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Abstract 

 

    We have previously demonstrated that in the presence of the chemical dimerizer 

bisMTX, DHFR-DHFR (DHFR
2
) and DHFR-DHFR-antiCD3 (DHFR

2
-antiCD3) fusion 

proteins can spontaneously assemble into a range of chemically self-assembled nanorings 

(CSANs) whose size varies depending on the length and composition of the linker 

peptide between the DHFRs. If the linker is a single glycine, we observed that rings 

containing 7 to 10 DHFR
2
 fusion proteins with an average ring size were composed of 8 

monomers.  

The research presented in the thesis focused on exploring our methodology for 

engineering multivalent CSANs for delivery of vaccine adjuvants and for redirecting 

immune cells specificity for cancer immunotherapy. In the first part, we have synthesized 

a MTX analog for the purpose of driving the equilibrium towards formation of 

heterodimers of CSANs. The binding affinities of this MTX analog with either wild type 

DHFR or several DHFR mutants were determined.  

In the second part of the thesis, we assembled bispecific antiCD3/CD22 CSANs by 

mixing of an equal proportion of two DHFR
2
 linked by a single glycine and fused to two 

different antibodies: antiCD3 scFv that binds to the CD3 receptor on immune T-cells and 

antiCD22 scFv targeting CD22, an antigen widely expressed on B-leukemias or 

lymphomas. We firstly determined the binding affinity of engineered antiCD22 CSANs 

to CD22+ B lymphoma cells by comparison with those for the parental monoclonal 

antibody followed by investigations of their internalization by these cells using confocal 
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microscopy. In addition, we studied the activation of T cells by cytokine profiling, 

immunophenotyping and T cell functional assays in vitro after treatment with bispecific 

antiCD3/CD22 CSANs. In the presence of target B lymphoma cells, cytolytic efficacy of 

redirected T cells was also determined. Finally, we assessed the ability of trimethoprim, a 

non-toxic FDA approved competitive inhibitor of DHFR to carry out disassembly of the 

bispecific antibody nanorings. 

Finally, to explore the potential of DHFR
2
 based CSANs to be used as vaccines by the 

multivalent display of an antigen and adjuvant, we prepared CSANs assembled with the 

bisMTX dimerizer and CSANs assembled with the bisMTX-CpG, bisMTX dimerizer 

linked to CpG oligonucleotides, and compared their immune responses in mice. We 

studied the immunogenicity of CpG CSANs as well as CSANs by cytokine profiling, 

immunophenotyping using mouse immune cells in vitro. And we determined titers of 

neutralization antibodies in the sera of immunized mice. 
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Chapter One:  Introduction-Cancer immunotherapy 
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More than a century ago, the concept of cancer immunotherapy arose. The bone 

surgeon William Coley, who worked at what later became the Memorial Sloan Kettering 

Cancer Center in New York, injected his patients with a killed bacteria vaccine during the 

late 1800s in the hope of stimulating the body's defenses.
1
 During the 1990s, physicians 

began treating people with cancer with high doses of interleukin-2 (IL-2) and interferon-γ 

(IFNγ) - inflammatory cytokines released by infection-fighting white blood cells called T 

cells.
2
 A sub-set of cancer patients have lived for decades with the help of cytokine 

treatment.
3
 However, there can be life-threatening side effects, including vascular leakage 

and kidney damage, because systemic inflammation is generated by high-dose cytokines 

release.
3
 Great progresses have been made in the field of cancer immunology in the past 

decade. Immunotherapy is a central component of many cancer treatment regimens, 

which is the use of drugs and/or biological agents to initiate, modulate and control an 

immune response.
4
 A wide range of immunotherapeutic strategies is currently being 

investigated for both prophylactic and therapeutic purposes.  

 Antitumor vaccine I.

Starting from the discovery of the cowpox/smallpox vaccine by Jenner, the field of 

vaccines against infectious diseases has focused on preventive applications with 

numerous successes, mainly because the causative agents of most infectious diseases are 

recognized by the immune system as “non-self”.
5
 Although many tumors are well known 

to over-express distinct antigens, these antigens can be expressed on other tissues as well, 

making the development of tumor vaccines problematic. The immune system can be 

forced to respond against tumor-associated antigens by means of vaccination.
6
 Cancer 

vaccines aimed at the generation of strong neutralization antibody responses against 
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vaccine antigens and the induction of robust tumor-specific T cell responses have been a 

focus of translational cancer immunotherapies. Multiple immunization strategies have 

been studied including the use of recombinant viruses encoding cancer antigens,
7
 

immunization with whole tumor cells,
8
 antigen-loaded dendritic cells,

9
 or immunogenic 

peptides derived from cancer antigens (Figure 1).
10

  

A. Vaccines derived from viral subunit-like particles (VLPs) 

A substantial proportion of the world's cancer burden can be attributed to the 

consequences of chronic infection with viruses, bacteria, and parasites.
11

 The infections 

with hepatitis B (HBV) viruses and C viruses (HCV) are associated with occurrence of 

hepatocellular carcinoma (HCC). HBV and HCV infections were estimated to account for 

4.9% of all cancer cases and specifically to be associated with 85.5% of all HCC cases in 

the world, making it the ninth leading cause of death.
11

 HPV infections were estimated to 

account for 5.2% of all cancers in the world, being responsible for 3% of mouth cancers, 

12% of oropharynx cancers, 40% of penis cancers, 40% of vulva/vagina cancers and 

virtually 100% of uterine cervical cancers.
7
 The U.S. Food and Drug Administration 

(FDA) has approved two prophylactic vaccines against human papillomavirus (HPV), 

Gardasil® and Cervarix®, protecting against infection by the two types of HPV (type 16 

and 18) that cause approximately 70 percent of all cases of cervical cancer worldwide.
12

 

Both vaccines are derived from viral subunit-like particles (VLPs) composed of a single 

viral protein, L1, which is the major structural (capsid) protein of the virus and hence 

contains its immunodominant neutralization epitope.
13

 Cervarix®, manufactured by 

GlaxoSmithKline, is a bivalent vaccine, composed of VLPs made with proteins from 

HPV-16 and HPV-18. Conversely, Gardasil®, produced by Merck, is a quadrivalent  
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vaccine that contains VLPs from HPV-6, HPV-11, HPV-16 and HPV-18. The FDA has 

also approved a cancer preventive vaccine that protects against hepatitis B virus (HBV) 

infection. The anti-HBV vaccine is based on 22-nm particles containing the recombinant 

HBV surface antigen (HBsAg). It is highly immunogenic and has been shown to convey 

lifelong immunity.
14
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Figure 1. Cancer vaccine approaches. 
15

 

 

Vaccines include short peptides, full length proteins,viruses, DNA, dendritic cells, tumor 

cells (killed), and tumor lysates. These elements can be modified, added to adjuvants, or 

combined together. Standard of care approaches such as tumor ablation, certain 

chemotherapies, and radiation can also have vaccine-like effects, promoting tumor 

specific immunity.
15

 They do this by increasing the expression of tumor antigens within 

the tumor or causing the release of antigens from dying tumor cells and by promoting 

antitumor immunity for therapeutic benefit.
16

  Figure 1 is reprinted from ref 15 with 

permission. Copyright 2015 BMJ. 
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B. Peptide-based vaccines 

    The vast majority of pre-clinical and clinical vaccination studies involving peptide-

based vaccines have employed formulations comprising short peptides that match the 

exact, minimal sequences of major histocompatibility complex (MHC) class I-binding 

CD8+ T cell (CTL) epitopes.
17,18,19

 The immunogenic peptides have been delivered in a 

variety of adjuvant formulations (including cytokines and toll-like receptor (TLR) 

ligands) to promote in vivo presentation by endogenous APCs. Candidate peptide 

epitopes are tested experimentally for those that bind commonly expressed HLA 

molecules and are naturally processed and presented by tumor cells. These peptides have 

been shown to be the most immunogenic, since they are capable of activating CD8+ cells.  

A benefit of peptide based vaccine approaches is that nine to ten amino acid peptides 

are simple and cheap to manufacture. However, people who do not express common 

HLA types cannot be treated with this type of vaccine, because of HLA restriction. In 

addition, they can bind exogenously to all cells that express MHC-I, including T cells and 

B cells.
20

 Without proper co-stimulatory molecule expression, the peptides are capable of 

causing exhausting of CTL and tolerance of the immunizing antigens rather than 

immuity.
17, 21,22

 Therefore, longer peptides of 25–35 amino acids in length, called 

synthetic long peptides (SLP) have been developed. Such SLP covering the entire 

sequence of the native protein Ag to which an immune response is targeted, require 

internalization and processing by dendritic cell (DC), therefore induce a robust 

therapeutic T-cell response.
23,24

 An additional advantage of SLP based vaccines is the 

increased duration of in vivo epitope presentation from CD11c
+
 DC in the lymph node 

draining the vaccination site.
20
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However, there are still limitations to peptide based vaccine approaches which stems 

from the concept of “tumor escape”. Tumor cells can undergo antigenic variations or lose 

the expression of immunogenic antigens and/or HLA molecules, thereby avoiding 

recognition by the immune system (cancer immunoediting).
25

 Thus, antigen-negative 

tumor variants will be positively selected under the pressure of T cells targeting antigen 

positive cells. To overcome cancer immunoediting, current immunotherapeutic strategies 

involve simultaneous immunization with multiple peptide antigens. A Phase 2 multi-

peptide vaccine IMA901 trial with metastatic renal cell carcinoma (RCC) patients has 

been recently reported by Walter et al.
10

 The IMA901 trial is the first therapeutic vaccine 

for renal cell cancer (RCC) consisting of multiple tumor-associated peptides (TUMAPs) 

confirmed to be naturally present in human cancer tissue.
10

 The randomized phase 2 trial 

confirmed that immune responses to multiple TUMAPs were associated with longer 

overall survival.
10

 

C. Therapeutic vaccination via DCs. 

a. Antigen-loaded dendritic cells  

Upon differentiation from common myeloid bone marrow progenitors, DCs migrate to 

tissues in an immature state. In response to microbial and endogenous stimuli, immature 

DCs (iDCs) undergo a significant functional shift as they mature. The mature DCs bear 

MHC class II molecules (mDCs) and upregulate co-stimulatory molecules such as CD40, 

CD70, CD86 and the tumor necrosis factor (ligand) superfamily member 4 (TNFSF4, 

best known as OX40L) on the cell surface.
26, 27

 The mDCs also express chemokine 

receptors, such as chemokine (C-C motif) receptor 7 (CCR7), that allow them to 
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efficiently migrate to lymph nodes
28

 and secrete increased quantities of cytokines and 

chemokines.
29

 Therefore, mDCs acquire a robust capacity to elicit adaptive immunity.  

    Vaccination strategies involving DCs which are often called „nature‟s adjuvants‟ have 

been developed owing to their properties in coordinating innate (antigen-nonspecific) and 

adaptive immune responses (antigen-specific).
30

 The aim of DC vaccination is to induce 

tumor-specific effector T cells that can reduce tumor mass and can induce immunological 

memory to control tumor relapse. DCs derived from patients that have been dosed with 

an adjuvant (that induces DC maturation) can be cultured ex vivo and then re-injected 

back into the patients.
26

 The main DC-based anticancer interventions involve: (1) 

intratumoral administration of ex vivo-generated, gene-modified murine bone marrow-

derived dendritic cells (DC);
31,32

 (2) DCs co-cultured with one or more TAAs ex vivo;
33,34

 

(3) strategies that allow for the loading of DCs with TAAs in vivo;
35,36

 and (4) DC-

derived exosomes.
37,38,39

 

In 2010, the first DC based “cancer vaccine” (sipuleucel-T, also known as Provenge) 

was approved by the US Food and Drug Administration (FDA) for use in humans for the 

treatment of certain types of prostate cancer.
9
 The vaccine consists of dendritic cells 

loaded with prostate acid phosphatase as a tumor associated antigen that is fused to 

granulocyte-macrophage colony-stimulating factor, an immune-cell activator. In a Phase 

III trial, the protein fusion based vaccine has been shown to prolong by a median of 4-

months the life of patients with hormone-resistant prostate cancer.
9
 The studies involving 

ex vivo generated DC‑based vaccines are summarized in Table 1. 

Antigens can be directly delivered to DCs in vivo using chimeric proteins that are 

comprised of an antibody that is specific for a DC receptor fused to a selected antigen. 
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Specific targeting of antigens to DCs in vivo has been shown to elicit potent antigen-

specific CD4+ and CD8+ T cell-mediated immunity.
35,40,41 

To target antigens to dendritic 

cells, the Steinman group incorporated ovalbumin protein into an anti-DEC-205 mAb.
40

 

DEC-205 is an endocytic receptor that is abundant on DC cells in lymphoid tissues. 

Receptor-mediated presentation of peptides was shown to be more efficient at inducing 

T-cell division than unconjugated OVA.
40

 However, the activated T cells were then 

deleted and the mice became specifically unresponsive to rechallenge with OVA in 

complete Freund‟s adjuvant.
40

 Simultaneously, they injected agonistic anti-CD40 

antibody, which has been shown to induce the maturation of DCs.
40

 They demonstrated 

that the DEC-205 antigen conjugates initiated immunity from the naive CD4+ and CD8+ 

T cell repertoire.
40

 The mice immunized with the DEC-205 antigen conjugates were 

shown to have enhanced resistance to an established rapidly growing tumor and to viral 

infection at a mucosal site.  

D. Immunotherapeutic whole-cell 

The use of vaccines consisting of irradiated, whole tumor-cell preparations might 

induce the most effective tumor-specific CD4+ and CD8+ T-cell responses by providing 

the immune system with the opportunity to react to multiple TAAs.
42

 Earlier strategies 

included the use of irradiated, autologous tumor cells.
42

 The potential limitations of this 

approach encompass the difficulties associated with obtaining patient-specific cells in 

large amounts and concerns about reproducibly generating vaccine preparations free of 

contaminants.  
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Table 1. Examples of clinical trials testing vaccination with ex vivo DCs. 
30

  

Vaccine and antigen Indication 

GM-CSF–IL-4 DCs with or without HLA-

A*0201- restricted peptides or peptides alone Metastatic prostate cancer 

GM-CSF–IL-4 DCs with peptides, tumor lysates  

or autologous tumor-eluted peptides 

Stage IV melanoma, renal cell carcinoma 

and malignant glioma 

FLT3 ligand-expanded blood DCs and 

altered peptides Advanced CEA+ cancer 

GM-CSF–IL-4 DCs and tumor lysates Refractory paediatric solid tumors 

DCs loaded with autologous tumor RNA Colon cancer 

DCs loaded with killed allogeneic tumor cells Stage IV melanoma 

Monocyte-derived DCs loaded with the NKT 

cell ligand α-galactosylceramide Advanced cancer 

Comparative study of CD34+ HPC-derived 

Langerhans cells versus monocyte-derived DCs Melanoma 
 

CEA, carcinoembryonic antigen; DC, dendritic cell; IL-4, interleukin-4; GM-CSF, 

granulocyte–macrophage colony-stimulating factor; HLA, human leukocyte antigen; 

HPC, haematopoietic progenitor cell; NK cell, natural killer cell. 

