 

to two different antigens while retaining the ability to oligomerize into CSANs (Figure 2.2 B). We 

hypothesized that the dual targeting fusion protein could form bispecific CSANs while maintaining 

anti-tumor efficacy both in vitro and in vivo. Furthermore, upon confirming the effectiveness of our 

protein, it could be oligomerized with a second monomeric protein targeting a third antigen 

resulting in the formation of trispecific CSANs.  In this chapter, we will discuss efforts to develop, 

characterize, and assess the functionality of a dual targeting fusion protein for EGFR and CD3 

named E1-DHFR2-CD3 (Figure 2.2 B).  
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Figure 2.2: E1-DHFR2-CD3 integrates two targeted monomeric proteins into one scaffold. In 

traditional CSANs, two separate monomers are combined in a 1:1 with bis-MTX to generate 

bispecific CSANs. A) E1-DHFR2 and DHFR2-CD3 monomers are combined 1:1 with bis-MTX to 

form ŬE1/ŬCD3 bispecific CSANs. Meanwhile, B) E1-DHFR2-CD3 is a dual targeting protein 

monomer comprising both the ŬE1 fibronectin and the ŬCD3 scFv fused to the DHFR2 scaffold. 

Upon incubation with bis-MTX, E1-DHFR2-CD3 assembles into bispecific CSANs with increased 

targeting valency. Created with Biorender.com. 
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Results: 

Design and preparation of E1-DHFR2-CD3 dual targeting fusion protein  

E1-DHFR2-CD3 is composed of two targeting elements fused to our DHFR2 scaffold. In 

the sequence design, we attached an ŬEGFR fibronectin named E1, previously utilized in a 

monomeric protein design, to the N-terminus. Simultaneously, an ŬCD3 scFv, previously 

characterized in our lab, was added to the C-terminus (Figure 2.3 A). Additionally, the sequences 

included a FLAG tag at the N-terminus and a Poly histidine at the C-terminus, both serving for 

protein detection. The gene for  E1-DHFR2-CD3 was cloned into the pET28 vector, transformed 

into T7 express E coli., and then expressed as an insoluble protein.  Before proceeding with full-

scale protein production, test expressions were conducted to ensure efficient protein production 

upon IPTG addition, and the results were observed via SDS-PAGE (Figure 2.3 B). Following the 

optimization of culture conditions, a full-scale protein expression was initiated. Due to the presence 

of the ŬCD3 scFv in the protein scaffold, E1-DHFR2-CD3 was expressed in the insoluble protein 

pellet. The protein underwent oxidation and proper folding before undergoing anion exchange 

purification followed by FPLC purification. As is common with all insoluble proteins expressed in 

our lab, the overall protein yield was lower than that obtained from soluble proteins due to the 

absence of a refolding step. However, the yield of E1-DHFR2-CD3 was even lower than what is 

obtained from other insoluble proteins due to a significant portion of the protein aggregating during 

the refolding step, resulting in a smaller fraction of properly folded protein. To ensure the correct 

protein was obtained, E1-DHFR2-CD3 was analyzed via LC-MS and compared to the theoretical 

MW of 78,550 Da. Analysis of the LC-MS data showed a MW of 78,570 Da (Figure 2.3 C), which 
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closely matches our theoretical MW ensuring that we were able to properly express and purify E1-

DHFR2-CD3.  

 

 

 

Figure 2.3: Design, production, purification, and evaluation of E1-DHFR2-CD3 Monomer. A) 

The sequence for E1-DHFR2-CD3 was designed as a gblock and cloned into a pET28 vector using 

the restriction enzyme NcoI and and XhoI. B) SDS-PAGE analysis confirms successful induction 

of E1-DHFR2-CD3 which has a MW of 78.5 kDa. C) LC-MS analysis of E1-DHFR2-CD3 in its 

monomeric form. 
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Preparation and characterization of E1-DHFR2-CD3 

After expressing and purifying E1-DHFR2-CD3, analytical size exclusion chromatography 

(SEC) was used to assess protein purity and CSAN formation. E1-DHFR2-CD3 was analyzed as a 

monomer on SEC and compared to SEC traces obtained from E1-DHFR2 and DHFR2-CD3 

monomeric proteins. E1-DHFR2-CD3 (78.5 kDa) exhibited a larger size, eluting earlier compared 

to both E1-DHFR2 (48.7 kDa) and DHFR2-CD3 (64 kDa) (Figure 2.4 A). Next, E1-DHFR2-CD3 

was incubated with 3 equivalents of bis-MTX and left to incubate for 1 hour at room temperature, 

protected from light. Following incubation, the rings were subjected to SEC analysis and compared 

to their monomeric form (Figure 2.4 B). We hypothesized that the CSANs formed would comprise 

8 monomeric E1-DHFR2-CD3 proteins, making them significantly larger than our conventional 

CSANs. An increase in hydrodynamic radius was observed, indicated by the earlier elution of the 

CSANs, signifying the formation of a larger species. Interestingly, the elution time for the E1-

DHFR2-CD3 CSANs was later than the typical elution time of our conventional CSANs, usually 

around 18 minutes, suggesting  E1-DHFR2-CD3 CSANs were smaller, eluting at 23 minutes 

(Figure 2.4 C). To verify this observation, CSANs formed by E1-DHFR2-CD3 were compared to 

ŬEGFR/ŬCD3 bispecific CSANs formed through our traditional method using two separate 

monomeric targeted proteins. Upon comparison, it was evident that CSANs formed by E1-DHFR2-

CD3 were smaller than ŬEGFR/ŬCD3 bispecific CSANs. To determine the number of monomeric 

proteins, present in the ring, E1-DHFR2-CD3 CSANs were compared to various MW standards 

(Figure 2.5 A). Based on the comparison, we believe that E1-DHFR2-CD3 CSANs were a 

heterogeneous mixture of 1-5 monomeric proteins, with most CSANs consisting of dimers, trimers, 

and tetramers (Figure 2.5 B). This outcome could be attributed to the presence of two targeting 



 

 

57 

elements on the protein, potentially leading to steric hindrance, prompting the proteins to form 

smaller species.  
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Figure 2.4: SEC evaluation of E1-DHFR2-CD3 monomer and CSANs. A) Confirmation of E1-

DHFR2-CD3 monomeric protein. B) Confirmation E1-DHFR2-CD3 ring formation. C) 

Comparison of E1-DHFR2-CD3 CSANs and ŬE1/ ŬCD3 CSANs.  

 

 

 

Figure 2.5: E1-DHFR2-CD3 CSANs compared to MW standards.  A) E1-DHFR2-CD3 

generates a heterogeneous mixture of mainly dimer, trimer, and tetramer CSANs. B) Comparison 

of E1-DHFR2-CD3 monomer and CSANs against multiple MW standards. 
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Subsequently, DLS studies were conducted to analyze the difference in size distribution 

between the monomeric and ring forms of E1-DHFR2-CD3. The protein was measured post-

purification and before the addition of glycerol for long-term storage. The average diameter of the 

monomer was 9.36 + 0.1 nM  (Figure 2.6 A), while that of CSANs was 14.48 + 0.27 nM (Figure 

2.6 B). The size obtained for the CSANs was smaller than what has been observed for our 

traditional CSANs, consistent with the results seen in our SEC data.   