Table adapted from Palucka et al.
30
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An irradiated, syngeneic, granulocyte-macrophage colony-stimulating factor (GM-

CSF)-expressing tumor-cell vaccine (Gvax) has been shown to induce dense intratumoral 

infiltrates of APCs displaying superior antigen-presenting activity.
8
 These APCs (mainly 

activated dendritic cells) efficiently process dying tumor cells and traffic to lymph nodes, 

where they prime tumor-specific T cells, generating a potent and sustained antitumor 

immune response.
8
 An allogeneic variant of Gvax derived from tumor cell lines, which 

were originally derived from lymph node (LNCaP) and bone (PC-3) metastases, has been 

tested in both pancreatic cancer and hormone-resistant prostate cancer patients and is still 

under clinical investigation.
43,44,45

 The allogeneic variant of Gvax vaccine approach 

seems to be nontoxic and can induce dose-dependent systemic antitumor immunity.
43,44,45

 

E. Endogenous vaccination 

Classical cancer chemotherapies seem to not only kill tumor cells but also induce 

immune response. For example, cytotoxic treatment such as anthracyclines, oxaliplatin, 

and -radiation induce tumor cells to undergo apoptosis, which is associated with cell 

surface exposure of a protein that is normally found in the lumen of the endoplasmic 

reticulum (ER), namely the Ca
2+

-binding chaperone calreticulin (CRT).
46,47

 When elicited 

by cytotoxic treatments, the CRT exposure pathway is turned on, resulting in CRT 

translocation from the ER onto the plasma membrane surface and apoptotic cancer cell 

death. Dendritic cells (DCs) might capture those apoptotic bodies of tumor cells that have 

expression of CRT on their surface and thus might elicit tumor-specific CD8+ T cell-

mediated immune responses, which then would seek out residual tumor cells.
46,47
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 T-cell-based Immunotherapy  II.

T-lymphocytes are multi-functional effector cells that circulate through the 

bloodstream to detect and destroy diseased cells. Tumor cells process and present 

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

T cell receptor (TCR) recognition of a peptide-MHC complex (pMHC) displayed on 

tumor cell surface, the response of the T cells is initiated. T-cell-based immunotherapies 

include adoptive cell transfer of tumor-infiltrating lymphocytes,
48

 genetically engineered 

T cells,
49

 bispecific antibodies
50

 and immune checkpoint inhibitor antibodies (Figure 

2).
51

 

A. Adoptive transfer of tumor infiltration lymphocytes (TILs) 

The World Health Organization (WHO) estimates that worldwide there are 66,000 

deaths annually from skin cancer, with approximately 80% due to melanoma. The median 

survival of patients with melanoma who have distant metastases (American Joint 

Committee on Cancer stage IV) is less than 1 year.
52

 Tumor-infiltration lymphocytes are 

a heterogeneous cell population found within tumor lesions and mainly consist of T cells. 

Adoptive T-Cell Therapy was firstly described in 1988 for treatment of patients of 

metastatic melanomas.
53 

However, these cells were unable to persist and proliferate in 

vivo, despite simultaneous administration of the T-cell growth factor, IL-2. Following 

lymphodepleting by chemotherapy with drugs such as cyclophosphamide and fludarabine 

and with or without total-body irradiation (TBI), this approach was significantly 

improved.
54

 Fifty percent of patients with metastatic melanoma refractory to all other 

treatments experienced durable responses regardless of the organ site, including the 

brain.
48

 Among patients who achieved a complete tumor regression (22 out of 93  
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Figure 2. Strategies for use of T-cell therapies for cancer. 
55

  

 

Anticancer T-cell-based therapy can be performed (A, B, C) by ex vivo manipulation of T 

cells through Adoptive Cell Transfer (ACT) of unmodified (TILs) or genetically 

modified T cells (TCRs, CARs) and (D, E) by in vivo manipulation of T cells using 

antibodies (bispecific and checkpoint inhibitors). These approaches may induce 

monoclonal (TCRs, CARs, bispecific antibodies) or polyclonal (TILs, checkpoint 

inhibitors) antitumor T cells. Ag, antigen. Figure adapted from Houot et al. 
55
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patients), 19 patients have ongoing complete regressions beyond 5 years and may be 

cured, indicating expansion and persistence of polyclonal antitumor T cells.
48

  

However, the major limitation of this approach is that the process to prepare TILs is 

laborious and expensive. The tumor needs to be resected for TILs isolation. The patient 

needs to tolerate lymphodepletion and high dose IL-2 infusion. Another critical factor has 

been the ability to generate TILs in a short period of time so that the TILs can be 

expanded to sufficient numbers to be administered to patients before their disease 

progresses. Most importantly, this approach seems to be primarily effective for the 

treatment of melanoma, possibly due to high expression of immunogenic mutational 

epitopes due to the high frequency of somatic mutations found for melanoma.
56

 

Therefore, the large numbers of melanoma infiltrating T cells possess specific cytolysis 

against the tumors.
57

    

Adoptive T therapy has also been an attractive strategy for the treatment and 

prevention of Epstein-Barr virus (EBV)-associated lymphoproliferative disease occurring 

after haemopoietic stem-cell transplant or solid organ transplantation, which is a 

potentially life threatening condition.
58

 EPV mainly infects B-cells resulting in the 

expression of viral latency-associated proteins, which could be targeted by T cells. EBV-

specific cytotoxic T lymphocytes (EBV-CTL) have been isolated and successfully used 

to treat post-transplant lymphoproliferative diseases (PTLD).
58

 In addition, autologous 

EBV–specific T cells have been shown to induce durable complete responses without 

significant toxicity in EBV-associated tumors such as nasopharyngeal carcinoma
59

 and 

Hodgkin disease. Approximately 40% of patients with Hodgkin or non-Hodgkin 
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lymphoma express the type II latency Epstein-Barr virus (EBV) antigens latent 

membrane protein.
60

  

B. Genetically modified T cells (TCRs, CARs) 

The major limitations of TILs therapy include the requirement that patients have 

preexisting tumor-reactive cells that can be expanded ex vivo. The difficulty in 

identifying antigen-specific T cells in the cancer types other than melanoma and the 

complex T cells preparation process starting from surgical resection for TILs isolation 

and consistent active T cells generation and expansion to preserve anti-tumor function are 

significant hurdles to their broad application. Recent studies have demonstrated that 

patients‟ peripheral blood lymphocytes can be genetically engineered to recognize tumor-

associated antigens.
61

 The modified lymphocytes have been shown to mediate cancer 

regression in vivo, thus potentially enhancing and extending ACT to patients with a wide 

variety of cancer types. Genetically modified T cells (TCRs or CARs) are transfected 

using virus vectors (retroviruses or lentiviruses) or a transposon system (Sleeping 

Beauty). Following transfection, genetically modified T cells are expanded and 

transferred into patients who have undergone lymphodepletion similar to the protocols 

used for TILs.   

a. TCRs 

The T cell receptor (TCR) is composed of the TCR alpha and beta chains and 

recognizes Tumor-associated antigens (TAAs) when they were presented as peptides by 

the major histocompatibility complex proteins, MHC I and MHC II. While MHC II is 

largely associated with the recognition of bacterial antigens, MHC I is associated with the 

recognition of viral and tumor associated antigens. The first report of investigating 
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genetically engineered peripheral blood lymphocytes (PBLs) was described by the 

Rosenberg group in 2006.
61

 Objective regression of metastatic melanoma lesions was 

observed after the administration of autologous TCRs specific for MART1.
61

  Since these 

early results, TCRs specific to other antigens, including NY-ESO-1
62

 and MAGE-A3
63

 in 

melanoma and synovial sarcoma, gp100 in melanoma
64

 and carcinoembryonic antigen 

(CEA) in colorectal cancer
65

, have been investigated.  

 The major obstacle to the widespread application of TCRs therapy has been the 

observation of on or off target toxicity.
64

 Antigens such as MART1 and gp100 are 

expressed by normal melanocytes present in the skin, retina, and inner ear. TCR gene 

therapy against MART1 and gp100 resulted in skin rash characterized by a dense 

infiltrate of CD3+ T lymphocytes, predominantly CD8+, uveitis (cellular infiltrate of the 

eye), and hearing loss.
64

 Dose-limiting inflammatory colitis was observed in patients 

treated with CEA TCRs with colorectal adenocarcinoma due to the expression of CEA on 

normal epithelial cells throughout the gastrointestinal tract.
65

 In addition, patients with 

myeloma and melanoma, experienced off-target and organ-specific toxicities when 

treated with MAGE-A3-specific TCRs. They developed cardiogenic shock and died 

within a few days of T-cell infusion due to recognition of the unrelated cardiac peptide 

antigen titin.
66

 

b. Chimeric antigen receptors (CARs) for T cell immunotherapy 

Chimeric antigen receptors (CAR) are recombinant receptors that provide both 

antigen-binding and T-cell-activating functions. CARs are modular polypeptides 

typically consisting of three distinct modules: an extracellular target-binding module, a 

transmembrane module anchoring the CAR into the cell membrane, and an intracellular 
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signaling module (Figure 3).
67

 The extracellular target binding module is usually derived 

from a recombinantly derived single chain antibody (scFv) and linked through a 

polypeptide sequence to a transmembrane module. The transmembrane modules are 

usually costimulatory domains derived from CD8 and CD4 coreceptor molecules.
68

 The 

major advantage of CAR-based strategies is that the target-binding scFv is derived from 

antibodies with affinities several orders of magnitude higher than TCRs. In principle, any 

tumor cell surface antigen could be targeted by a CAR, therefore overriding MHC 

restriction, and tolerance to self-antigens.
69

 Therefore, CARs are more broadly applicable 

to patient populations with a diverse expression of MHCs, otherwise known as HLAs.
68

 

In addition, CARs not only have the ability to recognize proteins but also carbohydrate 

and glycolipid structures, again expanding the range of potential targets.
70,71

 The antigens 

targeted to date by CARs are summarized in Table 2 and Table 3. 

Results from early studies in adoptive T cell therapy required transferring large 

numbers of effector T cells, which were found to be unable to expand in the patient to a 

sufficient degree in order to achieve an effector-to-target ratio in vivo necessary to 

eradicate advanced cancers. In contrast, recent results from trials with engineered T cells 

have shown that the infusion of small numbers of cells may suffice since T cell expansion 

can occur in the host once they are engaged with the target tumor. The protocol of 

chimeric antigen receptor (CAR) therapy is shown in Figure 4.  
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Figure 3. Antibodies can bind to surface antigens expressed on tumor cells. 
67

  

 

Chimeric antigen receptors (CARs) have a single-chain antibody fragment (scFv), 

expressed in tandem with signaling elements derived from the T cell receptor (TCR) and 

costimulatory domains such as 4-1BB or CD28. Figure adapted from Barrett et al.
67
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Figure 4. Chimeric antigen receptor (CAR) therapy procedure. 
67

  

 

 

Chimeric antigen receptor (CAR) therapy is similar to an autologous bone marrow 

transplantation procedure. T cells are collected from the patient by apheresis, and the T 

cells are expanded and genetically modified using several approaches before they are 

returned to the patient. Abbreviation: APCs, antigen-presenting cells.
67

 Figure 4 is 

reprinted from ref 67 with permission. Copyright 2014 Annual Reviews. 
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Table 2. Classification of antigenic targets for engineered T cells. 
67

  

Overexpressed self-antigens 

mesothelin  pancreatic cancer 

PSA prostate cancer 

c-erbB2 breast cancer 

Cancer-testes (germ cell) antigens NY-ESO-1, MAGE 

myeloma, 

melanoma 

mutational antigens   
BRAFV600E mutations melanoma 

BCR-ABL 

translocations leukemia 

Viral antigens  
EBV 

Hodgkin 

lymphoma 

HPV cervical cancer 

polyomavirus Merkel cancer 

 

Table adapted from Barrett et al. 
67
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Table 3. Antigens targeted by CARs. 
68
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Table adapted from Sadelain et al. Table 3 is reprinted from ref 68 with permission. 

Copyright 2013 AACR.
68
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Approaches for T cell engineering 

For lymphocyte-based therapies, chromosome-integrating vectors derived from 

gamma retroviruses or lentiviruses have been most useful for long-term gene expression, 

Foamy virus vectors derived from the Spumavirus genus of retroviruses, have advantages 

over gammaretroviruses and lentiviruses, because of being non-pathogenic in non-human 

primates and humans. These vectors may be the safest of the integrating viral approaches. 

Ongoing clinical trials will determine their potential toxicity and efficacy.
72,73

  

For non-virus-based approaches without the use of an integrating vector system, 

RNA-based electroporation of lymphocytes with in vitro transcribed mRNA results in the 

transient expression of proteins. CAR expression and function of RNA-electroporated T 

cells could be detected up to a week after electroporation.
74

 Multiple, more frequent 

injections of RNA CAR–electroporated T cells mediated regression of large vascularized 

flank mesothelioma tumors in mice.
74

 This approach may genetic modify T cells without 

the safety concerns posed by viral vector genomic integration. Another non-virus-based 

approach is the use of transposon-based systems, which can integrate transgenes more 

efficiently than plasmids that do not contain an integrating element. Transposons are 

most commonly introduced into cells by electroporation or lipofection and in the 

presence of transposase enzymes. For example, the Sleeping Beauty (SB) transposon 

system is a non-viral DNA delivery system in which a transposase directs integration of 

an SB transposon into the genome at 5‟-TA-3‟ sequences.
49,75

  

Ligand binding domains 

The extracellular domains that bind to antigen are classified into three general 

categories: (i) single-chain variable fragments (scFvs) derived from antibodies; (ii) 
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fragment antigen-binding domains (Fabs) selected from libraries; or (iii) nature ligands 

that engage their cognate receptor (Table 3). Most commonly used ligands are scFvs 

derived from murine immunoglobulins, since they encoded by a single contiguous 

recombinant gene typically derived from either a well-characterized monoclonal antibody 

or selected by phage display libraries.
76

 Immunogenicity issues are a concern for mouse 

monoclonal based antibodies and libraries, however, the extensive development of 

humanization methodologies and human antibody based libraries has provided workable 

solutions to this important problem.
77

 

The position of the epitope and its distance to the target cell surface are expected to 

affect the binding to the antigen and the optimal formation of T-cell target conjugates and 

synapses.
78,79

 It has recently been shown that that CARs exhibit diminished signaling 

efficiency as the distance of the epitope from the target cell membrane increases. James 

et al constructed two CD22-specific CARs by the genetic modification of CTL.
78

 One 

CAR contains an engineered scFv that binds to the first Ig-like domain of the CD22 

molecule (far from the cell membrane), whereas the second CAR was constructed with a 

scFv, which is situated closer to the cell surface. Diminished Ag sensitivity was observed 

when targeting membrane-distal epitopes. However, lower Ag sensitivity can be an 

advantage and allow discrimination between targets with differing levels of Ag 

expression. Consequently, the anti-CD22 CARs are highly cytotoxic to B cell lymphoma 

lines expressing high levels of CD22, but have minimal lytic activity against autologous 

normal B cells, which express lower levels of CD22.
78
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CAR signaling 

Chimeric fusion receptors were shown to have T cell-activating potential with 

different fusion combinations between CD3-or Fc receptor and CD8, CD4, CD25 or 

CD16. 

The T cell antigen receptor (TCR) is a complex, multi-chains structure 

composed of an antigen binding heterodimer () and three conserved signal 

transducing modules: CD3- and CD3- heterodimers and a TCR- homodimer.
81

 

Irving et al constructed a chimeric protein linking the extracellular and transmembrane 

domains of CD8 to the cytoplasmic domain of the  chain and found that the 

CD8/chimeracan be expressed in the absence of CD3 and , and is capable of 

generating inositol trisphosphate, tyrosine phosphorylation, release of interleukin-2, and 

expression of CD69 in response of antibody crosslinking stimuli.
80

  

The  chain of TCR is a dimeric transmembrane protein that triggers T cell effector 

function when aggregated by extracellular stimuli, with a very short extracellular domain 

and an extended cytoplasmic tail.
82

 Protein chimeras were prepared by Romeo et al, in 

which the extracellular domain of CD4 is fused to the transmembrane and the 

intracellular domains of the TCR and IgG Fc receptor signal transducing elements. CTLs 

expressing the CD4/ or CD4/Fc show potent MHC-independent destruction of cellular 

targets expressing HIV envelope proteins gp120.
83

 Like the Fc receptor-associated  

chain is associated with other polypeptides for mediating ligand recognition or other 

undefined functions.  bears a homodimeric structure and has an overall organization 

very similar to that of  and is a component of monocytes/macrophages, dendritic cells 

(DCs) and NK cells. Activating hFcRI and hFcRIIIA requires the association of the 

FcRsubunit (Fcer1g) to be expressed and functional at the cell surface. hFcRI (CD64) 
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is restricted by monocytes/macrophages and dendritic cells (DCs) and, inducibly 

expressed on neutrophils and mast cells. hFcRIIIA (CD16A) is a low affinity IgG Fc 

receptors, expressed on NK cells and monocytes/macrophages.
84

 Romeo et al further 

supported the role of CD3  or FcRin facilitating the coupling of the TCR to 

intracellular signal transduction.
83

 As an extension of this work, Letourneur et al 

constructed chimeric proteins consisting of the extracellular domain of the  chain of the 

interleukin 2 receptor (CD25) and the cytoplasmic domain of either  or FcR to activate 

cells when expressed in either T cells or rat basophilic leukemia cells.
85

 

Although the signaling delivered by the CD3-δ CARs cytoplasmic domain is well 

suited for activating cytolytic stimulus, the optimal activation of T cells requires the 

engagement of one or more co-stimulatory receptors (signal 2).
86

 The best characterized 

co-stimulatory molecule is CD28.
87,88

 In the absence of CD28 signaling, CD3-δ CARs 

can result in a very poor T-cell proliferative response or in the induction of anergy or 

apoptosis.
87  

For example, CD3-δ CARs against prostate-specific membrane antigen 

(PSMA, a cell-surface glycoprotein expressed on prostate cancer cells and the 

neovascular endothelium of multiple carcinomas) failed to elicit a robust and sustained 

cytokine response, including interleukin-2, and support T cell expansion upon repeated 

exposure to antigen in the absence of costimulatory signal CD28.
89,88

 Other cytoplasmic 

domains of a costimulatory receptors such as 4-1BB, DAP10, OX40 or ICOS have been 

also reported to construct the second generation of CARs (Figure 5).The dual-signaling 

CARs conferred enhanced signaling and persistence to T cells, which has been confirmed 

in patients treated with a mixture of T cells transduced with either a CD28/CD3δ or 

CD3δ-only CAR.
90 
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Figure 5. Structure of first-generation to fourth-generation CARs.  

 

 

The first-generation CAR contains one intracellular CD3δ signaling domain to allow for 

TCR signaling. The second-generation CARs have two intracellular signaling domains: a 

co-stimulatory domain comprising either a CD28 or a 4‑1BB signaling domain, coupled 

with a CD3δ signaling domain to enable T-cell activation and proliferation upon antigen 

recognition. The third-generation CARs have two co-stimulatory domains and a CD3δ 

signaling domain. The first co-stimulatory domain is either a CD28 or a 4‑1BB domain, 

with the second co-stimulatory domain consisting of either a CD28, a 4‑1BB or a OX40 

domain. Fourth-generation „armoured CAR T cells‟ combine a second-generation CAR 

with the addition of various genes, including cytokine and co-stimulatory ligands. Figure 

adapted from Batlevi et al. 
91
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Costimulatory ligands, chimeric costimulatory receptors and cytokines 

Costimulatory support, such as costimulatory receptor ligands and cytokines, can be 

engineered into cells to modulate the function and/or survival of CAR-transduced T cells. 

The combination of CD80 and 4-1BBL has been shown to result in sustained in vivo T 

cell expansion and persistence, associated with the rejection of massive, established 

tumor burdens.
92

 Several ligands for Ig super-family and TNF receptor family 

costimulatory receptor, including CD80, CD86, 4-1BBL, OX40L and CD70, have been 

shown to enhance T cell proliferation and cytokine secretion upon antigen engagement.
68

 

Both auto- and trans-costimulation have been shown to contribute to enhanced T cell 

activity in this context, which may enhance adoptive cell therapies utilizing CAR- or 

TCR-transduced T cells. 

Another approach to enhance the potency of CAR-targeted T cells is to further 

genetically modify the T cells to secrete pro-inflammatory or pro-proliferative cytokines. 

Numerous cytokines profoundly affect T-cell development, differentiation, and 

homeostasis. IL-2, IL-7, IL-15, and IL-21 are members of a cytokine family whose 

heteromeric receptors share the common γ chain (γc). They are T-cell growth factors and 

can augment the T-cell antitumor immune response. Human primary T cells were 

genetically modified to recognize the CD19 antigen and overexpress a γc-cytokine. IL-7 

and IL-21 were found to be superior to IL-2 and IL-15 in enhancing γc cytokine secretion 

and tumor rejection in a xenotransplant model of human CD19+ tumor.
93

 In an immune 

competent syngeneic tumor model, CD19-specific CAR-T cells expressing IL-12 showed 

greater efficacy than CAR-modified T cells alone.
94

 They are able to safely eradicate 
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established disease in the absence of prior cyclophosphamide conditioning and acquire 

intrinsic resistance to T regulatory cell-mediated inhibition.
94

 

Clinical applications 

Over the last decade, many groups have shown that CAR-T cells have potent anti-

tumor effects against a variety of advanced hematologic malignancies of the B-cell 

lineage. The central issue facing the field is whether the technology can be extended to 

non-B cell derived malignancies, and in particular carcinomas. Solid tumors overall have 

less sensitivity to T cell mediated cytotoxicity and the microenvironment is usually 

immunosuppressive.
95

 In addition, solid tumors tend to lack specific target antigens, thus 

identifying valid targets is an essential goal that requires further investigation.
95

 

In terms of practical limitations, CAR-T based therapies are restricted to target cell 

surface antigens. Furthermore, since CARs are chimeric modular polypeptides contain  

unique junctional fragments, CAR-T cells have the potential to be targeted by a patient‟s 

humoral and cellular immune responses. For example, humoral immune responses have 

been shown to neutralize CAR–mediated T-cell function toward the renal cancer antigen, 

carbonic anhydrase IX (CAIX).
96

 In rare instances, CAR-T cells can provoke anaphylaxis 

most likely by inducing an IgE antibody specific for the murine-based antibody 

sequences present in the CAR-modified T cell product.
97

 Cellular immune responses have 

been shown to be directed to the complementarity-determining and framework regions of 

the CAR scFv. 

The viral based methods for introducing the genes required to produce CAR-T cells 

have raised additional immunogenicity concerns. The retroviral transduction of T cells 

has been shown to introduce vector-derived immunogenic epitopes in to a patient‟s T 
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cells.
96

 The herpes simplex virus thymidine kinase (HSV-TK) gene has been used most 

extensively in the clinic for regulating cell survival. The first study to administer HSV-

TK-modified T cells to patients used a retrovirus (HyTK) that encodes hygromycin 

phosphotransferase (Hy) and HSV-TK to transduce autologous HIV gag-specific CD8+ 

T-cell clones that were infused into HIV-infected individuals to augment virus-specific 

immunity. The viral TK, in contrast to the mammalian TK, efficiently phosphorylates the 

nucleoside analogue ganciclovir, resulting in the formation of a toxic metabolite to 

mammalian cells. Therefore, ganciclovir can be administered to ablate the CAR-Ts if 

toxicity occurs after their infusion. However, rapid clearance of HyTK positive T cells 

after repeated infusions, and the elimination of T cells coincided with the induction of 

CD8+ cytotoxic T lymphocyte (CTL) responses directed against Hy and HSV-TK 

derived protein.
98

  

CAR Safety 

The immune-mediated rejection of normal tissues that express the targeted antigen is 

referred to as an “on-target, off-tumor” response. Other than “on-target, off-tumor” 

responses similarly observed for TCR therapy, anti-tumor responses mediated by a large 

number of activated T cells has the potential to initiate cytokine storms syndrome (CSS), 

which is characterized by high fever, hypotension and organ failure. The use of steroids, 

vasopressors and/or supportive therapy delivered in the intensive care unit has been used 

to clinically manage this highly deleterious and potentially life threatening response. 

Grupp and colleagues have observed that IL-6 blockade utilizing Tocilizumab may be 

effective in steroid-refractory circumstances, without compromising T cell efficacy.
99

 

Unlike many conventional drug-induced side effects, CSS cannot be controlled by simply 
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reducing drug dosage, as proliferating T cells will increase in numbers and eventually 

reach critical levels where a synchronous cytokine response may exceed patient 

tolerability. Split T cell dosing or short-lived T cells may partially reduce this effect, but 

more fundamental solutions are needed to reduce and ideally prevent the side effects 

associated with the large scale activation of T-cells. 

C. Checkpoint blockade 

A crucial breakthrough in cancer immunotherapy came in 1996, when James Allison, 

an immunologist at MD Anderson Cancer Center, and his colleagues showed that it was 

possible to amplify anti-cancer immunity by taking the brakes off a molecular checkpoint 

that would otherwise dampen the immune response.
51

 Apart from the well-documented 

inhibitory cells including regulatory T cells (Tregs) and myeloid-derived suppressor cells 

(MDSC) that are upregulated in the tumor microenvironment, T cells have intrinsic 

regulatory mechanisms that negatively regulate their effector function. Activated T cells 

upregulate surface inhibitory receptors including cytotoxic T-lymphocyte-associated 

protein 4 (CTLA-4) and programmed death ligand 1 (PD-1). Upon binding to their 

respective ligands, these molecules transmit inhibitory signals to T cells and attenuate T-

cell activation. The immune system relies on these checkpoints to regulate inflammation 

and limit the risk of autoimmune disease. Many tumor types can circumvent T-cell-

mediated destruction by taking advantage of these inhibitory pathways. Blocking 

antibodies disrupting these receptor-ligand interactions can enable enhanced T-cell-

mediated antitumor activity (Figure 6). This approach to immune therapy is referred to as 

checkpoint blockade. Unlike adoptive T-cell therapy, which relies upon the presence of 

cancer-specific antigens and requires ex vivo manipulations, checkpoint blockade is not 
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tumor specific and can be used as an off-the-shelf monoclonal antibody to treat a 

spectrum of malignancies.  

a. CTLA-4 blockade 

The coinhibitory receptor cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4; 

also known as CD152) predominantly regulates T cells at the stage of initial activation 

(approximately 48 hours after T-cell activation) by competing with the CD28 

costimulatory receptor for binding to CD80 (B7-1) and CD86 (B7-2), which are typically 

expressed by antigen-presenting cells such as dendritic cells. Since CTLA4 has a much 

higher overall affinity for CD80 and CD86, CTLA4 expression on the surface of T cells 

has been proposed as a method of dampening the activation of T cells by outcompeting 

CD28 for CD80 and CD86. 

CTLA-4 binding to CD80 and CD86 has been shown to deliver inhibitory signals to 

the T cell, thus reducing T-cell activation. CTLA-4 was found to increase T cell motility 

and override the T cell receptor (TCR)-induced stop signal required for stable conjugate 

formation between T cells and antigen-presenting cells.
100

 Moreover, accumulation of 

CTLA-4 at the immunological synapse appears to be proportional to the strength of the 

TCR signal, suggesting that cells receiving stronger stimuli are more susceptible to 

CTLA-4-mediated inhibition.
101

  

CTLA-4 signaling has also been shown to reduce the production of both the growth 

factor IL-2 and cyclin D3, cyclin-dependent kinase (cdk)4, and cdk6, thus restricting T 

cell expansion.
102,103,104

 The possibility is raised that blockade of inhibitory signals 

delivered by CTLA-4-B7 interactions might augment T cell responses to tumor cells and 

enhance antitumor immunity. Two fully humanized CTLA-4 antibodies, ipilimumab and 
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tremelimumab, began clinical testing in 2000. Initial testing was as a single agent in 

patients with advanced disease that were not responding to conventional therapy.
105

 Both 

antibodies produced objective clinical responses in ~10% of patients with 

melanoma,
105,106

 but immune-related toxicities involving various tissue sites were also 

observed in 25-30% of patients, including the skin (dermatitis) and the colon (colitis). 

While tissues that undergo rapid regeneration, such as the skin and colon are the most 

affected, while less rapidly regenerated tissues such as the lungs, liver and the pituitary 

and thyroid glands, are less frequently affected.
106

  

Immune toxicities from anti-CTLA4 therapy are usually successfully mitigated by 

treatment with systemic steroids or tumor necrosis factor (TNF) blockers when systemic 

steroids are ineffective.
106

 In a phase 3 study, ipilimumab, at a dose of 3 mg per kilogram 

of body weight, was administered with or without gp100 every 3 weeks for up to four 

treatments (induction). Ipilimumab (10.0 months), compared with gp100 alone (6.4 

months), improved the overall survival of metastatic melanoma patients over those 

treated with the current standard of care chemotherapy (dacarbazine, temozolomide, 

fotemustine, carboplatin, or interleukin-2).
107

 From the original treatment group a set of 

super-responders was identified, who are currently still alive. The immune-related 

adverse events that were most frequently observed were associated with the skin and 

gastrointestinal tract.
107

 Nevertheless, these negative side effects were found to be 

reversible with appropriate treatment.
107

 The effect of ipilimumab on long-term survival 

is more impressive than the mean survival: 18% of the ipilimumab-treated patients 

survived beyond two years (compared with 5% of patients receiving the gp100 peptide 

vaccine alone).
107

 In 2011, the US Food and Drug Administration (FDA) approved the 
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CTLA-4 inhibitor, ipilimumab (Bristol-Myers Squibb), for use in treating advanced 

melanoma, marking the first checkpoint blocking antibody to be approved for clinical 

use.  

b. Blockade of the PD1 pathway 

Another immune-checkpoint receptor, programmed cell death protein-1 (PD1), has 

emerged as a promising immune checkpoint inhibitor of T cell function. PD-1 binds to its 

ligands on cancer cells: PD-L1 (also known as B7-H1 or CD274) and PD-L2 (also known 

as B7-DC or CD273), primarily within the tumor microenvironment.
108

 A key finding 

was the strong association found between melanocyte expression of PD-L1 and the 

presence of tumor-infiltrating lymphocytes (TILs) in human melanocytic lesions.
109

 The 

TILs were found to be associated with the local production of the inflammatory cytokine 

IFN-γ.
109

 Therefore, it was hypothesized that the B7-H1/PD-1 pathway may represent an 

adaptive immune resistance mechanism of immune escape exerted by tumor cells in 

response to endogenous antitumor activity.
109

  

Expression of PD-L1 as an adaptive response to endogenous antitumor immunity can 

occur because PD-L1 is induced on most tumor cells in response to interferons (IFNs)- 

predominantly IFNγ. Similarly to CTLA-4, PD1 is highly expressed on Treg cells, where 

it may enhance their proliferation in the presence of ligand. Many tumors are highly 

infiltrated with Treg cells that further suppress effector immune responses. Increased PD1 

expression on CD8+ TILs may either reflect an anergic or exhausted state, as has been 

suggested by decreased cytokine production by PD1+ compared with PD1- melanoma 

TILs.
110

 This translates into a major immune resistance mechanism within the tumor 

microenvironment.  
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Figure 6. Targeting immune checkpoints with CTLA-4 and PD-1 blocking antibodies in 

cancer immunotherapy.   

 

(a) Cytotoxic T-lymphocyte antigen 4 (CTLA-4) is up-regulated shortly after T-cell 

activation and negatively regulates T cells. Anti-CTLA-4 antibodies, such as ipilimumab 

and tremelimumab, enhance antitumor activity by blocking this inhibitory signal. (b) 

Programmed death 1 (PD-1) inhibitory receptor plays a more prominent role in 

modulating T cell activity in the peripheral tissues during the effector phase. PD-1 is 

expressed by T cells after antigen exposure, and its ligation with PD-L1 and PD-L2 

results in negative regulation of T cells in the tumor microenvironment. Blockade with 

antibodies to PD-1 or PD-L1 (e.g., Nivolumab and MK-3475) results in the activation of 

T cells with specificity for the cancer. Figure adapted from Kyi et al.
111
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PD1 is more broadly expressed than CTLA4. The induction of PD1 expression of on 

other activated non‑T lymphocyte subsets, such as B cells and natural killer (NK) cells, 

and is believed to inhibit their lytic activity.
112

 Therefore, PD1 blockade also probably 

enhances NK cell activity in tumors and tissues and may also enhance antibody 

production either indirectly or through direct effects on PD1+ B cells.
112

  

Similar to the high expression of PD1 on TILs from many cancers, PD1 ligands are 

commonly upregulated on the tumor cell surface of many different human tumor types. 