 

 

 

Figure 2.6: Hydrodynamic diameter of E1-DHFR2-CD3 monomer and CSANs. The 

hydrodynamic diameter of A) E1-DHFR2-CD3 monomer (9.36 + 0.1 nM) and  B) E1-DHFR2-CD3 

CSANs (14.48 + 0.27 nM) was determined by DLS. 
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Evaluating bispecific binding and internalization of E1-DHFR2-CD3  

Flowcytometry was employed to evaluate the functionality of the target elements in E1-

DHFR2-CD3. In the experiment, EGFR+/CD3- MDA-MB-231 cells and  CD3+/EGFR- human T 

cells were used to evaluate the binding of the ŬEGFR fibronectin and ŬCD3 scFv present in the 

protein. Detection of binding was facilitated using antibodies for the polyhistidine (6x His) and 

FLAG tags present in the protein. Specifically, for MDA-MB-231 cells, an anti-His antibody was 

used to detect the polyhistidine tag located at the C-terminus, while for human T cells, an anti-

FLAG antibody was used to detect the FLAG tag positioned at the N-terminus (Figure 2.7 A). This 

approach ensured accessibility of the solvent exposed protein side, enhancing antibody binding 

efficiency. Detection of the E1-DHFR2-CD3 monomer in both cell lines (Figure 2.7 B & C) further 

confirmed the presence and functionality of both targeting elements within the protein. In a separate 

experiment, confocal microscopy was used to observe the binding of E1-DHFR2-CD3 in its 

monomeric and ring forms.  E1-DHFR2-CD3 was incubated with MDA-MB-231 GFP- expressing 

cells for an hour at 4oC. Following the washing steps, an anti-FLAG Alexa Fluor 647 antibody was 

used to detect the protein. In both the monomeric and CSAN configurations of the protein, we 

observed binding to the cell surface, evidenced by the presence of red fluorescence on the cell 

surface compared to control samples (Figure 2.8).  
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Figure 2.7: Confirmation of E1-DHFR2-CD3 monomer binding. A) The sequence for E1-

DHFR2-CD3. Binding of E1-DHFR2-CD3 was determined by detection of the protein on B) 

EGFR+/CD3- MDA-MB-231 cells. C) CD3+/EGFR- human T cells by flow cytometry. 
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Figure 2.8: Binding of E1-DHFR2-CD3 monomer and CSANs to MDA-MB-231 GFP cells. A) 

represents the cell-only control sample, B) serves as the positive control sample with Anti-EGFR 

Alexa Fluor 647 antibody. Detection of binding for C) E1-DHFR2-CD3 monomer, and D) E1-

DHFR2-CD3 CSANs was conducted using an anti-FLAG Alexa Fluor 647 antibody, as evidenced 

by the red fluorescence observed on the cell surface by confocal microscopy.  
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When EGFR is activated through ligand binding, the receptor is internalized through 

endocytosis and then trafficked to the early endosomal compartment of the cell. In the 

compartment, the receptor can either be degraded or recycled to the cell surface.241, 256 Previous 

work in our lab revealed ŬEGFR/ŬCD3 bispecific CSANs exhibit EGFR-dependent endocytosis, 

which is temperature dependent; internalization occurred at 37oC but was inhibited at 4oC, 

suggesting energy dependent endocytosis.257, 258 Moreover, our research in the Wagner lab 

demonstrated that CSANs can internalize depending on the receptor.178, 255, 259   

In the case of E1-DHFR2-CD3, we aimed to evaluate its potential for internalization given 

the presence of the E1 fibronectin in the scaffold. Therefore, E1-DHFR2-CD3 was labeled  non-

specifically with an Alexa-fluor 647 NHS ester and then either retained its monomeric form or 

assembled into CSANs by incubation with bis-MTX. The labeled monomer and CSANs were 

subsequently incubated with DAPI-stained MDA-MB-231-GFP cells for 1 hour at 37 C, followed 

by imaging. The internalization of both the monomeric and CSAN forms of E1-DHFR2-CD3 was 

observed, as indicated by the localization of the protein near the cell nuclei. In contrast, the DHFR2-

CD3 CSANs, which lack the E1-fibronectin, were not internalized by the cells (Figure 2.9). In a 

separate internalization experiment, GFP-tagged E1-DHFR2-CD3 CSANs were formed by 

combining  E1-DHFR2-CD3 monomer with a GFP-DHFR2 protein developed previously in our lab 

and bis MTX. The CSANs were then incubated with A431-RFP cells at 37oC and imaged over 

time. After 1-hour, full internalization of E1-DHFR2-CD3 CSANs was visualized, indicated by 

intracellular punctates (Figure 2.10). The ability of E1-DHFR2-CD3 CSANs to undergo EGFR 

assisted endocytosis demonstrates its potential for drug delivery applications.  Furthermore, the 

formation of GFP-tagged E1-DHFR2-CD3 CSANs demonstrates the potential for E1-DHFR2-CD3 

to form trispecific CSANs when mixed in a 1:1 ratio with another targeted monomeric protein.  
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Figure 2.9: Internalization of E1-DHFR2-CD3 in MDA-MB-231 GFP cells. A monolayer of 

nuclear-stained (blue) MDA-MB-231-GFP cells (green) were incubated with either A) PBS, B) 

DHFR2-CD3 CSANs, C) E1-DHFR2-CD3 monomer, or D) E1-DHFR2-CD3 CSANs and imaged 

after a 1-hour incubation at 37 C. Post-incubation, it was observed that both the E1-DHFR2-CD3 

monomer and CSANs were found to be internalized, as evidenced by the presence of the proteins 

(red) near the cell nuclei (blue).   
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Figure 2.10: Internalization of E1-DHFR2-CD3 into A431 RFP cells. A monolayer of A431 

cells was incubated with either A) GFP-DHFR2 monospecific rings (green), B) E1-DHFR2/GFP 

bispecific rings (green), or C) E1-DHFR2-CD3/GFP trispecific rings (green) and imaged for one 

hour at 37oC.  At time 0, cells incubated with EGFR-targeted CSANs displayed green fluorescence 

on their surface, indicating protein binding. After an hour the EGFR targeted CSANs were 

internalized into the cells, as evidenced by the presence of green punctates within the cells. 

Illustration created with Biorender.com 
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E1-DHFR2-CD3 monomer and CSANs facilitate cytotoxicity in vitro  and have an EC50 comparable 

to ŬE1/ŬCD3 bispecific CSANs  

The monomeric form of E1-DHFR2-CD3 resembles a BiTE, functioning as a monovalent 

bispecific protein with targeting elements binding to both T cell and tumor-associated antigens. 

Given its similarity, we aimed to assess its capacity to elicit T cell mediated cytotoxicity, along 

with the protein in its ring form. The cytotoxicity experiment was conducted using MDA-MB-231 

cells. T cells, isolated from donor derived PBMCs, were incubated with CSANs for an hour to 

generate prosthetic antigens receptor (PAR) T cells, which were co-cultured with the cancer cells 

for 72 hours. Interestingly, when evaluated at 25 nM, significant cytotoxicity was observed from 

the E1-DHFR2-CD3 monomeric treatment group compared to the PBS control, evident after only 

24 hours of incubation. By the end of the 72-hour experiment, there was nearly complete cell death 

of the cancer cells, akin to the outcome observed with the E1-DHFR2-CD3 and ŬE1/ŬCD3 CSANs. 

Additionally, we obtained further insights into ŬE1/ŬCD3 CSANs, which were previously tested 

only in 24-hour experiments. The extended duration of the experiment revealed that the CSAN 

were more potent than previously believed, inducingly nearly complete cell death, surpassing levels 

observed previously (Figure 2.11 A).255  
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Figure 2.11: E1-DHFR2-CD3 exhibits the ability to induce cancer cell death in its monomeric 

and CSAN form, with its EC50 comparable to that of ŬE1/ŬCD3 CSANs. A) MDA-MB-231 

cells were seeded and cultured as a monolayer in a 96-well plate. T cells isolated from donor derived 

PBMCs were incubated with either monomeric protein or CSANs for an hour to form PAR T cells. 