On solid tumor cells, the major PD1 ligand that is expressed is PD-L1.
113,114

 PD-L2 was 

also reported to be upregulated on cells from certain B cell lymphomas, such as primary 

mediastinal B cell lymphoma, follicular cell B cell lymphoma and Hodgkin‟s disease.
115

 

Taken together, the general findings of increased PD1 expression by TILs and the 

increased PD1 ligand expression by tumor cells has provided an important rationale for 

the capacity of antibody blockade of this pathway to enhance a patient‟s anti-tumor 

immune responses. 

Recently, pembrolizumab (Merck) was approved by the FDA for previously treated 

advanced melanoma in September 2014.
116

 Pembrolizumab has been assessed in a 

number of clinical trials. A phase I non-randomised trial enrolled 135 patients with 

advanced melanoma. The majority of participants (69%) had received previous systemic 

treatment, including chemotherapy, immunotherapy, or a BRAF inhibitor. Patients were 

given pembrolizumab 10 mg/kg every two or three weeks, or 2 mg/kg every three weeks. 

Across all doses, 38% of patients who could be evaluated had a confirmed response to 

treatment. The overall median progression-free survival among the 135 patients was 

longer than 7 months.
117

 Immune-mediated adverse reactions included pneumonitis, 
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colitis, hepatitis and nephritis.
117

 A randomised phase 3 trial compared pembrolizumab to 

ipilimumab. All enrolled patients had advanced melanoma but only 34% had been 

previously treated with systemic therapy. The response rate with Pembrolizumab at 10 

mg/kg every two or three weeks was improved by 22% compared to ipilimumab, with 

fewer high-grade toxic events observed.
118

  

D. Bispecific antibodies 

An alternative non-genetic immunotherapy approach involves bispecific T cell 

engagers (BiTEs), by joining two different antigen-binding sites in a single molecule to 

recruit cytotoxic T lymphocytes (CTLs) to recognize MHC non-restricted tumor 

antigens.
119,50

 BiTEs are small bispecific antibodies construct that can transiently link 

target cell antigens with any cytotoxic T cells by bridging to the invariant CD3 epsilon 

subunit of the T cell receptor (Figure 7). Potentially all pre-existing cytotoxic T cells in a 

patient can be engaged by this approach, of which effector memory T cells seem to make 

the dominant contribution to redirected target cell lysis. Therefore, the engagement of T 

cells with the help of BiTEs may not be impacted to the same extent by the tumor escape 

mechanism. BiTE antibodies have demonstrated efficacy in hematologic malignancies, 

both pre-clinically and clinically. Blinatumomab (antiCD3/CD19 BiTE), which has 

shown dramatic clinical efficacy in the treatment of patients with relapsed or refractory 

B-non-Hodgkin's lymphoma (NHL) and B-ALL, was approved recently (December 

2014)
120

 and represents a breakthrough for BiTE technology with potential applications 

for other targeting cancer therapy.   

Blinatumomab is a 55-kDa fusion protein composed of two single-chain antibodies 

(scFvs) (Figure 7). Fusion is achieved by recombinant DNA technology using respective 
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cDNAs encoding the four variable domains and three linker sequences. The short, non-

immunogenic linker sequence of 5 amino acids is used to recombinantly link the two 

scFvs in tandem. The short linker may allow the two scFvs a high degree of rotational 

flexibility since simultaneous binding to two epitopes positioned on cell membranes of 

two separate cells is required. The equilibrium dissociation constants (Kd) of 

blinatumomab for CD19 and CD3 are ~1nM, and ~100 nM, respectively.
121

 At clinically 

relevant serum levels ranging from 0.5 to 3 ng/ml (0.9–5.6×10
−11

M), only very small 

amounts of blinatumomab are expected to be bound by T or target cells.
121

 

Redirected lysis by blinatumomab and other BiTE antibodies such as MT110 (anti 

EpCAM/CD3 BiTE) is dependent on formation of a cytolytic synapse, allowing 

discharge of toxic proteins that are normally stored inside secretory vesicles of cytotoxic 

T cells.
122

 These vesicles contain the pore-forming protein, perforin, which assembles in 

a calcium-dependent fashion in the target cell membrane
123

 In addition, they also release 

a cocktail of granzymes, which are proteases capable of hydrolyzing multiple 

cytoplasmic proteins. Damage of the target cell membrane was evident from nuclear 

uptake of propidium iodide and the release of the cytosolic enzyme adenylate kinase.
122

 

Granzyme B activated programmed cell death was observed for the targeted cancer cells 

by observing membrane blebbing, cleavage of procaspases 3 and 7, fragmentation of 

nuclear DNA and cleavage of the caspase substrate poly(ADP ribose) polymerase 

(PARP).
122

 The mode of action of blinatumomab and all other BiTE antibodies is 

summarized in Figure 8.  

Key features of BiTE antibodies include the ability to redirect target cell lysis via T-

cells at low concentrations (EC50 values ranging from 0.1 to 50 pmol/L (2-1,000 pg/mL)), 
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the ability to activate T-cells to kill in the presence of target cells, and the ability to allow 

T-cells to serially lyse target cells.
50

 More than ten different antigens have been targeted 

by BiTEs including CD19,
124

 EpCAM,
122

 Her2/neu,
125

 EGFR,
126

 carcinoembryonic 

antigen (CEA),
127

 CD33,
128

 EphA2,
129

 and Melanoma-associated chondroitin sulfate 

proteoglycan (MCSP or HMW-MAA).
130

  

To assess the efficacy of BiTE antibodies, xenograft models were established in non-

obese diabetic/severe combined immunodeficiency (NOD/SCID) mice supplemented 

with resting human T cells.
131

 Other xenograft animal models were based on 

immunocompetent mice and patient cancer tissue, and human cancer cell lines. In 

addition, models prepared with syngeneic murine cancer cell lines producing lung 

metastases, orthotopic, or subcutaneous tumors have been investigated. Tested BiTE 

antibodies were either human- or murine-specific, or had a dual species specificity, 

referred to as “hybrid BiTE antibody”.
50

 

Blinatumomab was first administered as a short-term intravenous infusion in patients 

with non-Hodgkin‟s lymphoma.
121

 However, neurologic adverse events (AEs), cytokine 

release syndrome, and infections were observed in patients in the absence of objective 

responses, which prevented continuous exposure to the drug.
121

 This may have been due 

to the relatively short half-life of blinatumomab (~2h). Therefore, the next trial 

administered blinatumomab as a continuous intravenous infusion (civ) over 4–8 weeks 

via an implanted port system and a portable minipump. Most patients in this phase 1 

study had stage III or stage IV NHL with exhibiting mainly mantle cell lymphoma 

(MCL), follicular lymphoma (FL), and diffuse large B cell lymphoma (DLBCL). In all 

patients treated at a dose level of 5 µg/m
2
/d and higher, a rapid and long-lasting 
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eradication of B cells from peripheral blood has been observed. Partial and complete 

tumor regressions were first observed at a dose level of 15 μg/m
2
/day, and all seven 

patients treated at a dose level of 60 μg/m
2
/day experienced a tumor regression. 

Blinatumomab also led to clearance of tumor cells from bone marrow and liver.
132

 At all 

dose levels, the disappearance of peripheral blood CD8+ and CD4+ T cells was seen with 

the early loss (first few hours) from the peripheral blood (PB) after treatment initiation. T 

cell counts returned to baseline levels within 1-2 days, suggesting a redistribution 

phenomenon rather than elimination.
132

 A detailed analysis of T cell subpopulations 

indicated that CD4+ and CD8+ effector memory T cells with CD45RA-/CCR7- 

phenotype primarily expanded, whereas counts of CD8+ T cells with phenotypes of 

naïve, central memory, and CD45RA+ effector memory T cells remained more or less 

constant.
132

 The most common AEs during the study were flu-like symptoms (eg. 

pyrexia, fatigue, and headache), weight increase, and weight decrease. Step-dose 

escalation and corticosteroid premedication were instituted to minimize the incidence and 

severity of AEs, particularly cytokine release syndrome (CRS) and neurologic events. 

Patients had increased serum levels of certain inflammatory cytokines, such as IL-10 and 

IL-6 upon start of infusion. All cytokine increases were transient and normalized within 

days under the continued dosing of the BiTE. At the target dose of 60 µg/m
2
/d, the 

overall response rates were 75 and 55% for indolent lymphoma and DLBCL, 

respectively, resulting in the continued development of blinatumomab in a broad range of 

B-cell malignancies. 
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Figure 7. Generation of Blinatumomab.  

 

 

Blinatumomab, a bispecific single-chain antibody construct with dual specificity for 

CD19 and CD3, is the front runner of the BiTE (Bispecific T-cell engaging) antibody 

class. Figure adapted from Nagorsen et al.
133
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Figure 8. The mechanism of action of Blinatumomab.  

 

 

 

Blinatumomab and other BiTE antibodies transiently induce a cytolytic synapse between 

a cytotoxic T cell and the cancer target cell. Granules containing granzymes and the pore-

forming protein perforin fuse with the T cell membrane and discharge their toxic content 

leading to the death of the target cell. Figure 8 is reprinted from ref 121 with permission. 

Copyright 2012 Elsevier Inc.
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 Summary and thesis goal III.

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

approach for engineering multivalent recombinant antibodies for targeted drug delivery, 

such as small molecules, toxins and nucleic acids. In this thesis, we are trying to explore 

their applications as the platform for delivery of vaccine adjuvants and for redirecting 

immune cells specificity for cancer immunotherapy. The first goal of this project was to 

direct the formation of heterodimer of bispecific CSANs. We have synthesized a MTX 

analog for the purpose of modulating DHFR-MTX interactions to favor the formation of 

DHFR heterodimers. The binding affinities of this MTX analog with either wild type 

DHFR or several DHFR mutants were determined. The second project was to evaluate 

the ability of bispecific CSANs for redirecting human T cells specificity against tumor 

cells. Finally, to explore the potential of DHFR
2
 based CSANs as vaccines displaying 

multivalent antigens and adjuvants, we prepared CSANs assembled with the bisMTX-

CpG  oligonucleotides, and determined their in vivo immune responses in a mice model.  
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Chapter Two: Design of asymmetric dimerizer 
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 Introduction I.

A. Chemically induced dimerization (CID) system 

      Cellular activities are in part activated by polypeptide hormones, cytokines, growth 

factors, or growth inhibitors to their cell surface receptors, including protein tyrosine 

kinase receptors (eg. EGF receptor),
134,135

 cytokine receptors (GH receptor bound to JAK 

kinases),
136

 antigen receptors (TCR),
137

 trimeric receptors (TNF receptor),
138

 and 

serine/threonine kinase receptors (TGF- receptor).
139

 Those receptors and several 

components in the intracellular signal transduction pathways are often regulated by 

ligand-induced dimerization or oligomerization. Diverse physical and biological 

outcomes can be achieved through protein dimerization strategies.
140

 Dimerization of cell 

surface receptors can bring them into proximity with one another, resulting in the 

activation of intracellular signaling pathways, such as the TGF- receptor or the EGF 

receptor.
141

 Heterodimerization of proteins is a common mechanism for regulating 

cellular functions. Bcl-2, a death repressor molecule, can be neutralized by 

heterodimerizing with a Bax molecule in vivo. Bcl-2 homodimers favor survival whereas 

Bax homodimers favor death, therefore they compete for one another via heterodimers to 

precisely regulate the balance of proteins.
142

 Furthermore different heterodimers may 

have distinct DNA-binding specificities and affinity.
143

  

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

number of classes of dimerizers that can bind to two proteins simultaneously and bring 

them in close proximity.
144

 CIDs have been developed to manipulate cell receptor signal 

transduction, and gene transcription.
145

 Several CID systems have been investigated 

(Table 1). Homodimerization represents the dimerization of two identical proteins 
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whereas heterodimerization represents the linkage of two different molecules (Figure 

1A). The first reported synthetic dimerizer FK1012 is a cell permeable bivalent derivative 

of an immunosuppressive drug FK506, which can tightly bind to its protein target 

FKBP.
146

  FK1012 can successfully induce the dimerization of FKBP12 domains of a 

chimeric Src--FKBP12 receptor, which contains the intracellular domain of the T-cell 

receptor (chain), and initiate the endogenous signal transduction cascade (Figure 

1C).
146

 Alternatively, a dihydrofolate reductase (DHFR) and methotrexate (MTX) CID 

system has been developed for the controlled assembly of stable and homogeneous 

protein polygons, or nanorings.
147
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Table 1. Chemically induced dimerization systems.  

Target protein(s)   Dimerizer ligand   Reference 

FKBP FKBP 

 

FK1012 

 

146
 and 

148
 

FKBP CAN 

 

FK506 

 

148
 

FKBP CyP 

 

FK506-CsA 

 

149
 

FKBP FRB 

 

Rapamycin 

 

148
 and

150
 

GyrB GyrB 

 

Coumermycin 

 

151
 

DHFR DHFR   BisMTX   
152

 

 

FKBP, FK506-binding-protein 12; CNA, calcineurin A; CsA, cyclosporin A; CyP, 

cyclophilin; FRB, FKBP-rapamycin binding domain of FKBP-rapamycin-associated 

protein; GyrB, B subunit of bacterial DNA gyrase.  

Table adapted from Kopytek et al.
152
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Figure 1. Overview of established CID systems.  

 

Scheme A indicates chemically induced dimerization of two identical proteins to form a 

homodimer (green) in the presence of a symmetric dimerizer (red) and two different 

proteins to form a heterodimer (green and blue) induced by an asymmetric dimerizer 

(red).
144

 In scheme B, a synthetic small molecule, FK1012 can dimerize two proteins 

(FKBP) whereas rapamycin can mediate heterodimerization of FKBP and the FKBP-

rapamycin-binding (FRB) domain of the mammalian target of rapamycin (mTOR).
153

 C. 

Model for intracellular activation of Src--FKBP12 receptor by FK1012 and subsequent 

signaling. Figure adapted from Spencer et al.
146
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B. Introduction of DHFR-MTX 

Dihydrofolate reductase (DHFR) catalyzes the NADPH-dependent reduction of 

dihydrofolate to tetrahydrofolate and is a key enzyme involved in thymidine biosynthesis 

or DNA synthesis. It has been used extensively as a drug target for the treatment of 

various forms of cancer, rheumatic diseases and bacterial infections.
154

 The folate 

antagonists or DHFR inhibitors belong to an important class of therapeutic compounds. 

For example, trimethoprim and pyrimethamine are used as potent inhibitors of bacterial 

and protozoal DHFRs, but have little activity against mammalian cells. Methotrexate is 

used frequently as an anticancer drug and as an anti-inflammatory and 

immunosuppressive agent for the treatment of rheumatoid arthritis.
154

  

MTX is a folate analog that binds DHFR about 10
8
 times more strongly than 

dihydrofolate itself
155

 with a dissociation constant (KD) of  ~0.6 nM  for E. coli.
156

 The 

crystal structure of binary complex DHFR and MTX has been determined to 1.7 Å 

resolution (PDB:4DFR).
155,157

 Inspired by the design of other CID systems, Wagner and 

coworkers noted that although E.coli DHFR (ecDHFR) and methotrexate are monomeric 

in solution, they were crystalized in a dimeric form with C2-symmetry.
158

 The glutamate-

-carboxyl tail of MTX is directly pointed toward its cognate and is sterically uncrowded. 

From molecular modeling result, a 9 to 12 carbon linker was found to be sufficient to 

bridge the 9 Å gap between the carboxylates without significantly perturbing the ligand 

orientation. To support this hypothesis, Kopytek and coworkers reported the synthesis of 

a MTX dimer (bisMTX) linked by 10 methylenes and 2 oxygens (12 atoms) to partially 

dimerize ecDHFR.
159

 Wagner and coworkers synthesized a bisMTX bridged by 

methylene-based linker (12 atoms) and confirmed this ligand can induce dimerization of 
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ecDHFR up to 97% at a dimerizer: protein concentration ratio of 0.5:1, which further 

proved that the dimerization was stoichiometric (i.e., 2 equiv of enzyme dimerized per 

equivalent of bisMTX added).
158

 The linker between the two MTX molecules was later 

optimized to a shorter 9-carbon linker, which was successfully co-crystalized with 

ecDHFR.
160

 The crystal structure was shown in Figure 2.   

To explore the application of DHFR-MTX CID system, Wagner and coworkers 

designed a set of DHFR fusion proteins with varying inter-domain linker lengths (1 to 13 

amino acids) and found that bisMTX induced the self-assembly of a DHFR-DHFR fusion 

protein (DHFR
2
).

147
 Based on macrocyclization theory, ring formation is highly favored 

over linear counterparts, since the high affinity of DHFR for bisMTX would facilitate and 

enhance intramolecular effective molarity.
147,161

 Instead of forming linear oligomers, 

highly stable cyclic protein nanorings with diameters ranging from 8 to 30 nm could be 

rapidly and easily prepared from 2 to 8 DHFR
2 

monomers.
147

 The protein nanoring size 

was found to be highly dependent on the length and composition of the peptide linker 

between DHFR
2
. When the linker was 13 amino acids, dimer formation was mainly 

observed with smaller quantities of trimer, tetramer, and pentamer after incubation with 

bisMTX. In contrast, octamer formation was highly favored when the peptide linker was 

a single glycine. The cyclic structure was characterized by static and dynamic light 

scattering, and visualized by transmission electron microscope (TEM). The images 

observed by TEM (Figure 3) showed that the circular rings were remarkably 

homogeneous, with no apparent linear fragments, fractured, or displaced toroids present. 

The observed toroids range from 20 to 28 nm in outer diamer, corresponding to 

oligomers of 6-9 subunits.
147

 Like other CID methods, DHFR
2
-bisMTX system is able to 
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allow reversible MTX induced DHFR dimerization by the monomeric DHFR inhibitor 

trimethoprim.
162

 

C. Ligand induced heterodimerization 

Changes in the subcellular localization of signaling proteins and cellular gene 

expression in the nucleus are induced by extracellular growth and differentiation factors 

through a series of protein associations. During the propagation of a signal, association of 

distinct proteins in close proximity is necessary for cellular signaling pathways.
149

 One of 

the approaches to generate selective protein heterodimers is ligand directed chemically 

induced dimerization. The first example of an asymmetric dimerizer incorporated the 

natural product rapamycin, which mediates heterodimerization of FKBP and the FKBP-

rapamycin-binding (FRB) domain of the mammalian kinase target of rapamycin 

(mTOR), rendering TORC1 enzymatically inactive (Figure 1B), thus inhibiting cell 

growth and proliferation.  As shown in Figure 1B, rapamycin directs heterodimerization 

of FKBP and FRB and has a high affinity (Kd < 1 nM) for FRB when bound to FKBP12, 

and is highly specific for the FRB domain of mTOR. 
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Figure 2. Crystal structure of DHFR in binary complex with MTX and bisMTX. 
155,160

  

 

MTX (A) and bisMTX (B). Two methotrexate molecules are linked with a 9-carbon 

linker. 
155,160
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Figure 3. Protein nanoring structure. 
144

 

 

 

Upper panel, schematic of protein nanoring structure and assembly; lower panel, TEM of 

DHFR nanorings.
144
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Chemical modification of rapamycin at the surface contacting FRB alleviates the 

binding affinity. However, mutation of the FRB at this site can accommodate the 

“bumped” rapamycin analog (rapalog), which was functionalized at C16 and C20, 

restoring the dimerizing interactions. A triple mutant FRB capable of binding the rapalog 

with nanomolar affinity was identified. These FRB-rapalog partners permited the 

selective control of the biological activity of the FRB fusion proteins (Figure 4).
163

 

Binding of FRB and rapalog was assessed by rapalog-dependent cellular 

compartmentation of a single target protein GSK-3, which regulates multiple 

intracellular signaling pathways. GSK-3 was observed both in the cytoplasm and 

nucleus in the absence of drug (Figure 4A). The analog, C20-Marap, binds efficiently to 

FRB (KTF), which was fused to a nuclear localization sequence (NLS), therefore induced 

the localization of GSK-3 to the nucleus due to dimerization of the GSK-3 -FKBP 

target (Figure 4C). Whereas, C16-BSRap induced the dimerization of the FRB (TLW) 

mutant, which was fused to a nuclear export sequence (NES), therefore, GSK-3-FKBP 

was rapidly localized to the cytoplasm (Figure 4B). 
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Figure 4. Orthogonal control of GSK-3  subcellular localization with specific rapalogs.  

 

 

FKBP-GSK-3 -GFP is coexpressed with FRB(TLW)-NES and FRB(KTF)-NLS. In 

panel A, GFP is visualized in transiently transfected COS1 cells without stimulation 

where GSK-3 is localized to both cell compartments (a) or with 1 hr stimulation with 

(b) 10 nM C16-BSrap, (c) 10 nM C20-Marap. Illustrations beneath each figure depict the 

drug-selective recruitment of either TLW-exp or KTF-imp to FKBP-GSK-3 to direct 

nuclear import or export. Structures of Rapamycin, C16-BSrap and C20-Marap are 

shown in panel B. Figure adapted from Bayle  et al.
163
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Bertozzi and coworkers applied the CID concept to studies of glycobiology. 

Glycosyltransferases, localizes in Golgi and comprises separate catalytic (Cat) and 

localization (Loc) domains that are both required for fucose transferring and selectin 

ligand synthesis, therefore playing an important role in the immune system. Genes 

encoding fucosyltransferase 7 Loc and Cat domains were fused separately to FKBP or the 

DHFR gene. Trimethoprim (Tmp) conjugate (Tmp-SLF, Figure 5B) is capable of 

dimerizing a bacterial dihydrofolate reductase (DHFR) with FKBP. In the presence of 

Tmp-SLF, mammalian cells expressing corresponding chimeric proteins were detected 

with anti-selectin antibodies. Figure adapted from Czlapinski  et al.
164
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Figure 5. Conditional activation of a Golgi glycosyltransferase using a CID.   

 

(A) The membrane-associated Loc and soluble Cat domains are separated and fused to 

small molecule binding proteins. In the absence of the CID, the Cat domain has no 

mechanism for Golgi retention and is secreted from the cell. In the presence of the CID, 

the Cat domain associates with the Loc domain and is therefore retained in the Golgi 

compartment where it can act on substrates. In this depiction, the glycosyltransferase is 

fucosyltransferase 7, which adds fucose to a glycan substrate forming sialyl Lewis x. 

Monosaccharide symbols: (♦), sialic acid; (O), galactose; (■), GlcNAc; (▲), fucose. (B) 

Tmp-SLF. Figure adapted from Czlapinski et al.
164
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D. Ligand directed chemically self-assembled DHFR nanorings (CSANs) 

Our group has employed the power of chemically induced protein dimerization to 

develop a method to produce chemically self-assembled nanorings (CSANs). We have 

shown that two ecDHFR (DHFR
2
) fused to an antiCD3 single chain antibody (scFv) can 

be engineered to spontaneously self-assemble upon the addition of the chemical 

dimerizer, bisMTX, into either highly stable bivalent or octavalent synthetic antibody 

CSANs. Depending on the length of the amino acid linker between two DHFRs, when the 

linker is 13 amino acids, bivalent antibodies antiCD3 CSANs that bind to the T-cell 

antigen CD3 epsilon of the human T-cell receptor can be prepared.
165

 Similarly, several 

antibodies scFv-DHFR
2
 fusion proteins were prepared such as anti-v3, antiCD22, 

antiEpCam and antiEGFR-DHFR
2
. When the linker between two DHFRs was 13 amino 

acids in length, dimer formation was mainly observed. In theory, equal proportion of two 

DHFR
2
 linked by 13 amino acids and fused to two different antibodies should 

theoretically produce a stochastic mixture of dimeric nanorings with approximately 50%  

of the rings being bispecific and 25% of each homodimer. If the DFHR
2
 contained only a 

single glycine amino acid linker, the stochastically >99% of the rings would be 

bispecific.
166

 However, the nanorings would be composed of a stochastic mixture of both 

specificities, since there is no preference formation of one DHFR dimer pair over 

another.
166

 To have more control over the dimerization state, a MTX analog was 

synthesized and the binding affinities of this MTX analog with either wild type DHFR or 

several DHFR mutants were determined. These data provide insights into the design of 

CSANs by controlled heterodimerization in the future. 
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Figure 6. Statistical distribution of bivalent CSANs.  

 

Wild type 13DHFR
2 

(13DD) proteins fused with two scFvs are mixed with bisMTX, a 

stoichiometric mixture of homodimer antiCD3 CSANs: heterodimer bispecific CSANs: 

homodimer antiCD22 CSANs (1:2:1) is obtained. 
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In wild type E. coli DHFR, the cationic ammonium from guanidinium (RNHC(NH2)
2+

) 

at Arginine 57 (R57) forms salt bridge or ion pair with anionic -carboxylate (RCOO
-
) of 

MTX. This binding is tight and very specific (Figure 7A). Our hypothesis was to create a 

unique DHFR-MTX interaction by reversing the ion pair. We proposed to substitute the 

-carboxylate of MTX, with a guanidino group from Arg-57, while using site directed 

mutagenesis the active site arginine with either aspartic acid or serine. The R57D 

mutation would potentially reverse the electrostatic interactions, while the serine would 

maintain hydrogen bonding interactions (Figure 7B, 7C).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

61 

 

Figure 7. Reversing side chain of DHFR and bisMTX. 
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Figure 8. Hypothesis of ligand directed heterodimerization.   

 

(A)When bisMTX (green) is mixed with wild type 13DHFR
2 
(13DD, blue), it induces the 

dimerization of 13DD to form a homodimer.  (B) When guanidine-bisMTX (yellow) is 

mixed with R57S or R57D (red), it forms a homodimer of 13DD (R57S or R57D). (C) If 

wild type (blue) and mutant 13DD (R57S or R57D, red) proteins are mixed with 

assymetric dimerizer (green and yellow), a heterodimer of wild type and mutant protein 

will be formed. Most importantly, the possibility of forming internal monomer would be 

much less. 
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 Results and Discussion II.

A. Mutagenesis and protein preparation 

Previously we have observed that the R57E mutant of DHFR has very low enzymatic 

activity and dose not dimerize with bisMTX. Since purification using MTX binding may 

not be suitable for altered folate binding affinity of DHFR mutants, the mutant enzymes 

were engineered to incorporate a His-tag so that they could be purified by Ni-affinity 

chromatography. Initially the monomer DHFR mutant plasmid was prepared by 

mutagenesis. Arginine 57 was mutated to either serine or aspartic acid. Six histadines 

were inserted into the C terminus of each DHFR mutant. All proteins were expressed as 

soluble proteins and purified by application to a Ni-column and elution with imidazole, 

followed by purification with a diethyl aminoethyl (DEAE) ion exchange column. The 

yield for R57D was approximately 15 mg per liter of Terrific Broth culture. The purity of 

protein was assayed by SDS-PAGE analysis. Surprisingly, R57S mutant could not be 

purified in either the soluble or insoluble fraction. Possibly due to the protein instability 

and misfolding, R57S mutant dose not bind well to Ni-column. Protein with high 

molecular weight was detected, whiles band corresponding to R57S monomer could 

hardly be visualized by SDS-PAGE gel (data not shown). Experimental conditions for 

cell culture, protein expression and purification need to be optimized in the future study 

to obtain good amount of purified R57S mutant for ligand-protein binding study.  
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Figure 9. SDS-PAGE characterization of DHFR (R57D).  

 

 

Pure protein shows single band at 18 KDa. 
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B. Analysis of the dissociation constant (Kd) of DHFR or R57D to ligands MTX 

or Guanidino-MTX. 

The equilibrium dissociation constants (Kd) for protein and ligand binding were 

determined by the ligand-dependent quenching of intrinsic enzyme tryptophan 

fluorescence using fluorescence spectroscopy. As shown in Figure 10, the binding 

affinity of MTX for the R57D decreased by nearly 10 fold compared to the Kd for wild 

type DHFR from 14.62 + 5.84 nM to 125.90 + 24.84 nM respectively, thus not 

surprisingly indicating the importance of the interaction between the guanidino group of 

Arg-57 and the alpha carboxylate of MTX. Consistent with this result the Guanidino-

MTX also exhibited a nearly 10 fold lower binding affinity for wild type DHFR (139.50 

+ 36.59 nM) compared to DHFR-MTX (14.62 + 5.84 nM). Unexpectedly, binding of 

Guanidino-MTX to the R57D mutant (Kd=125.0 + 30.7 nM) was found to be close to its 

binding to wtDHFR (Kd = 139.50 + 36.59 nM). Thus, while the alternative MTX analog, 

Guanidino-MTX, does have a decreased affinity for wtDHFR, it does not have an 

enhanced affinity for the R57D mutant over MTX.  
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Figure 10. Binding affinity of different proteins and ligands. 
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 Conclusion III.

To achieve 100% of heterodimer formation of DHFR
2
 for the purpose of engineering 

bispecific antibodies, monomer DHFR mutants and MTX analog guanidino-MTX were 

prepared. The ion pair of R57 DHFR with MTX was reversed, by removing the arginine 

guanidine group and placing it on MTX, then reducing the size of the R57 residue, such 

that the active site could accommodate the insertion of the extended guanidine group. The 

binding affinities of wild type DHFR or R57D with MTX or guanidine-MTX were 

determined. However, high binding affinity of guanidine-MTX with R57D has not been 

observed. This is possibly due to the steric interactions between the guanidine group with 

the residues at DHFR active site. It is also likely that the hydrophobic environment 

around Arg-57 increases the pKa of the substituted aspartate to such an extent that it is 

not deprotonated at neutral pH and thus unable to form an ion pair with Guanidino-MTX. 

A systematic mutational analysis of the inner sphere residues surrounding the Arg-57 will 

need to be carried out to further improve the binding of Guanidino-MTX to DHFR and 

thus provide a potential alternative DHFR ligand interaction that could be used for 

heterodimerization.   
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 Materials and Methods IV.

A. Protein expression and purification 

BL 21(DE3) competent E.coli expression cells were transformed with plasmid 

wtDHFR or R57D DHFR. Colonies were inoculated into 100 mL TB media containing 

100 g/mL ampicillin at 37 ˚C with shaking at 250 rpm overnight. One liter TB broth 

containing 100 g/mL ampicillin was inoculated with 10 ml of the bacterial culture and 

grown for 3.5 hours till the cell OD600 reaches 0.6. Cells were then induced with 300 M 

Isopropyl -D-1-thiogalactopyrnoside (IPTG) and incubated for another 3 hours. Finally 

cells were pelleted by centrifugation at 7500 rpm for 15 min at 4 ˚C and the cell pellet 

was stored at -80 ˚C until use. The cells were lysed via a 30 min incubation at room 

temperature in lysis buffer (10 mM KH2PO4, 100 M  EDTA, 1 mM DTT, 1 mg/mL 

Lysozyme, pH 8.0) containing protease inhibitor and 8×15 seconds sonication. The crude 

lysate was then centrifuged at 40,000g for 40 min at 4 ˚C.  

For wild type DHFR, the lysate was dialyzed against 2 L equilibration buffer (10 mM 

KH2PO4, 0.1 mM EDTA, 0.5 M KCl, 0.5 mM DTT, pH 6.0) overnight at 4 ˚C, then 

loaded onto a MTX agarose column. The bound protein was washed with a high salt 

buffer (50 mM KH2PO4, 1 mM EDTA, 1 M KCl, 1 mM DTT, pH 6.0) until the 

absorbance of A280 and A260 of the eluate is < 0.05, at which point the DHFR protein 

was eluted with folate elution buffer (50 mM KH2PO4, 1 mM EDTA, 1 M KCl, 5 mM 

folic acid, 1 mM DTT, pH 9.0). Fractions containing DHFR activity were pooled and 

dialyzed with DEAE equilibration buffer (10 mM Tris, 1 mM EDTA, 1 mM DTT, pH 

7.2) overnight at 4 ˚C. The protein was loaded onto DEAE ion-exchange column and 

eluted with a gradient of 0~40 % buffer B (10 mM Tris, 1 mM EDTA, 0.5 M KCl, 1 mM 
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DTT, pH 7.2) over 300 minutes and then 40 ~ 100 % buffer B over the next 420 minutes. 