These PAR T cells are added to the target cells at a ratio of 10:1 (E:T) ~16 hours after seeding the 

cancer cells. Cell viability of the MDA-MB-231 cells was continuously monitored over 72 hours 

using the BioTek Biospa Live Cell Imaging Analysis System. (Data is represented as mean +, with 

statistical significance denoted as **P< 0.01, ***P< 0.001, and ****P< 0.0001 compared to the 

PBS control group, analyzed using one-way ANOVA). Data (n= 3-9 biological replicates, each 

with technical triplicates) were obtained from a single donor. B) A431 cells are plated in a 96 well 

plate and grown as a monolayer. T cells isolated from donor-derived PBMCs are added to the 

targetôs cells at a ratio of 5:1 (E:T) ~16 hours later, concurrently with the addition of E1-DHFR2-

CD3 and ŬE1/ŬCD3 CSANs. Cell viability of A431 cells was monitored over 72 hours using 
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BioTek Biospa Live Cell Imaging Analysis System. A dose response curve was generated and 

quantified using GraphPad Prism EC50 regression tools.  

 

 

After confirming the ability of E1-DHFR2-CD3 to facilitate T cell-mediated cytotoxicity, 

our next objective was to assess its potency by determining the EC50. In a cell-based cytotoxicity 

experiment, we plated our protein at varying concentrations while maintaining a consistent E:T 

ratio of isolated T cells to cancer cells. Upon conclusion of the experiment, the data were analyzed 

to generate a dose response curve to determine the EC50. Both E1-DHFR2-CD3 CSANs and 

ŬE1/ŬCD3 bispecific CSANs were tested and compared. Interestingly, we found that the EC50 

values for both E1-DHFR2-CD3 (5.74 nM) and ŬE1/ŬCD3 (2.89 nM) were comparable (Figure 

2.11 B). This suggests that the efficacy of  E1-DHFR2-CD3 is unaffected by the presence of the 

two targeting elements on a single scaffold. Moreover, despite the smaller size of the rings formed 

by the protein compared to ŬE1/ŬCD3 bispecific CSANs, E1-DHFR2-CD3 remains potent.  

 

The cytotoxicity of E1-DHFR2-CD3 is dependent on the E:T ratio and the concentration 

E1-DHFR2-CD3  displayed T-cell mediated cytotoxicity in both its monomeric and ring 

forms. However, we aimed to investigate how varying concentrations and the effector (T cell) to 

target (cancer cell) ratio might impact the observed cytotoxicity levels in our experiment. Initially, 

we examined the influence of protein concentration on cell cytotoxicity. Testing three different 

concentrations (50 nM, 25 nM, and 12.5 nM) on a monolayer of MDA-MB-231 cells with a fixed 
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E:T ratio (10:1), we observed significant T cell cytotoxicity across all concentrations (Figure 2.12 

A-C), even at the lowest concentration tested for E1-DHFR2-CD3 and ŬE1/ŬCD3 CSANs over  72 

hours period (Figure 2.12 D). Notably, significant cytotoxicity was evident after 24 hours, 

underscoring the potency of these proteins. Interestingly, the E1-DHFR2-CD3 monomer exhibited 

comparable levels of cytotoxicity against target cells as the CSANs across all concentrations.  
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Figure 2.12: E1-DHFR2-CD3 monomer, CSANs, and ŬE1/ŬCD3 CSANs exhibit promising T 

cell mediated cytotoxicity across multiple concentrations. MDA-MB-231 cells were plated into 

a 96-well plate and cultured as a monolayer. T cells isolated from donor-derived PBMCs were 

modified with E1-DHFR2-CD3 monomer, E1-DHFR2-CD3 CSANs, and ŬE1/ŬCD3 CSANs at 

three concentrations: A) 50 nM, B) 25 nM, and C) 12.5 nM to generate PAR T cells, which were 
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then introduced to the cell monolayer at an E:T ratio of 10:1. Cell viability was measured over 72 

hours. D) Each column represents the final viability at the end of the study. Data are presented as 

mean + with statistical significance denoted as (* P<0.05, ** P<0.01, *** P<0.001, and **** 

P<0.0001 with respect to the PBS control by one-way ANOVA (Figure 2.12 A-C) or two-way 

ANOVA (Figure 2.12 D) followed by Dunnettôs test for multiple comparisons. Data were obtained 

from a single donor, which n= 3-9 biological replicates, each with technical triplicates). 

 

 

Using a similar experimental setup, we assessed the T cell mediated of MDA-MB-231 cells 

with a fixed protein concentration (25 nM) while varying the E:T ratios of PAR T cells (1:1, 2.5:1, 

5:1, 10:1, and 15:1). Significant T cells mediated cytotoxicity was still overserved for all three 

proteins compared to the PBS control, even at the lowest E:T ratio of 1:1 after 72 hours (Figure 

2.13). However, we noted a ratio-dependent decrease in cytotoxicity, with the highest observed at 

15:1 indicating the importance of the number of T cells added. Furthermore, when analyzing the 

effect of cytotoxicity across all E:T ratios and concentrations, the highest potency was achieved at 

50 nM and an E:T of 15:1, while the lowest potency was observed at 12.5 nM with an E:T of 1:1 

across all proteins (Supplementary Figures).  
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Figure 2.13: E1-DHFR2-CD3 monomer, CSANs, and ŬE1/ŬCD3 CSANs elicit T cell 

cytotoxicity across varying E:T ratios. Target cells and PAR T cells were co-cultured as outlined 

previously. MDA-MB-231 cell viability was tracked over 72 hours using different E:T ratios (1:1, 

2.5:1, 5:1, 10:1, 15:1) and a constant concentration of monomer and CSANs at 25 nM. Each bullet 

point corresponds to the final count at the conclusion of the 72-hour study. Data are presented as 

mean + with statistical significance denoted as (* P<0.05, ** P<0.01, *** P<0.001, and **** 

P<0.0001 with respect to the PBS control by two-way ANOVA followed by Dunnettôs test for 

multiple comparisons. Data were obtained from a single donor, which n= 3-9 biological replicates, 

each with technical triplicates.) 
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E1-DHFR2-CD3 monomer and CSANs are only cytotoxic in the presence of EGFR+ cells and T 

cells 

E1-DHFR2-CD3 demonstrated T cell mediated cytotoxicity both as a monomer and in its 

CSAN form. However, we aimed to ascertain that the observed cytotoxicity was not attributed to 

the proteins themselves and that it could only occur in the presence of EGFR+ cells. Initially, we 

conducted an anti-proliferative experiment to assess whether the proteins exerted independent 

effects. Previous studies demonstrated that the E1 targeting element within the protein scaffolds 

inhibits EGFR signaling, thereby suppressing the growth of various human cancer cells.260 

Therefore, it was important to confirm that the proteins did not hinder cell growth. Moreover, E1-

DHFR2 monospecific CSANs exhibited no anti-proliferative effects at low nanomolar 

concentrations.255 Anti-proliferation experiments were performed on a monolayer of A431 cells 

overexpressing EGFR (13x106), incubated with 25nM of E1-DHFR2-CD3 (Monomer and CSANs) 

and ŬE1/ŬCD3 CSANs, and cell viability was monitored over 72 hours. None of the three treatment 

groups showed significant cytotoxicity, indicating that anti-proliferative effects were not observed 

at low concentrations, consistent with prior findings (Figure 2.14 A).255  

Next, we investigated whether T cell mediated cytotoxicity could occur in the absence of 

EGFR expression, to rule out off-target effects. A monolayer of EGFR-negative TIME cells was 

plated and incubated with T cells isolated from donor derived PBMCs along with various 

concentrations of proteins. Cell viability was tracked over 72 hours, and upon data analysis, no 

cytotoxicity was observed in any treatment groups (Figure 2.14 B). Conversely, when MDA-MB-

231 cells were treated, significant cytotoxicity was evident across all treatment groups (Figure 2.12 

D). This finding, coupled with results from the anti-proliferation experiment, underscored that the 

proteins alone are not cytotoxic and are ineffective in a cell line lacking EGFR expression. Thus, 
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the presence of EGFR expression and T cells is requisite for the proteins to induce T cell mediated 

cytotoxicity.  