DEAE buffer A is the same as the equilibration buffer.  

For DHFR (R57D), the lysate was dialyzed against 2 L equilibration buffer overnight 

at 4 ˚C, then loaded onto a Ni column. DHFR-Histag was eluted with elution buffer. 

Fractions were analyzed by SDS-PAGE gel, pure fractions were concentrated to 1mg/mL 

by Amicon centrifugal ultrafiltration devices (10KDa cutoff) and dialyzed with PBS 

buffer. Final protein concentration was determined by Bradford protein assay.  

B. DHFR activity assay 

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

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

spectrophotometrically using the reagent‟s extinction coefficients at 280 and 340 nm, 

respectively. NADPH solution to a final concentration of 100 μM, and a DHFR sample 

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

DHF. After 2 min of incubation, a baseline reading at 340 nm was taken to verify zero 

activity. DHF was then added from a concentrated master stock to a final concentration 

of 50 μM, the sample was mixed, and the absorbance was read at 340 nm for 1 minute. 

The rate of absorbance decline corresponds to Vo in μM/min and was calculated with the 

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

cm
-1

. 

C. Fluorescence Titrations 

The dissociation constants (KD) were determined by fluorescence titration employing 

a fluorescence spectrofluorimeter. The formation of the enzyme-ligand complex was 

followed by measuring the quenching of the tryptophan fluorescence of the enzyme upon 

addition of microliter volumes of a concentrated ligand stock solution.
167
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DHFR or R57D was diluted to a final concentration of 200 nM in 1 ml PBS buffer 

and baseline fluorescence reading was taken, scanning emission from 300 to 400 nM with 

excitation at 290 nm. Serial additions of ligands were performed. The emission at 340 nm 

was recorded. Data were fitted using the one-site binding (hyperbola) equation Y = 

BMAX*X/(KD(APP) + X) [where BMAX is the maximum extent of quenching and KD(APP) is 

the apparent dissociation constant] by nonlinear regression using GraphPad Prism 5.0 

software.  
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Chapter Three: Prosthetic Antigen Receptors 
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 Introduction I.

A. Prosthetic Antigen Receptors 

Malignancies of B cell, such as B-acute lymphoblastic leukemia (B-ALL) or B non-

Hodgkin lymphoma (B-NHL) origin are a heterogeneous group of hematological 

neoplasms occurring in blood, lymph nodes and bone marrow, which frequently 

disseminate throughout the body. Traditional treatments for B-cell malignancies have 

relied upon combination chemotherapy, which is usually complemented with radiation 

therapy and/or hematopoietic stem cell transplantation (HSCT), and monoclonal antibody 

(mAb) based therapeutics such as the chimeric antiCD20 antibody, rituximab.
168

 

Although they have significant clinical antitumor efficacy, most patients ultimately 

relapse and succumb to their disease, creating the need for improved therapies.
169

 

The potential to harness T cells for the elimination of tumor cells is one of the most 

compelling concepts in anti-cancer immunotherapy development. Nevertheless, tumors 

have developed a number of mechanisms to evade T-cell immunosurveillance.
170,171

 One 

approach to overcome the impotence of the immune system regarding cancer cells is to 

re-engineer T-cells with targeting molecules that are difficult for cancer cells to defend 

against.
172,173,174,175

 For example, T-cells engineered to express antiCD19 CARs, have 

been shown to clinically eradicate B-cell leukemias.
176,177

 Nevertheless, the preparation 

of the engineered cells is time consuming, costly and of variable efficiency, while the 

potential long-term risks of gene transfer methods on the expression of oncogenes and 

tumor-suppressor genes and of long lived engineered T-cells to target normal tissues are 

major concerns.
178,179

 Consequently, an attractive alternative to CARs would be the 

development of prosthetic antigen receptors (PARs) that could stably (days) and 
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reversibly bind to the CD3  subunit of the T-cell-receptor/CD3 complex, while allowing 

targeting to a cancer cell surface receptor (Figure 1).  

We have previously demonstrated that in the presence of the chemical dimerizer 

bisMTX, DHFR-DHFR (DHFR
2
) and DHFR-DHFR-antiCD3 (DHFR

2
-antiCD3) fusion 

proteins can spontaneously assemble into a range of chemically self-assembled nanorings 

(CSANs) whose size varies depending on the length and composition of the linker 

peptide between the DHFRs.
180,160,181,182

 If the linker is a single glycine, we observed that 

rings containing 7 to 10 DHFR
2
 fusion proteins with an average ring size composed of 8 

monomers.
160,182

 Therefore, the mixing of an equal proportion of two DHFR
2
 linked by a 

single glycine and fused to two different antibodies should theoretically produce a 

stochastic mixture of CSANs that are approximately 99% bispecific (Figure 1). 

Consequently, we prepared fusion proteins of DHFR
2
 linked by a single glycine either 

tethered to an antiCD3 scFv (DHFR
2
-antiCD3, 1DDantiCD3) or a scFv targeting CD22 

(DHFR
2
-anti CD22, 1DDantiCD22), an antigen widely expressed on B-leukemias or 

lymphomas. 
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Figure 1. Prosthetic Antigen receptor (PAR)-T cells.  

 

 

 

The mixing of an equal proportion of two DHFR
2
 linked by a single glycine and fused to 

two different antibodies, antiCD3 scFv (blue) and antiCD22 scFv (yellow), should 

theoretically produce a stochastic mixture of CSANs induced by bisMTX (green). T cells 

armed with bispecific CSANs can generate prosthetic antigen receptors (PARs) T cells 

(PAR-T cells, purple) allowing targeting to cancer cells (orange). Trimethoprim (gray), a 

non-toxic FDA approved competitive inhibitor of DHFR, carries out disassembly of the 

bispecific antibody nanorings and allows cells to disengage. 
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B. CD22 

B-lymphoblasts express CD20 in about 50% of cases, CD19 in more than 90% of 

cases, and CD22 in more than 80% of cases.
183

 These markers are compelling targets for 

immunotherapy, because their expression is restricted to B cell lineage and clinical 

tolerance for B cell depletion is high using modern supportive care. CD22, also called 

Sialic acid-binding Ig-like lectin 2 (Siglec-2) or B-lymphocyte cell adhesion molecule 

(BL-CAM), is a member of the immunoglobulin superfamily that regulates B-cell 

activation and interaction with T cells, 
183,184

 which is expressed on the surface of mature 

B lymphocytes but is lost on plasma cells, early progenitor B cells, and hematopoietic 

stem cells.
185

 CD22 has a tissue distribution that is similar to CD19.
186

 Compared to 

CD20, CD22 is detected at a lower copy number than CD20 on normal B cells (~30,000 

CD22 vs 100,000-150,000 CD20 molecules/cell).
185

 Therefore it is an attractive target for 

cell-directed therapies.
121

 

In this chapter, we first determined the binding affinity of engineered antiCD22 

CSANs to CD22+ B lymphoma cells by comparison with those for the parental 

monoclonal antibody followed by investigations of their internalization by these cells 

using confocal microscopy. In addition, we studied the activation of T cells by cytokine 

profiling, immunophenotyping and T cell functional assays in vitro after treatment with 

bispecific antiCD3/CD22 CSANs. In the presence of target B lymphoma cells, cytolytic 

efficacy of redirected T cells was also determined. Finally, we assessed the ability of 

trimethoprim, a non-toxic FDA approved competitive inhibitor of DHFR to carry out 

disassembly of the bispecific antibody nanorings.  
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 Results and discussion II.

A. Characterization of antibody purity and dimerization by SEC 

The purity of antibody fusion proteins 1DDantiCD22 was firstly characterized by 

SDS-PAGE (Figure 2A). Purified antibodies 1DDantiCD3 and 1DDantiCD22, were 

incubated for 1 hour with bisMTX (1:1:2.2 equiv), and the assembled proteins were 

analyzed by size-exclusion chromatography (SEC; Figure 2B). Octavalent bispecific 

antiCD3/antiCD22 CSANs were eluted in a broad peak centered at 18.5 min with almost 

100% oligomerization of 1DDantiCD3 and 1DDantiCD22 monomers eluted at 28.5 min. 

The bispecific CSANs have a similar retention time to the antiCD3 CSANs which were 

previously analyzed by SEC
160

, indicating that they have similar hydrodynamic radius. 

Again, the major nanoring species formed were octamers.
160

 The hydrodynamic radius of 

purified bispecific antiCD3/antiCD22 CSANs was found to be 16.06 ± 0.01 nm by 

dynamic light scattering (DLS) which is (Figure 2C). 
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Figure 2. Characterization of self-assembled antibodies. 

 

(A) SDS-PAGE for DHFR
2
antiCD22 fusion protein expressed in Rosetta cells. (B) 

Characterization of the purified antibodies and antibodies dimerization by SEC. The 

assembly of bispecific CSANs was characterized by size exclusion chromatography. Blue 

curve: DHFR
2
antiCD3 monomer (1DDantiCD3); Black curve: DHFR

2 
antiCD22 

monomer (1DDantiCD22); Purple curve: bispecific CSANs. (C) The hydrodynamic size 

of bispecific CSANs was measured by dynamic light scattering. 
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B. Characterization of binding affinities of 1DDantiCD22 and antiCD22 CSANs  

To determine quantitatively the binding affinity of the monovalent or octavalent 

DHFR
2
antiCD22 to the CD22 positive B lymphoma Raji cells, the dissociation constant 

was evaluated in a flow cytometric competitive binding assay. Binding of non-labeled 

antibodies to Raji cells was competed with a sub-saturated amount of FITC labeled mAb 

antiCD22 RFB-4, followed by quantitation of the fluorescence intensities of cell bound 

FITC labeled RFB-4 by flow cytometry (Figure 3). The lower binding affinity of the 

monomer 1DDantiCD22 (Kd=104.81 ± 0.5 nM) compared with the parental monoclonal 

antibody RFB-4 (Kd =1.05± 0.4 nM) is likely due to the transition from mAb to the single 

chain format in tandem with DHFR
2
. Compared with the monomer 1DDantiCD22 (Kd 

=104.81 ± 0.5 nM), the multivalent antiCD22 CSANs were found to have a lower Kd 

value of 68.77 ± 0.5 nM.  

C. Cell-internalization studies of self-assembled antibodies 

Since antiCD22 scFvs and immunotoxins undergo receptor mediated endocytosis,
187

 we 

tested the ability of antiCD22 CSANs prepared with fluorescein-labeled bisMTX (FITC-

bisMTX)
181

 to be internalized by CD22+ Daudi cells by confocal fluorescence 

microscopy. Consistent with receptor dependent endocytosis, green punctates could 

easily be observed by Daudi cells incubated at 37 °C with the fluorescent labeled 

antiCD22 CSANs, indicating internalization, while membrane bound green fluorescence 

was observed for incubations at 4 °C (Figure 4).  
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Figure 3. Characterization of binding affinities of antibodies by FACS competitive 

binding assay. 

 

Flow cytometric competitive binding assay was applied to determine the disassociation 

constant of 1DDantiCD22 monomer (green dots), 1DDantiCD22 octamer (orange 

squares) and mAb RFB-4 (blue triangles) to CD22 positive B lymphoma Raji cells. 
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Figure 4. Cell internalization studies of self-assembled antibodies. 

 

 

Fluorescence confocal microscopy images showing (A) Daudi cells incubated with 

antiCD22 CSANs assembled by FITC-bisMTX at 4 °C. (B) Overlaid with DAPI labeling 

the cell nucleus at 4 °C. (C) Daudi cells incubated with DHFR
2
antiCD22 assembled by 

FITC-bisMTX at 37 °C. (D) Overlaid with DAPI labeling the cell nucleus at 37 °C. 
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D. Binding specificity studies 

To confirm that the bispecific CSANs maintained the binding specificity and 

selectivity of the monospecific CSANs, FACS analysis was carried out with PBMCs 

(CD3+) and Raji cells (CD22+). Both antiCD3 and antiCD3/antiCD22 CSANs were 

found to bind to a similar extent to PBMCs, while no significant binding of antiCD22 

CSANs was observed. Similarly, both antiCD22 and antiCD3/antiCD22 CSANs were 

found to bind to a similar extent to Raji cells, while no significant binding of antiCD3 

CSANs could be detected (Figure 5). 

E. Characterization of the stabilities of bispecific CSANs  

Unlike monovalent bispecific antibodies, multivalent bispecific CSANs might be 

expected to have high avidity and thus exhibit stable binding to cells. Previously, we have 

demonstrated that antiCD3 CSANs bind to the surfaces of PBMCs and are not 

significantly internalized.
160

 Having demonstrated that both monospecific and bispecific 

CSANs were stable for greater than 72 h at 37˚C in PBS (data not shown), we 

investigated the stability of the bispecific CSANs on PBMCs in complete RPMI at 37 ˚C. 

To assess the binding of the CSANs to T-cells, with a flow cytometric competitive 

binding assay, we determined the ability of antiCD3/ant-CD22 CSANs to compete with 

the FITC labeled parental antibody UCHT-1 for binding to CD3 receptors on PBMCs. 

After incubating the PBMCs with antiCD3/antiCD22 CSANs and washing the cells, we 

found that greater than 85% of the potential binding of UCHT-1 could be blocked over 

three days. (Figure 6A) A small loss in the ability of the antiCD3/antiCD22 CSANs to 

block UCHT-1 binding could be observed from day four to five, which may indicate the 

effects of cell division and thus dilution of the bispecific CSANs. In addition, the 
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antiCD3/antiCD22 CSANs were found to have a significantly greater ability to block 

UCHT-1 binding than the DHFR
2
antiCD3 monomer. Therefore, the bispecific CSANs 

bind cell surface CD3 and remain largely intact on the surface of T-cells. 

One of the distinct advantages of our bispecific CSANs over other bispecific 

antibodies is the potential to initiate disassembly by the addition of the competitive 

inhibitor and FDA approved drug, trimethoprim.
160,180,181

 Previously, we have 

demonstrated that incubation with trimethoprim results in the disassembly of antiCD3 

CSANs prepared with FITC-bisMTX, which can be monitored by the loss of FITC 

fluorescence.
181

 Consequently, we investigated the disassembly of antiCD3/antiCD22 

CSANs prepared with FITC-bisMTX bound to PBMCs in the presence of variable 

concentrations of trimethoprim for 1 h at 37 ˚C (Figure 6B). By monitoring the decrease 

of mean fluorescence intensity of FITC on PBMCs using flow cytometry, the IC50 of 

trimethoprim was determined to be 1.18± 1.1 M, which is well below the plasma 

concentration of 5 M typically found after a typical clinical oral dose of 

trimethoprim.
188
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Figure 5. Characterization of binding specificity of self-assembled antibodies. 

 

 

 

Flow cytometry based binding assay of monospecific antiCD3 CSANs (blue), antiCD22 

CSANs (red) and bispecific CSANs (orange) to PBMCs (A) and CD22 positive Raji cells 

(B). Positive controls: FITC-antiCD3 mAb UCHT-1 (green) (A) and FITC-antiCD22 

mAb RFB4 (green) (B). 
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Figure 6. Characterization of the stabilities of self-assembled antibodies. 