 

 

 

Figure 2.14: In the absence of T cells or with EGFR negative cells, E1-DHFR2-CD3 monomer, 

and CSANs do not induce significant cytotoxicity. A) A431 cells were cultured as a monolayer 

in a 96-well plate and treated with either E1-DHFR2-CD3 (Monomer and CSANs) or ŬE1/ŬCD3 

bispecific CSANs. Cytotoxicity was assessed after 72 hours of co-culture. In a separate experiment, 

B) EGFR negative TIME cells were seeded into a 96 well plate and incubated with all three proteins 

alongside isolated T cells from donor derived PBMCs. Cytotoxicity was evaluated after 72 hours. 

Data are presented as mean + with statistical significance denoted as (* P<0.05, ** P<0.01, *** 

P<0.001, and **** P<0.0001 with respect to the PBS control by two-way ANOVA followed by 
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Dunnettôs test for multiple comparisons. Data were obtained from a single donor, which n= 3-9 

biological replicates, each with technical triplicates.) 

 

 

E1-DHFR2-CD3 cytotoxicity is efficient across multiple donors  

The cytotoxicity experiments conducted with cell-based assays involved the use of donor 

derived PBMCs. This ensures that the effects seen with the proteins under investigation are not 

restricted to a single donor. To assess cytotoxicity across different donors, namely Donor 23 and 

Donor 35, A431 cells were seeded and grown overnight as a monolayer and treated with 25 nM of  

E1-DHFR2-CD3 monomer, E1-DHFR2-CD3 CSANs, a DHFR2-CD3 monomer, and DHFR2-CD3 

CSANs along with isolated T cells obtained from each donor. Cell viability was monitored over 72 

hours (Figure 2.15 A). Upon data analysis, it was observed that in both donors, nearly completed 

cell death occurred in the E1-DHFR2-CD3 monomer and CSANs treatment groups by the end of 

the 72 hours (Figure 2.15 B). These findings indicate that T cell-mediated cytotoxicity can be 

induced irrespective of the donor, which can help address concerns regarding the patient-dependent 

effects of the proteins.  
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Figure 2.15: The efficacy of E1-DHFR2-CD3 monomer and CSANs shows comparable 

potency across T cells isolated from two different donors. A431 cells were grown as a 

monolayer in a 96-well plate. T cells isolated from two donors were added to appropriate cells, 

followed by the addition of E1-DHFR2-CD3 monomer and CSANs. Cell viability was assessed 

over 72 hours. B) Cytotoxicity was assessed and compared between two donors after 72 hours. 

Data from both experiments are presented as mean + SEM (n= 3-9 biological replicates, each with 

technical triplicates). 
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Modulating the valency of E1-DHFR2-CD3 CSANs 

Multivalency refers to a molecular process wherein a molecule can engage in multiple 

interactions with other molecules or binding sites. This phenomenon plays an important role in 

various biological processes, including antibodies, viral surfaces, and cell-cell interactions.28, 181 As 

discussed in Chapter 1, the concept of multivalency has been integrated into bispecific therapeutics 

to augment their molecule weight, enhance binding affinity to specific targets, and enable 

multispecific targeting.157-159 However, a drawback of multivalent targeting is that the heightened 

binding affinity may result in the recognition and binding of the therapeutic agent to healthy tissues 

expressing low levels of the targeted antigen.181 For instance, EGFR, a tumor associated antigen, is 

overexpressed in tumors but also exists in low levels in healthy epithelial tissues. Consequently, 

multivalent targeting of EGFR could potentially lead to on-target, off-tumor toxicities.240, 243, 248, 261 

In previous studies, our laboratory has delved into the concept of multivalency with our 

CSANs, given their octameric valency. We observed that the valency of the monomers within our 

CSANs could be adjusted by mixing different equivalents of the monomeric proteins during ring 

formation.181 In prior research, we varied the valency of  ŬE1/ŬCD3 bispecific rings by combining 

different ratios of the E1-DHFR2 monomer and the DHFR2-CD3 monomer (ranging from 1:7 to 

7:1) to generate CSANs predominantly displaying either the ŬE1 fibronectin or the ŬCD3 scFv .255 

We aimed to explore a similar concept with E1-DHFR2-CD3 CSANs exhibiting preferred binding 

to T cells, thereby enhancing cytotoxicity and reducing binding to the target cells to mitigate 

potential interactions with healthy tissues, or to generate CSANs with preferred binding to target 

cells and reduced binding to T cells. To tune the valency of the ŬCD3 scFv in the CSANs, the E1-

DHFR2-CD3 monomer was mixed with different ratios of the E1-DHFR2 monomer (Figure 2.16 

A), and to adjust the valency of the ŬE1 fibronectin in the CSANs, the E1-DHFR2-CD3 monomer 
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was combined with different ratios of the DHFR2-CD3 monomer (Figure 2.16 B). SEC evaluation 

was conducted on valency-modified samples to determine if CSANs could still be formed by 

combining E1-DHFR2-CD3 with either DHFR2-CD3 (Figure 2.17 A) or E1-DHFR2 (Figure 2.17 

B) at a 1:1, 1:3, or 3:1 ratio and incubating with bis-MTX for 1 hour. Up evaluation of the data, 

CSANs where able to form in all experimental conditions.  

 

 

 

Figure 2.16: The valency of E1-DHFR2-CD3 CSANs can be modified. A) E1-DHFR2-CD3 is 

mixed in different ratios (1:3, 1:1, and 3:1) with E1-DHFR2 to change the valency of the ŬCD3 

scFv in the CSAN. B) To modulate the valency of the ŬE1 fibronectin in the CSAN, E1-DHFR2-

CD3 is mixed in different ratios (1:3, 1:1, and 3:1) with DHFR2-CD3. 
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Figure 2.17: SEC Evaluation of E1-DHFR2-CD3 combined with different ratios of either E1-

DHFR2 or DHFR2-CD3 to form CSANs. A) E1-DHFR2-CD3 is combined with DHFR2-CD3 in 

a 1:1, 1:3, and 3:1 ratio to form CSANs. B) E1-DHFR2-CD3 is combined with E1-DHFR2- in a 1:1, 

1:3, and 3:1 ratio to form CSANs. 
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We evaluated the impact of adjusting the valency of E1-DHFR2-CD3 CSANs in a 2D 

monolayer cytotoxicity experiment. A431 cells were co-cultured with donor-derived PBMCs, 

which had been modified with  E1-DHFR2-CD3 CSANs containing varied ŬE1 fibronectin and 

ŬCD3 scFv valencies. The valency of E1-DHFR2-CSANs was tuned by mixing different ratios of 

the E1-DHFR2-CD3 monomer and the E1-DHFR2 monomer (1:1, 1:3, and 3:1), or by mixing 

different ratios of the E1-DHFR2-CD3 monomer and the DHFR2-CD3 monomer (1:1, 1:3, and 3:1) 

with bis-MTX. Cell viability was assessed over 72 hours. In both cases of modulating the valencies  