 

(A) Time course study of the stability of bispecific CSANs (blue) and 1DDantiCD3 

monomer (red) on PBMC cells. (B)The disassembly of bispecific CSANs by 

trimethoprim. 
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F. T cell activation studies 

a. Cell surface markers upregulation studies 

To determine the ability of antiCD3/antiCD22 CSANs to activate T-cells, we 

investigated their ability to upregulate the early activation marker, CD69, and the late 

activation marker, CD25 (IL-2R).
189

 As can be seen in Figure 7A, incubation of PBMCs 

with either media or DHFR
2
 (1DD) octamer resulted in insignificant expression of CD69 

by CD4+ or CD8+ cells, regardless of the presence of the target cells. In contrast, both 

antiCD3 CSANs and antiCD3/antiCD22 CSANs enhance CD69 expression to similar 

levels with or without incubation with Raji cells. Similar to the results observed for 

CD69, appreciable increases in the expression of CD25 (Figure 7B) were only observed 

in the presence of either antiCD3 CSANs or antiCD3/antiCD22 CSANs. However, a 

much greater increase (5- to 7-fold) in CD25 expression was observed in the presence of 

Raji cells when compared to incubations in their absence. When a set of similar 

experiments was carried out with UCHT-1 F(ab‟)2, compared to the antiCD3 CSANs and 

antiCD3/antiCD22 CSANs, only a modest level of CD69 and CD25 expression with or 

without Raji cells was observed. Thus, the multivalent CSANs are able to facilitate the 

pre-activation of CD4+ and CD8+ T cells to greater extent than bivalent antiCD3 UCHT-

1 F(ab‟)2. 
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Figure 7. Expression of CD 25 and CD 69 on PBMCs.  

 

Un-stimulated PBMCs were co-cultured with different treatments in the presence or 

absence of CD22+ Raji cells for 24 h. The expression of the activation markers CD69 (A) 

and CD25 (B) on CD8+ T cells or CD4+ T cells were analyzed by flow cytometry. Data 

were obtained from one donor and are representative of data from three donors. * P<0.05 

or ** P<0.005 with respect to in the absence of Raji cells or with antiCD3 CSANs 

treatment. 
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To further investigate the specificity of the activation of T-cells by antiCD3 CSANs 

and antiCD3/antiCD22 CSANs, we determined the ability of purified CD4+ and CD8+ T 

cells to undergo activation in the presence of the Raji (CD22+, MHCI+) and K562 

(CD22-, MHCI-) cell lines (Figure 8). Consistent with our results with PBMCs, 

activation of the CD4 and CD8 cells was observed to a similar extent after treatment with 

either antiCD3 CSANs or antiCD3/antiCD22 CSANs. Only a modest increase in the 

expression of CD69 by CD8+ T cells in the presence of Raji cells was observed. In 

contrast, no significant difference was detected in the presence of K562 cells relative to 

no cells. Again, similar to the results with PBMCs a significant increase was observed in 

CD25 expression for CD4+ and CD8+ T cells in the presence of Raji cells relative to 

K562 cells and no cells. 

b. Degranulation marker upregulation studies  

The presence of cytotoxic granules and evidence of de-granulation is a hallmark of 

cytotoxic CD8+ T cells activation. The level of degranulation can be assessed by 

determining the amount of the degranulation marker CD107a on the surface of CD8+ 

cells. Similar to our findings for CD69 and CD25 (Figure 9), treatment of CD8 cells with 

either antiCD3 CSANs or antiCD3/antiCD22 CSANs resulted in increased expression of 

CD107a, with a modest increase found for the bispecific over antiCD3 CSANs in the 

presence of Raji cells. 

c. Cytokine release determination 

A hall mark of T-cells activation and their interaction with targeted cells is the 

production of the pro-inflammatory cytokines, IL-2 and IFN-. The cell media 

concentration of IL-2 or IFN- was determined by ELISA. 
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Figure 8. Expression of CD25 and CD69 on redirected CD4+ and CD8+ T cells.  

 

Unstimulated CD4+ or CD8+ T cells were co-cultured with different treatments in the 

presence or absence of CD22 positive Raji cells or CD22 negative K562 cells for 24 h. 

The expression of the activation markers CD69 and CD25 on CD8+ T cells (A) or CD4+ 

T cells (B) was analyzed by flow cytometry. * P<0.05 or ** P<0.005 with respect to in 

the absence of Raji cells or with antiCD3 CSANs treatment. Student t test to compare 

mean± SD of two groups was used. 
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Figure 9. Degranulation of CD8+ T cells after cross-linkage with CD22+ Raji cells via 

bispecific CSANs.  

 

 

Unstimulated CD8+ T cells were cultured with CD22 positive Raji cells or CD22 

negative K562 cells in the presence or absence of antiCD3 CSANs or bispecific CSANs. 

After 5 h of incubation, the degranulation marker CD107a was analyzed on CD8+ T cell 

surface. All samples contain APC/antiCD107a mAbs. Data were obtained from one 

donor and are representative of data from three donors. * P<0.05 or ** P<0.005 with 

respect to in the absence of Raji cells or with antiCD3 CSANs treatment. 
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As can be seen in Figure 10A, treatment Raji cells with PBMCs bound to antiCD3 

CSANs resulted in a 2-fold increase in the amount of secreted IL-2, when compared to 

treatment with either antiCD22 CSANs or media control, while in the presence of 

antiCD3/antiCD22 CSANs a greater than 8- fold increase in IL-2 production was 

observed relative to the same controls. When compared to incubations with K562 (CD22-

) cells or no target cells, a greater than 13- fold increase in IL-2 production was observed. 

Interestingly, no difference in IL-2 production was observed for PBMCs treated with 

either antiCD22 CSANs or media, whether in the presence of Raji cells or not, indicating 

that the CSANs do not inherently lead to T-cell activation. The increase in the IL-2 were 

found to be consistent with an even greater effect found for both antiCD3/antiCD22 

CSANs and antiCD3 CSANs on IFN- production (Figure 10B). IFN- production was 

only observed when the PBMCs were incubated with antiCD3/antiCD22 CSANs and 

antiCD3 CSANs in the presence of Raji cells, with a greater than 2- fold increase 

observed for the bispecific over the antiCD3 CSANs. Taken together, these results 

demonstrate that the bispecific CSANs were able to selectively redirect T-cells to CD22+ 

Raji cells. The observed enhanced ability of T-cells functionalized with antiCD3 CSANs 

to release cytokine production in the presence of Raji cells is likely due to their known 

expression of MHC-I. The inability of the antiCD3 CSANs to induce cytokine expression 

by PBMCs in the presence of K562 cells (CD22-, MHCI-) is consistent with this 

conclusion. 

To further assess the role of MHCI expression by Raji cells on the induction of 

cytokine release by T cells treated with antiCD3/antiCD22 CSANs, purified CD8+ T 

cells were co-cultured with Raji cells which were pretreated with either the parental mAb 
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antiCD22 or antiMHC-I in the presence of anti-bodies treatment. As can be seen in 

Figure 11, treatment with antiCD22 mAb reduced the level of IFN- production to the 

same level observed for treatment with antiCD3 CSANs. Treatment with antiMHCI 

further reduced the level of IFN- by CD8+ T cells incubated with antiCD3/antiCD22 

CSANs by 50% and by 60% for CD8+ T cells treated with antiCD3 CSANs. Further 

studies demonstrated that the inclusion of excess amounts of the DHFR
2
 octamer (Figure 

12), which does not contain either of the antiCD22 or antiCD3 scFvs, did not affect the 

production of IFN- by PBMCs functionalized with antiCD3 CSANs in the presence of 

Raji cells. Thus, consistent with our prior results, PBMCs treated with antiCD3 CSANs 

appear able to induce IFN- production in the presence of Raji cells because of their 

ability to engage MHCI on Raji cells, thus augmenting the effect observed for the 

bispecific CSANs. 

d. Cell cytotoxicity studies 

Given the effects of the antiCD3/antiCD22 CSANs on cytokine production, we 

determined the ability of activated PBMCs to target and carry out the lysis of Raji cells. 

We first determined the concentration dependence of the bispecific CSANs on cell lysis 

and found that maximal killing was observed at a concentration of antiCD3/antiCD22 

CSANs of 100 to 200 nM (Figure 13A). Choosing a concentration of 200 nM (Figure 

13B), we then varied the effector/tumor cell ratios from 1.25:1 to 20:1 and measured the 

degree of cell lysis after 24 h. In each case the presence of the bispecific CSANs 

enhanced cell killing at least 2- fold greater than activated PBMCs alone. These results 

are consistent with the enhanced level of cytokine production induced by 

antiCD3/antiCD22 CSANs, relative to antiCD3 CSANs. 
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Figure 10. Effects of self-assembled antibodies on the cytokine production by PBMCs. 

 

Effects of CSANs on the cytokine production of IL-2 (A) and IFN-by PBMCs. 

Tumor cells Raji or K562 cells and PBMC cells were co-cultured in the presence of 

different CSANs treatments (E:T=10:1). 
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Figure 11.  IFN- release from CD8+ T cells.  

 

Purified CD8+ T cells were coincubated with either antiCD3 or bispecific CSANs in the 

presence of target Raji cells. For this study, Raji cells were presaturated with either 

antiCD22 mAb or antiMHCI mAb. After 24 h incubation, the IFN- release in the 

supernatant was quantified by ELISA. Data were obtained from one donor and are 

representative of data from two donors. * P<0.05 or ** P<0.005 with respect to Raji cells 

presaturated with mAb. 
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Figure 12. IFN- release indicating DHFR
2
 octamer do not block the interaction between 

T and Raji cells.  

 

Unactivated PBMCs were incubated with 50 nM of antiCD3 CSANs together with 

different concentrations of DHFR
2
. After 24 h incubation, the IFN- release was 

determined in the cell culture supernatant.   
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Figure 13. Killing capacity of bispecfic CSANs functionalized T cells. 

 

(A) Pre-activated T cells were incubated with variable concentrations of bispecific 

CSANs at E:T ratio 10:1. (B) Killing capacity of T cells against Raji cells in the presence 

of 200 nM bispecific CSANs at different E:T ratios.*P<0.05 or ** P<0.005 with respect 

to in the absence of treatment. 

 

 

 

 

 

 

 

 

 

 

 



 

96 

 

 Discussion  III.

In summary, we have demonstrated that antiCD3 bispecific CSANs can stably bind, 

but not fully activate T-cells. Once engaged with their target, however, cytokine release is 

rapidly enhanced and the modified T-cells have an enhanced ability to initiate targeted 

cytotoxicity. The cytotoxicity induced by bispecific CSANs armed T cells on B 

lymphoma Raji cells increased by 13% compared to the cytotoxicity of antiCD22 CAR-T 

cells when E:T ratio is 20:1.
185

 Thus, bispecific CSANs can be viewed as prosthetic 

antigen receptors (PARs) whose presence on the cells can be easily removed by a non-

toxic FDA approved drug, trimethoprim. The results of ongoing studies comparing the 

ability of PARs to serve as a potential, non-genetic compliment to CARs will be reported 

in due course. 
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 Materials and methods IV.

A. Construction of p1DD13CD22 Plasmid 

To prepare the DHFR
2
antiCD22 fusion protein (1DDantiCD22), we firstly 

constructed the p13DDantiCD22 plasmid from the p13DD13CD3.2 plasmid template 

previously made in our lab. The gene for antiCD22 scFv was amplified by PCR from 

pUM22 plasmid with primers having a 5‟- XbaI (TCTAGA) site and 3‟- SacI site 

(GAGCTC). The PCR product and the p13DD13CD3.2 plasmid were double digested, 

purified and then ligated to form the p13DD13CD22. The p13DD13CD22 plasmid 

encodes a fusion protein containing a cysteine free ecDHFR coupled by a 13 amino acid 

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

13 amino acid linker, containing the XbaI restriction site, to the VH and VL regions of 

antiCD22 (scFv) gene, and finally a SacI restriction site. Plasmid p1DD13CD22 was 

obtained by shortening the first linker from 13 amino acids to 1 amino acid (G) by 

mutagenesis. The primers used for the deletion were forward 5′-

GGAGCGGCGGGGCATGATCAGTCTGATTGCGGCGCTAGCGGTAG-3′ and 

reverse 5′-CAGACTGATCATGCCCCGCCGCTCCAGAATCTCAAAGCTATAGC-3′. 

DNA sequencing analysis (University of Minnesota, Biomedical Genomics Center) was 

used to confirm the gene was correct in sequence and had been cloned in frame. 

B. Protein expression, refolding, and purification 

1DDantiCD22 protein was expressed, refolded, and purified by our previously 

reported method.
180,160

 Briefly, the protein was over expressed in the Escherichia coli 

strain Rosetta (DE3) (Millipore).  The inclusion bodies were obtained by sonicating cells 

in lysis buffer, followed by refolding the protein with the sodium N-lauroyl-sarcosine 
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(SLS) air oxidation method. The refolded protein was purified by a FFQ column, a MTX 

affinity column and a size exclusion column.  

C. Size exclusion chromatography 

1DDantiCD3 and 1DDantiCD22 were incubated with dimerizer bisMTX-C9 at 

1:1:2.2 ratios in P500 buffer (0.5M NaCl, 50mM KH2PO4, 1mM EDTA, pH 7) for 1 hour 

at room temperature.  Then the protein solution was injected into a Superdex G200 size 

exclusion column (Amersham Biosciences, USA), eluted with P500 buffer and the 

relative peak sizes quantitated by absorbance at 280nm. 

D. Dynamic light scattering  

DLS measurements were performed on a Brookhaven 90Plus Particle Analyzer 

(Holtzville, NY) with a 35 mW red diode laser. Samples (1.5 mL) were measured at room 

temperature in suspensions of PBS at (1mg/mL). 

E. Cell culture, isolation of PBMCs and T cell subpopulation  

Human PBMCs were isolated from buffy coats of healthy donors blood sample by 

Ficoll density gradient centrifugation.  Unactivated CD8+ or CD4+ T cells were isolated 

from PBMCs by positive selection using CD8+ or CD4+ T cell isolation kit (Invitrogen 

Life Technologies, Grand Island, NY). Pre-activated T cells were prepared according to 

the following protocol: PBMC 2×10
6
 cells/well in 24 well plates were stimulated with 

150 l antiCD3/CD28 dynabeads and 50 U/mL of IL-2, 10 ng/mL of IL-7 and 50 M -

mercaptoethanol for at least one week in complete RPMI 1640 medium (Lonza) 

supplemented with 10% (v/v) fetal bovine serum, L-glutamine (final concentration of 

2mM) , Penicillin (100 units/mL), and Streptomycin (100 g/mL) in a humidified 
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incubator with 5% CO2 at 37 ˚C.  Thereafter the medium was replaced with fresh 

complete RPMI medium. Those T cells were used as effector cells for cytotoxicity assay 

and termed as pre-activated T cells. Raji and Daudi (B lymphoma) and K562 (chronic 

myelogenous leukemia) cells were cultured in complete RPMI medium.  

F. In vitro competitive binding assay to measure Kd of 1DDantiCD22 

The Kd value of 1DDantiCD22 monomer and octamer were determined by our 

previously reported method.
180

 After pre-mixing a dilution series of purified 

1DDantiCD22 monomer or octamer with the subsaturating concentration of PE-labeled 

RFB-4 mAb, 5×10
6
 Raji cells were incubated with antibodies mixture in PBS 

supplemented with 1% BSA and 0.1% sodium azide (FACS buffer) for 30 minutes at 

room temperature. The cells were then washed, and fluorescence intensities of cell bound 

PE-labeled antibodies were quantitated by FACS BD LSR II. Percentage of fluorescence 

inhibition was calculated by subtracting the mean fluorescence observed at given 

competitor concentration from 100% binding, which was defined as mean fluorescence 

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

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

KD(I)=IC50/(1+[PE-RFB4]/KD(PE-RFB4)), where I is the unlabeled inhibitor, [PE-RFB4] 

is the concentration of PE-RFB4 used in the competitive reaction, KD(PE-RFB4) is the 

binding affinity of PE-RFB4, IC50 is the concentration of the inhibitor that yields 50% 

inhibition of binding. KD(PE-RFB4) was determined as previously described by fitting 

mean fluorescences of cell bound PE labeled RFB4 observed at different concentrations 

of PE-RFB4 to the Lineweaver-Burk equation: 1/F=1/Fmax+(KD/Fmax)(1/[PE-RFB4]). 
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G. Cytotoxicity assay 

Cytotoxicity was measured by levels of LDH (lactate dehydrogenase) release from 

lysed cells using CytoTox96® Non-Radioactive Cytotoxicity Assay kit (Promega). The 

appropriate number of pre-activated T cells, according to the requested effector (E) to 

target (T) cell (E/T) ratio as indicated in the respective experiment, were pipetted to each 

well of a round bottom 96-well plate and pre-treated with bispecific CSANs for 30 

minutes at room temperature. Then 5×10
3
 Raji cells were pipetted in. Complete RPMI 

medium was added up to 200 l and the plate was incubated for 24 h under standard 

conditions.  