ŬE1 fibronectins and ŬCD3 scFvs, no significant differences were obtained across all scenarios 

(Figure 2.18 and 2.19). Several factors could account for these outcomes. Firstly, the experiment 

was conducted using A431 cells, which exhibit EGFR overexpression (13x106), potentially making 

it challenging to detect differences due to ease of binding for lower valency CSANs. Using cell 

lines with lower EGFR expression, such as MDA-MB-231 cells or MDA-MB-436 (0.7x106), might 

yield more informative results. Secondly, the E:T ratio used in the experiment was 10:1; therefore, 

testing a lower range of E:T ratios could provide additional insights. Thirdly, variations in 

concentration might enhance the visibility of differences between groups. Moreover, since this was 

a 2D monolayer culture, T cells may have had an easier time targeting the cancer cells. Conducting 

a 3D spheroid experiment would offer more physiologically relevant insights. Furthermore, 

exploring the use of valency modified CSANs in an in vivo experiment would be interesting.  
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Figure 2.18: Modulating the valency of the ŬCD3 scFv in E1-DHFR2-CD3 CSANs did not 

affect the potency of the CSANs. A) A431 cells were cultured as a monolayer in a 96-well plate. 

To modulate the valency of the ŬCD3 scFv in the CSANs, the E1-DHFR2-CD3 monomer was 

combined with the E1-DHFR2 monomer in different ratios (1:1,1:3, and 3:1). The CSANs were 

then incubated with T cells isolated from donor derived PBMCs to generate PAR T cells before co-

culture with the A431 monolayer. Cell viability was monitored over a 72-hour time period. B) Each 

column represents the final viability at the end of the study. Data are presented as mean + with 

statistical significance denoted as (* P<0.05, ** P<0.01, *** P<0.001, and **** P<0.0001 with 
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respect to the PBS control by one-way ANOVA. Data were obtained from a single donor, which 

n= 3-9 biological replicates, each with technical triplicates.) 

 

 

 

Figure 2.19: Modulating the valency of the ŬE1 fibronectin in E1-DHFR2-CD3 CSANs did 

not affect the potency of the CSANs. A) A431 cells were cultured as a monolayer in a 96-well 

plate. To modulate the valency of the ŬE1 fibronectin the CSANs, the E1-DHFR2-CD3 monomer 
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was combined with the DHFR2-CD3 monomer in different ratios (1:1,1:3, and 3:1). The CSANs 

were then incubated with T cells isolated from donor derived PBMCs to generate PAR T cells 

before co-culture with the A431 monolayer. Cell viability was monitored over a 72-hour time 

period. B) Each column represents the final viability at the end of the study. Data are presented as 

mean + with statistical significance denoted as (* P<0.05, ** P<0.01, *** P<0.001, and **** 

P<0.0001 with respect to the PBS control by one-way ANOVA. Data were obtained from a single 

donor, which n= 3-9 biological replicates, each with technical triplicates.)  
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Conclusions: 

In this chapter, we investigated the development, production, and characterization of E1-

DHFR2-CD3, a dual targeting fusion protein. Comprising of an ŬEGFR fibronectin and an ŬCD3 

scFv fused to our DHFR2 scaffold, E1-DHFR2-CD3 facilitates the targeting of EGFR, a tumor 

associated antigen, and the T cell antigen CD3. Our objective was to develop a monomeric protein 

capable of dual targeting, retain its ability to form CSANs and redirect T cells to target cells, thereby 

reducing the need for two monomeric proteins to form bispecific CSANs down to one.  

E1-DHFR2-CD3 was successfully expressed as an insoluble protein, confirmed through 

SDS PAGE, SEC, and mass spectrometry. While the protein demonstrated the capacity to form 

CSANs, the resulting rings were smaller than expected, compared to those formed by a bispecific 

ring composed of two monomeric proteins named ŬE1/ŬCD3. Further analysis suggested that the 

CSANs comprised a heterogeneous mixture of 1-5 monomeric proteins. We believe the diminished 

ring size might stem from steric hindrance due to the presence of two targeting elements on a single 

scaffold. The functionality of the ŬEGFR fibronectin and ŬCD3 scFv within the protein scaffold 

was confirmed via flow cytometry, through the use of  EGFR+/CD3- MDA-MB-231 cells and 

EGFR-/CD3+ T cells.  Subsequently, confocal microscopy was employed to observe the binding 

of the protein to the surface of MDA-MB-231 cells. We also investigated whether E1-DHFR2-CD3 

could undergo internalization akin to traditional ŬE1/ŬCD3 bispecific rings observed previously. 

Through confocal microscopy, we observed the gradual internalization of GFP-tagged E1-DHFR2-

CD3 CSANs over time, suggesting the potential for future drug delivery applications. Moreover, 

successful ring formation with a GFP-DHFR2 monomeric protein developed in our lab hinted at 

the possibility of developing trispecific rings. 



 

 

86 

We investigated the ability of E1-DHFR2-CD3 to induce T cell-mediated cytotoxicity in 

both its monomeric and CSAN forms through cell cytotoxicity experiments. Our findings revealed 

that T cells modified with both forms of the protein exhibited significant cytotoxicity against a 

monolayer of MDA-MB-231 cells. Additionally, we assessed its efficacy against MDA-MB-231 

cells at different protein concentrations and E:T ratios, observing potent T cell cytotoxicity across 

all tested conditions. When evaluating the impact of different T cell donors, we found comparable 

efficacy of the proteins.  

Comparative analysis with ŬE1/ŬCD3 bispecific rings showed that the EC50 of E1-DHFR2-

CD3 CSANs was similar. Furthermore, we confirmed that our proteins did not induce cytotoxicity 

in the absence of T cells and the presence of EGFR- cells.  Attempts to adjust the valencies of 

ŬEGFR fibronectins and ŬCD3 scFvs in the ring showed no observable differences among the 

groups. However, these results may be influenced by factors such as the cell line used, protein 

concentration, E:T ratio, and the use of a monolayer culture instead of a 3D culture.  

In summary, we demonstrated that our newly developed E1-DHFR2-CD3 dual targeting 

monomer can effectively induce potent T cell-mediated cytotoxicity in both its monomeric and 

CSAN forms. Moreover, there is potential use for future use of this protein scaffold in drug delivery 

and the creation of trispecific CSANs. In subsequent experiments, 3D spheroid studies could offer 

further insights into the proteinôs efficacy. Unfortunately, due to the low yield of E1-DHFR2-CD3, 

we were unable to conduct in vivo experiments. However, a second-generation dual targeting 

monomer is currently under development, replacing the CD3 scFv with a nanobody targeting the T 

cell receptor (TCR). This new version is capable of being expressed as a soluble protein, thereby 

increasing its protein yield and potential for in vivo experimentation.  
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Materials and Methods:  

Human cell lines and culture conditions  

Human A431-RFP and MCF-7-GFP cells were procured from the American Type Culture 

Collection (ATCC). The MDA-MB-231-GFP cells were prepared by Dr. Lakmal Rozumalski (The 

University of Minnesota, Minneapolis, MN). All cells were cultured in Dulbeccoôs Modified Eagle 

Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 100 U/ml penicillin at 

37C with 5% CO2. To sustain RFP and GFP expression, A431-RFP cell media was supplemented 

with 5 Õg/ml of puromycin, while media for both MDA-MB-231-GFP and MCF-7-GFP cells was 

supplemented with 7.5 Õg/ml of puromycin.  TIME-RFP cells were cultured in Vascular Basal Cell 

Medium supplemented with components from a Microvascular Endothelial Cell Growth Kit with 

VEGF at 37C with 5% CO2. To maintain RFP expression, TIME-RFP cell media contained 5 Õg/ml 

of puromycin Humann peripheral blood mononuclear cells (PBMCs) from healthy donors were 

isolated from the buffy coat using Ficoll density gradient centrifugation (Corning) with blood 

obtained from Innovative Blood Resources, Saint Paul, Minnesota. Subsequently, the isolated 

PBMCs were cultured in Roswell Park Memorial Institute (RPMI) medium supplemented with 

10% FBS at 37C with 5% CO2. T cells were isolated from PBMCs using a human T cell isolation 

kit (Akadeum Life Sciences) and cultured with RPMI supplemented with 10% FBS.  

 

Expression Plasmids  

An order was placed with Integrated DNA Technologies (IDT) for a gBlock fragment 

encoding the E1-DHFR2-CD3 dual targeting fusion protein. The gene fragment was inserted into 

the Novagen pET28a(+) vector (EMD Millipore, Cat: 69864-3) using the NcoI and XhoI restriction 
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sites. Itôs important to mention that the E1-DHFR2-CD3 includes a FLAG and a 6x His tag to allow 

for detection by flow cytometry and confocal microscopy.  

 

Protein Expression and Purification 

The production of the E1-DHFR2 and DHFR2-CD3  proteins was carried out as described 

previously.255 The E1-DHFR2-CD3 fusion protein plasmid was transformed to T7 express E. coli 

cells (New England Biolabs). These E.coli cells were cultured in lysogeny broth (LB) medium 

supplemented with 50 ɛg/ml kanamycin at 37oC until the OD600 reached a range of 0.5-0.8. 

Induction was initiated by adding isopropyl ɓ-D-1-thiogalactopyranoside (IPTG) to a final 

concentration of 1mM, followed by a 3-hour incubation period, after which cells were centrifuged 

at 7500 rpm to isolate the cell pellet. The E1-DHFR2 monomeric protein was expressed as a soluble 

protein and isolated from the soluble fraction of the cell lysate using immobilized metal affinity 

chromatography (IMAC) as previously described.255, 262  Eluted fractions were analyzed using SDS-

PAGE, and pure fractions were combined and subjected to buffer exchange into phosphate buffered 

saline (PBS) via Zepa Spin desalting columns (Thermo Fisher, 87766). E1-DHFR2-CD3 and 

DHFR2-CD3  proteins were expressed as insoluble proteins and purified from the inclusion bodies, 

following established procedures.179, 263 The FFQ protein fractions underwent SDS-Page analysis 

before pooling and were further purified using AKTA pure FPLC system (CyTIVA) with 

HiLoad16/600 Superdex 200 pg columns. E1-DHFR2-CD3 underwent an additional round of 

purification using the FPLC before all purified proteins were analyzed on an analytical SEC using 

Superdex 200 Increase 10/300 gl columns (Cytiva) and compared to commercial molecular weight 

standards (Sigma Aldrich).  
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CSAN Ring Formation and Characterization 

E1-DHFR2-CD3 CSANs were formed by adding 3 equivalents of bis-MTX to a PBS 

solution of the protein (1:3 ratio). Similarly, for E1-DHFR2 and DHFR2-CD3 monomeric proteins, 

3 equivalents of bis-MTX were added to a PBS solution (1:1:3 ratio). In the case of valency-

modified samples, E1-DHFR2-CD3 was mixed in ratios of  1:1,1:3, and 3:1 with either E1-DHFR2 

or DHFR2-CD3 in PBS. Bis-MTX was added in 3 equivalents to the protein solution. All protein 

solutions underwent a 1-hour incubation protected from light at room temperature. Analytical size 

exclusion chromatography (SEC) was employed to observe alterations in the hydrodynamic radius 

when compared to monomeric proteins.  Dynamic Light Scattering (DLS) and polydispersity 

measurements were conducted using an Anton Paar Light Sizer 500 (Ashland, Va). Samples of 

5ÕM with a volume of 1 mL were prepared in PBS and assessed at room temperature. The reported 

hydrodynamic diameter and polydispersity values are represented as the mean +  SD, derived from 

2-3 biological replicates, each consisting of technical replicates.  

 

E1-DHFR2-CD3 bispecificity studies and fluorescent imaging 

Bispecificity of E1-DHFR2-CD3 was assessed using flowcytometry. MDA-MB-231 cells 

served as the EGFR+/CD3- cell line, while human PBMCs represented the EGFR-/CD3+ cell line. 

The cells were treated with 1uM of the E1-DHFR2-CD3 monomer for 1 hour at 4oC. Following 

incubation, cells were washed with 0.1% PBSA and then incubated with different fluorescent 

antibodies for 30 minutes in darkness at 4oC. An anti-FLAG PE antibody (Biolegend, cat#637309) 

was used to detect the ŬE1 fibronectin portion on the human T cells, while an anti-His antibody 

647 antibody (Biolegend) detected the ŬCD3 scFv portion of the protein on the MDA-MB-231 
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cells. After incubation with the fluorescent antibodies, cells underwent a final wash and were 

analyzed using an LSR II flow cytometer. Mean fluorescence intensity (MFI) averages were 

compared with unstained and control samples. Cell binding to MDA-MB-231 cells was visualized 

via confocal microscopy. MDA-MB-231 GFP cells were seeded on glass coverslips in a 6-well 

plate and allowed to adhere overnight at 37oC. Post-adherence, the media was removed, and 5% 

PBSA was added to the wells and incubated for 45 minutes at 4oC. During this period, 1 ml of 100 

nM E1-DHFR2-CD3 monomer or CSANs was prepared. Following incubation, cells were washed 

twice with PBS, and the protein solutions were added to respective wells for 1 hour at 4oC. After 

incubation, cells were washed twice with PBS, then twice with water, and mounted onto glass slides 

using Prolong Diamond Anti-fade Mountant (Thermo Fischer Scientific, cat# P36965Φ Slides were 

left to cure in darkness overnight and imaged using an Eclipse Ti-E Wide Field Deconvolution 

Inverted Microscope (Nikon instruments) 

 

CSAN Internalization Experiment  

The internalization of E1-DHFR2-CD3 CSANs was monitored through confocal 

microscopy. A431 RFP cells were seeded into a 96-well plate and allowed to adhere overnight. The 

next day, 1ÕM of GFP-labeled CSANs for both E1-DHFR2 and E1-DHFR2-CD3 were prepared in 

PBS by combining the E1-DHFR2 monomer and the E1-DHFR2-CD3 monomer with a GFP-

DHFR2 monomer (Developed by Abhishek Kulkarni and Dr. Lakmal Rozumalski)  in a 1:1 ratio. 

Bis-MTX was then added to the protein solution and incubated for 1 hour protected from light at 

room temperature. Monospecific GFP-DHFR2 CSANs were prepared similarly. After CSAN 



 

 

92 

formation, the proteins were added to their respective wells. The wells were then imaged for one 

hour at 37 C using an Agilent Biotek Cytation 10 system.  

 

Cytotoxicity and EC50 studies  

Real-time monitoring of cancer cell death was conducted by measuring the reduction in 

GFP or RFP fluorescence using an Agilent Biotek Cytation 10 system. Prior to initiating the 

experiment, 5,000 A431, MDA-MB-231, and TIME target cells were seeded into individual wells 

of a 96 well plate, each containing 100 Õl of DMEM media. Human T cells isolated from Donor 

PBMCs were thawed and allowed to rest in complete RPMI media overnight. After approximately 

16 hours, T cells were counted and the monospecific and bispecific CSAN treatments were 

prepared.  

For each designated well, either CSANs (at specified concentrations, 50 Õl per well) or 

PBS were incubated with the appropriate numbers of T cells (determined by E:T ratio in 50 Õl per 

well) to form PAR-T cells before addition to the wells. The plate was then placed in the Agilent 

Biotek Cytation 10 system, maintained at 37oC with 5% CO2, and the GFP or RFP fluorescence 

was monitored for 72 hours. Notably, the isolated T cells were unstained and non-fluorescent. The 

count of the remaining fluorescent cells was calculated using the Agilent Biotek Cytation 10  live 

cell analysis software.  In experiments assessing the efficacy of E1-DHFR2-CD3 monomer and 

CSANs in the presence of an EGFR negative cell line (TIME cells) and the absence of T cells,  PAR 

T cells were formed with the proteins and co-cultured with TIME cells. Alter proteins were directly 

added to MDA-MB-231 cells without T cells. Cell viability was monitored over a 72-hour period 

using Agilent Biotek Cytation 10 Software. To assess the effects of modulating the avidity of E1-
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DHFR2-CD3 CSANs, the monomeric form was combined with either E1-DHFR2 or DHFR2-CD3 

in different ratios (1:1, 1:3, and 3:1) and then oligomerized using bis-MTX. PBMCs, previously 

thawed and rested overnight, were then incubated with the CSANs for 1 hour before proceeding 

with co-culture similar to the live cell imaging assays.  Each experiment involved 3 wells per time 

point and was captured using a 20x objective. Data is represented as mean + SEM and normalized 

data is shown as a ratio of cell viability compared to viability at the start time calculated by the 

Biotek Cytation 10 Software.   

In the EC50 experiments involving E1-DHFR2-CD3 CSANs and ŬE1/ŬCD3 CSANs, A431 

RFP cells were plated in a 96 well plate and left to adhere overnight. Isolated T cells from donor 

PBMCs were also left to rest overnight. Multiple concentrations of E1-DHFR2-CD3 and ŬE1/ŬCD3 

CSANs were prepared. After ring formation, the T cells were added to the appropriate wells at a 

ratio of 5:1, followed by the addition of CSANs. Subsequently, the wells were monitored for 72 

hours, and the endpoint cytotoxicity was assessed and quantified using GraphPad EC50 regression 

tools. A 95% confidence interval was analyzed for both constructs.  

 

Statistical Analysis 

Data was analyzed using one-way or two-way ANOVA followed by Dunnettôs test for 

multiple comparisons. Data are presented as mean + with statistical significance denoted as (* 

P<0.05, ** P<0.01, *** P<0.001, and **** P<0.0001 with respect to the PBS control. Data were 

obtained from a single donor, which n= 3-9 biological replicates, each with technical triplicates.) 
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Supplementary Data: 

 

 

Supplementary Figure 2.1: E1-DHFR2-CD3 monomer, CSANs, and ŬE1/ŬCD3 CSANs 

exhibit promising T cell mediated cytotoxicity at 15:1 across multiple concentrations. MDA-

MB-231 cells were plated into a 96-well plate and cultured as a monolayer. T cells isolated from 

donor-derived PBMCs were modified with E1-DHFR2-CD3 monomer, CSANs, and ŬE1/ŬCD3 
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CSANs at three concentrations: A) 50 nM, B) 25 nM, and C) 12.5 nM to generate PAR T cells, 

which were then introduced to the cell monolayer at an E:T ratio of 15:1. Cell viability was 

measured over the course of 72 hours. D) Each column represents the final viability at the end of 

the study. Data are presented as mean + with statistical significance denoted as (* P<0.05, ** 

P<0.01, *** P<0.001, and **** P<0.0001 with respect to the PBS control by one-way ANOVA 

(Supplementary Figure 2.1 A-C) or two-way ANOVA (Supplementary Figure 2.1 D) followed 

by Dunnettôs test for multiple comparisons. Data were obtained from a single donor, which n= 3-9 

biological replicates, each with technical triplicates.)  
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Supplementary Figure 2.2: E1-DHFR2-CD3 monomer, CSANs, and ŬE1/ŬCD3 CSANs 

exhibit promising T cell mediated cytotoxicity at 5:1 across multiple concentrations. MDA-

MB-231 cells were plated into a 96-well plate and cultured as a monolayer. T cells isolated from 

donor-derived PBMCs were modified with E1-DHFR2-CD3 monomer, CSANs, and ŬE1/ŬCD3 

CSANs at three concentrations: A) 50 nM, B) 25 nM, and C) 12.5 nM to generate PAR T cells, 

which were then introduced to the cell monolayer at an E:T ratio of 5:1. Cell viability was measured 
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over the course of 72 hours. D) Each column represents the final viability at the end of the study. 

Data are presented as mean + with statistical significance denoted as (* P<0.05, ** P<0.01, *** 

P<0.001, and **** P<0.0001 with respect to the PBS control by one-way ANOVA 

(Supplementary Figure 2.2 A-C) or two-way ANOVA (Supplementary Figure 2.2 D)followed 

by Dunnettôs test for multiple comparisons. Data were obtained from a single donor, which n= 3-9 

biological replicates, each with technical triplicates.) 
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Supplementary Figure 2.3: E1-DHFR2-CD3 monomer, CSANs, and ŬE1/ŬCD3 CSANs 

exhibit promising T cell mediated cytotoxicity at 2.5:1 across multiple concentrations. MDA-

MB-231 cells were plated into a 96-well plate and cultured as a monolayer. T cells isolated from 

donor-derived PBMCs were modified with E1-DHFR2-CD3 monomer, CSANs, and ŬE1/ŬCD3 

CSANs at three concentrations: A) 50 nM, B) 25 nM, and C) 12.5 nM to generate PAR T cells, 
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which were then introduced to the cell monolayer at an E:T ratio of 2.5:1. Cell viability was 

measured over the course of 72 hours. D) Each column represents the final viability at the end of 

the study. Data are presented as mean + with statistical significance denoted as (* P<0.05, ** 

P<0.01, *** P<0.001, and **** P<0.0001 with respect to the PBS control by one-way ANOVA 

(Supplementary Figure 2.3 A-C) or two-way ANOVA (Supplementary Figure 2.3 D) followed 

by Dunnettôs test for multiple comparisons. Data were obtained from a single donor, which n= 3-9 

biological replicates, each with technical triplicates.) 
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Supplementary Figure 2.4: E1-DHFR2-CD3 monomer, CSANs, and ŬE1/ŬCD3 CSANs 

exhibit promising T cell mediated at 1:1 cytotoxicity across multiple concentrations. MDA-

MB-231 cells were plated into a 96-well plate and cultured as a monolayer. T cells isolated from 

donor-derived PBMCs were modified with E1-DHFR2-CD3 monomer, CSANs, and ŬE1/ŬCD3 

CSANs at three concentrations: A) 50 nM, B) 25 nM, and C) 12.5 nM to generate PAR T cells, 

which were then introduced to the cell monolayer at an E:T ratio of 1:1. Cell viability was measured 
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over the course of 72 hours. D) Each column represents the final viability at the end of the study. 

Data are presented as mean + with statistical significance denoted as (* P<0.05, ** P<0.01, *** 

P<0.001, and **** P<0.0001 with respect to the PBS control by one-way ANOVA 

(Supplementary Figure 2.4 A-C) or two-way ANOVA (Supplementary Figure 2.4 D) followed 

by Dunnettôs test for multiple comparisons. Data were obtained from a single donor, which n= 3-9 

biological replicates, each with technical triplicates.) 
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Supplementary Figure 2.5: E1-DHFR2-CD3 monomer, CSANs, and ŬE1/ŬCD3 CSANs elicit 

T cell cytotoxicity across different E:T ratios. Target cells and PAR T cells were co-cultured as 

outlined previously. MDA-MB-231 cell viability was tracked over 72 hours using different E:T 

ratios (1:1, 2.5:1, 5:1, 10:1, 15:1) and a constant concentration of monomer and CSANs at A) 50 

nM and B) 12.5 nM. Each bullet point corresponds to the final count at the conclusion of the 72-

hour study. Data are presented as mean + with statistical significance denoted as (* P<0.05, ** 

P<0.01, *** P<0.001, and **** P<0.0001 with respect to the PBS control by two-way ANOVA 

followed by Dunnettôs test for multiple comparisons. Data were obtained from a single donor, 

which n= 3-9 biological replicates, each with technical triplicates.) 
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Chapter 3: CSAN Presentation on Supported Lipid 

Bilayers and Engagement of Human T cells 
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Introduction:  

The immune synapse  

Chemically self-assembled nanorings (CSANs) have demonstrated efficacy both in 

laboratory settings (in vitro) and within living organisms (in vivo) against various tumor-associated 

antigens such as EGFR, B7-H3, and EpCAM.179, 180, 255 However, we currently lack an 

understanding of the mechanisms, signaling pathways, and molecules involved in prosthetic 

antigen (PAR) T cell-mediated killing of cancer cells. In naµve T cells, activation begins upon 

recognition of antigens through the T cell receptor (TCR).264, 265 Each T cell possesses a unique 

TCR, composed primarily of two TCR chains and six clusters of differentiation 3 (CD3) chains. 

There exist four TCR genes: TCRŬ, TCRÇ, TCRɔ, and TCRŭ, which create two distinct 

heterodimers. The majority of mature T cells express TCRŬ/TCRÇ chains, while a smaller subset 

expresses the TCRɔ/TCRŭ chains. Both sets of chains are linked by a disulfide bond. These 

heterodimers form multiprotein complexes with CD3 ŭ, ɔ, ὑ, and ɕ chains through non-covalent 

hydrophobic interactions and are necessary for TCR localization to the cell surface.265 TCRs 

possess the ability to selectively identify antigenic peptides presented on major histocompatibility 

complexes (pMHC) presented on the surface of antigen-presenting cells (APCs). The are two 

classes of MHCs: MHC class I, recognized by CD8+ T cells, and MHC class II (MHCII), which is 

recognized by CD4+ cells. Upon recognition and interaction of the TCR with pMHC, T cell 

activation proceeds through intracellular signaling cascades. 264-266 

Over time, the binding interactions between the T cells and the APC become organized into 

a macroscopic structure called the immunological synapse (IS). The IS serves as a structured 

platform where signaling molecules, cell surface receptors, and additional proteins are organized 

between the immune cell and its target. IS formation has been associated with immune response 
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activation, by facilitating processes such as antigen recognition, activation or signaling pathways, 

and release of cytotoxic molecules that induce killing of the opposed target cell.266-268 A mature 

immune synapse forms a ñbullôs eyeò structure characterized by supramolecular activation clusters 

(SMAC), varying in molecule composition and function. TCRs and associated proteins concentrate 

in the central cluster known as the central molecular activation cluster (cSMAC). The peripheral 

supramolecular activation cluster (pSMAC), surrounds the cSMAC, consisting of adhesion 

molecules like integrin lymphocyte function-associated antigen (LFA-1) and intracellular adhesion 

molecule 1 (ICAM-1) to slow down cell motility.  The sorting of TCRs toward the center of the IS 

is facilitated by actin-driven treadmilling toward the center and a height mismatch (kinetic 

segregation) and sorts shorter TCR:pMHC interactions from longer LFA-1:ICAM binding 

interactions. The outermost region, the distal supramolecular activation cluster (dSMAC), contains 

F-actin and other center-excluded molecules, controlling signal duration and termination.264, 266, 267, 

269 The intermembrane junction is critical for T cell activation; thus, downstream signaling 

pathways upon T cell activation lead to T cell proliferation and focused release of cytotoxic 

molecules like perforin and granzyme, inducing cell lysis.69 

T cells play a crucial role in eradicating external pathogens like bacteria, viruses, and fungi. 

Moreover, they are instrumental in orchestrating immune responses against cancer cells through 

immune surveillance with CD8+ T cells being particularly significant.270, 271 Nevertheless, cancer 

cells have evolved mechanisms to suppress immune responses. One such tactic involves the 

reduction or absence of MHCI expression, which is essential for the activation of CD8+ T cells. 

Another evasion strategy entails the depletion or decrease in tumor-associated antigens, rendering 

cancer cells less detectable by T cells.271, 272 Consequently, therapeutics independent of TCR 

signaling have been developed to overcome these challenges.265  
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There are two primary TCR-independent therapeutics, BiTEs, discussed in earlier chapters, 

and chimeric antigen receptor (CAR) T cells. CAR T cells represent a personalized therapeutic 

approach wherein T cells isolated from patients are genetically engineered to express an scFv 

specific to a tumor-associated antigen (TAA). Following genetic modification, these cells undergo 

expansion before being introduced into the patient. Similar to BiTEs, CAR T cells can target a 

cancer cell surface antigen without the need for APCs and MHC presentation.265, 270 Given the 

success of CARs and BiTEs, significant effort has been dedicated to understanding the dynamics 

and signaling events originating at artificial T cell synapses responsible for activating CAR T cells 

or BiTE modified T cells. Studies have revealed distinctions in the immune synapse structure 

between conventional T cells and CAR T cells (Figure 3.1 A & B).69, 273 While early synapse 

formation typically involves F-actin accumulation at the cSMAC region of the immune synapse, in 

later stages, F-actin accumulates at the pSMAC to form an adhesion ring.274, 275 However, in CAR 

T cells, the actin cytoskeleton does not entirely shift from the center, resulting in either reduced or 

absent adhesion rings with actin. Additionally, microclusters of CAR and signaling molecules are 

dispersed randomly throughout the immune synapse, and proper organization of LFA-1 in the 

pSMAC region is lacking, leading to the formation of a highly disorganized immune synapse 

(Figure 3.1 B).275, 276 273, 277 Conversely, immune synapses formed by BiTEs closely resemble those 

formed between human CD8+ T cells and cancer cells in terms of their composition, subdomain 

rearrangement, and size, explaining the efficacy of BiTEs in T cell-mediated killing (Figure 3.1 

C).69, 276 Nonetheless, several factors must be considered that could influence synapse formation 

and subsequent responses, including BiTE format (size, valency, linker length, etc.), binding 

affinity of targeting elements, BiTE concentration, E:T ratio, antigen expression of a TAA on cancer 

cells, and more.276, 278 
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Figure 3.1: Formation of immune synapses via TCR, CARs, and BiTEs. A) IS formation 

through TCR engagements exhibits an organized ñbullôs eyeò structure, comprising the cSMAC 

(yellow), pSMAC (blue), and dSMAC (green). B) CAR T cell immune synapses are disorganized 

resulting in reduced/absent adhesion ring with actin. Additionally, microclusters of CAR/TAA 

dispersed randomly throughout the IS. C) Immune synapses formed via BiTEs closely resemble 

those formed under physiological conditions. Figure created with Biorender.com and adapted from 

Navarro, Vallina, et al.276 Link Creative Commons Attribution license:  