For estimation of the maximum release, Raji cells without PBMCs were solubilized 

by lysis buffer (provided in the assay kit). The absorbance at 490 nm was recorded using 

a Synergy H1 Multi-Mode Reader (Biotek).  The percent cytotoxicity was calculated as 

((LDH release sample − SReffector − SRtarget)/(MRtarget− SRtarget)) × 100. SR: 

spontaneous release; MR:maximum release. All samples were measured as triplets. 

Statistical analysis of mean specific lysis was performed by Student‟s t-test. The p values 

< 0.05 were considered significant.  

H. Fluorescence Confocal Microscopy 

FITC-bisMTX and 1DDantiCD22 were mixed (1 M) and added to 1× 10
6
 Daudi 

cells at either 4 or 37 °C for 1 h in RPMI medium. Cells were then pelleted by 

centrifugation (400g for 5 min). After being washed twice with PBS, cells were then 

fixed with a 4% paraformaldehyde solution for 10 min and washed thrice with PBS. Cells 

were incubated on Poly-Prep slides coated with poly-L-lysine (Sigma) at 4 or 37 °C for 

30 min. Finally, cells were treated with ProLong Gold Antifade reagent with DAPI 
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(Invitrogen), and a coverslip was applied. After overnight incubation, images were taken 

within inner sections of the cells by sequential scanning using an Olympus FluoView 

1000 BX2 upright fluorescence confocal microscope. Resulting images are the 

compression of three to five z-axis slices. 

I. Flow cytometric analysis 

For PBMC, pure CD4+ or CD8+ T cells analysis, single cell suspensions were stained 

with the following mAbs: APC-conjugated CD69 (BD Biosciences), PE/Cy7-conjugated 

CD25 (BD Biosciences), APC-conjugated anti-human CD107a (LAMP-1) (BD 

Biosciences), PE-conjugated anti-human CD8 (BD Biosciences), and FITC-conjugated 

anti-human CD4 (BD Biosciences). The cells were phenotypically acquired on the LSRII 

(BD Biosciences) and analyzed with FlowJo software (Tree Star, Inc.).  

To test the specific binding of CSANs to Raji and PBMC cells, Raji cells and PBMC 

were treated with FITC-bisMTX dimerized 0.5 M antiCD3 CSANs, antiCD22 CSANs 

or bispecific antiCD3/antiCD22 CSANs. As positive control, PBMC and Raji cells and 

were stained with either 10 nM FITC conjugated UCHT1 or FITC conjugated RFB4.    

J. Activation assay with bispecific CSANs 

In one well of a 48-well plate, 5×10
5
 PBMCs were co-cultured with 5×10

4
 Raji cells 

(CD22 positive) at a ratio of 10:1, in the presence or absence of 100 nM antiCD3 CSANs, 

bispecific antiCD3/antiCD22 CSANs, 100 nM DHFR
2
(1DD) octamer, or 100nM UCHT-

1 F(ab)2 in a total volume of 400 l RPMI 1640 medium, without additional cytokines for 

24 h at 37°C. Pure CD4+ and CD8+ T cells were also analyzed for activation assay. As a 

negative control, CD4+ and CD8+ T cells were also incubated with K562 cells (CD22 
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negative) at a ratio of 10:1 in the presence of 100 nM antiCD3 CSANs or bispecific 

antiCD3/antiCD22 CSANs. All samples were analyzed as triplicates.   

K. Degranulation assay 

In one well of a 48 well plate, 6×10
5
 pure CD8+ T cells were cocultured with 6×10

4
 

Raji cells or K562 cells in the presence of 100 nM antiCD3 or bispecific CSANs. In 

addition, 8 l antiCD107a APC mAb (BD Biosciences) and complete RPMI 1640 were 

pipetted to each well (final volume of 400 l). After 1 h of incubation at 37°C, 0.27 ul of 

BD GolgiStop (BD Biosciences) and 0.4 ul of BD GolgiPlug (BD Biosciences) were 

added. After an additional incubation of 4 h, cells were spun down and washed with ice-

cold FACS buffer. Flow cytometry analysis was performed on a FACS BD LSR II (BD 

Biosciences). All samples were analyzed as triplicates. 

L. Determination of cytokine concentration 

In one well of a round bottom 96-well plate, 5×10
4
 PBMC cells were co-cultured with 

Raji or K562 cells in the presence of 50 nM antiCD3 CSANs or bispecific 

antiCD3/antiCD22 CSANs for 24 h at 37°C. Complete RPMI medium was added to 

make final volume 200 l. The amount of IL2 and IFN  in the cell culture supernatant 

was quantified by OptEIA ELISA Sets (BD Biosciences), according to the manufactures 

protocol. 

M. Competitive disassembly of bispecific antiCD3/antiCD22 CSANs 

5×10
5
 PBMC cells were incubated with 1 uM bispecific CSANs (pre-determined as 

the concentration of bispecific CSANs that saturate 5×10
5
 PBMC cells in 100 l 

medium) (one equivalent of 1DDantiCD3 and one equivalent of 1DDantiCD22 were 



 

103 

 

incubated with three equivalents of dimerizer FITC-bisMTX in Phosphate buffered saline 

(PBS) for 1 h to allow complete oligomerization) for 1 h at room temperature. Excess 

CSANs were washed away. Cells were then resuspended in different concentrations of 

trimethoprim and incubated for another 1 h at 37 ˚C. Cells were washed with PBS 

supplemented with 1% BSA and 0.1% sodium azide (FACS buffer) twice and counted by 

FACS BD LSR II. 

N. Time course study of the stability of bispecific antiCD3/antiCD22 CSANs  

5×10
5
 PBMC cells were incubated with either 1 uM bispecific CSANs or 1 uM 

1DDantiCD3 monomer for 1 hour at room temperature. Cells were then washed and 

plated in 48 well plates. On each day of the next following five days, cells with 

antibodies treatment were washed with FACS buffer and stained with saturation amount 

of FITC mAb antiCD3. To check the maximum fluorescence, the same number of cells 

were incubated with RPMI complete medium only and stained with saturation amount of 

FITC mAb antiCD3. This experiment was run in triplicates for each time point. 

Percentage of fluorescence inhibition was calculated by subtracting the mean 

fluorescence observed at given competitor concentration from 100% binding, which was 

defined as mean fluorescence observed in the absence of competition, then divided by 

100% binding. 
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Chapter Four: Chemically Self-Assembling Protein 

Nanorings Prepared with CpG Chemical Dimerizers 

Elicit a Th-1 Type Immune Response 
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 Introduction I.

    In modern vaccination, protein antigen-based subunit vaccines have been explored as a 

safer alternative to traditional weakened or killed whole organism based vaccination 

strategies.
190,191

 However, without an optimized delivery strategy and including 

adjuvants, those subunit vaccines weakly stimulate the immune system and induce both 

limited antibody response and minimal cellular immunity. To enhance the 

immunogenicity of an antigen and increase their efficacy, molecular adjuvants that act by 

immunopotentiation through innate immune receptor (eg. Toll-like receptors (TLRs)) can 

be added.  

    TLRs are pattern recognition receptors that trigger innate immunity, providing 

immediate protective responses against pathogens. Among the ten TLRs described in 

human,
192

 TLR9 is triggered by CpG oligodeoxynucleotides (ODN) containing 

unmethylated CpG dinucleotides (referred to as CpG motifs) in a consensus of 5‟-pur-

pur-CpG-pyr-pyr-3‟.
193

 CpG is underrepresented (CpG suppression) and selectively 

methylated in vertebrate DNA, but is present at the expected frequency (1/16 bases) and 

unmethylated in bacterial DNA.
193,194

 CpG ODNs have many effects on the innate 

immune system, including the direct stimulation of B cells to proliferate and secrete more 

immunoglobulin (Ig),
195

 induction of rapid cellular activation and cytokine release 

including IL-12, TNF- and IL-6 from antigen presentation cells (APCs) such as 

macrophages and dendritic cells (DCs).
195,196

 The cytokines produced by APC stimulate 

natural killer (NK) cells to secrete interferon gamma (IFN-) for increased lytic activity. 

In addition, CpG ODNs enhance the generation of antigen-specific responses and the 

expression of co-stimulatory molecules.
197

 Therefore, CpG ODNs have received a great 
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deal of attention as promising vaccine adjuvants against a range of diseases including 

infectious diseases, cancer and allergies.
198,199,200

  

While CpG ODNs have potent immunostimulatory effect, the major limitations 

hindering their application include their rapid degradation, absorption and inefficient 

delivery to target cells or tissues.
201

 Several strategies for enhancing the immune response 

using CpG ODNs have been reported, such as direct conjugating CpG ODN to protein 

antigens.
202,203

 However, there are limitations associated with antigen-CpG ODN 

conjugates as a vaccine formulation: (i) the efficiency and number of conjugates is 

dependent on the chemical characteristics of the antigen; (ii) the antigenic epitopes may 

be altered during the conjugation process. Alternative delivery approaches have been 

explored, including co-encapsulation of CpG ODN with antigenic proteins or peptides in 

PLGA nanoparticles,
204,205

 self-assembled virus like nanostructures,
206

 non-covalent 

conjugation to streptavidin by biotinylation,
207

 or conjugating CpG ODN on the surface 

of antigen containing nanoparticles.
208

  

    Here, we report an alternative one step preparation process to achieve the multivalent 

co-delivery of CpG and antigens without chemical conjugation. Previously we have 

demonstrated that in the presence of the chemical dimerizer bisMTX, two E. coli 

dihydrofolate reductase molecules (DHFR
2
) that have been fused together through a 

peptide linker can spontaneously assemble into a range of chemically self-assembled 

nanorings (CSANs) whose size varies depending on the length and composition of the 

linker peptide between the DHFRs.
160,165,181,182

 If the linker is a single glycine, we 

observed formation of rings containing 7 to 10 DHFR
2
 (1DD) fusion proteins with an 

average ring diameter of 25-30 nm and height of 5 nm.
160,182

 Further, bisMTX ligands 
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with a third arm functionalized with oligonucleotides (bisMTX-Oligo) have been 

developed as a method for the programmable self-assembly of antibody and small 

molecule oligonucleotide conjugates, as well as for the targeted delivery of antisense 

oligonucleotides.
209,210

  

To explore the potential of DHFR
2 

based CSANs to be used as vaccines by the 

multivalent display of an antigen and adjuvant, we prepared CSANs and CSANs 

assembled with the bisMTX dimerizer linked to CpG oligonucleotides (bisMTX-CpG) 

and compared their immune responses in mice.  

 Results and Discussion II.

A. Characterization of CpG CSANs 

    We have prepared a bisMTX molecule with a third arm containing a maleimide for 

reaction with thiol functionalized oligonucleotides
211

 CpG 1826 and ODN 1982. DHFR
2
 

monomer (1DD)  protein was incubated for 1 hour with either CpG 1826 trilinker or 

ODN 1982 trilinker (1:1.2 equiv), and the assembled proteins were analyzed by size-

exclusion chromatography (Figure 1). Similar to CSANs previously prepared with 

bisMTX
182

 or bisMTX-oligonucleotides,
25

 CSANs prepared with either bisMTX-CpG 

1826 or bisMTX-ODN 1982 eluted in a broad peak centered at 20 min (Figure 1) with 

almost 100% oligomerization of 1DD monomer (33.5 min). Incorporation of bisMTX 

into the CSANs was verified by the observance of the overlapping MTX absorbance at 

305 nm. The hydrodynamic radius of purified CpG CSANs was determined by dynamic 

light scattering (Figure 2 B) was 9.84 ± 0.01 nm, which was found to be modestly lower 

than the value observed for CSANs 12.9± 0.01 nm, (Figure 2 A) prepared with bisMTX.   

 



 

108 

 

 

Figure 1. Characterization of self-assembled protein nanorings by SEC. 

  

The assembly of CpG 1826 CSANs (A) and ODN 1982 CSANs (B) was characterized by 

size exclusion chromatography. Blue curve: A280 nm; Purple curve: A304 nm; Black 

curve: DHFR
2
 monomer (1DD).  
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Figure 2. Characterization of self-assembled protein nanorings by dynamic light 

scattering. 
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B. CpG CSANs and free CpG 1826 elicit similar level of immunomodulatory 

activity in vitro 

To assess the in vitro immunomodulatory activity of the CpG-CSANs, CpG-CSANs 

were incubated with isolated splenocytes from three naive mice for 24 h. Their ability to 

induce expression of the co-stimulatory protein, CD86 (B7-2) and T-cell dependent 

antibody class switching and germinal center protein, CD40, on antigen presenting cells 

(APCs) was determined and compared to incubation with the DHFR
2
 monomer (1DD), 

CSANs, CpG 1826, ODN CSANs or ODN 1982. As shown in Figure 3, both free CpG 

1826 and CpG CSANs treated splenocytes upregulated CD86 (B7-2) (P=0.19) and CD40 

(P=0.94) to similar levels. However, significant enhancement of CD86, but not CD40, 

expression over the control treated splenocytes was observed. Neither the DHFR
2
 

monomer nor the CSANs upregulated CD86 or CD40, compared to medium treated 

control cells, thus indicating that DHFR does not inherently activate splenocytes in vitro. 

In addition, induction of CD86 or CD40 was not observed for either the control 

oligonucleotide, ODN 1982, or conjugated form, ODN CSAN. 
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Figure 3. Upregulation of costimulatory molecules on the B cells surface is CpG 

dependent.  

 

 

Flow cytometry was used to measure cell surface molecules expression on gated CD19+ 

B cells of naive BALB/c mice splenocytes after a 24 h incubation with 0.2 uM of either 

the DHFR
2
 monomer, CSANs, CpG-CSANs, CpG 1826, ODN CSANs or ODN 1982. 

The relative mean fluorescence intensity (MFI) value was quantified and related to the 

MFI of expression levels on cells cultured in medium alone. Data are the average results 

from three mice. 
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To assess the effect of CpG-CSANs on cytokine release by splenocytes, the increase in 

the amount of IL-6, which leads to maturation of B cells, and TNF- which stimulates 

DC maturation and T-cell activation, was determined. CpG CSANs and  CpG 1826 

treated cells were found to release comparable amounts of IL-6, while no significant 

release of IL-6 was observed for cells treated with either ODN 1982 and ODN 1982 

CSANs (Figure 4) or DHFR
2
 monomer (1DD) and CSANs (data not shown). TNF- 

release was not observable by treatment with either CpG-CSANs or the controls (Data 

not shown).     

To further determine the ability of the CpG CSANs to activate APCs, mouse 

macrophage RAW 264.7 cells were incubated with variable concentrations of CpG 

CSANs and the corresponding control groups overnight. Significantly higher 

concentrations of IL-6 (Figure 5A) and TNF- (Figure 5B) release was detected for 

cells treated with CpG 1826 and CpG CSANs than ODN 1982 and ODN 1982 CSANs. 

Neither IL-6 or TNF- release was detected for RAW 264.7 cells treated with either 

DHFR
2
 monomer or CSANs (data not shown), a finding which is consistent with 

complete removal of potentially contaminating lipopolysaccharide (LPS).
192
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Figure 4. CpG ODN induces cytokine release from naive BALB/c mice splenocytes.  

  

Mice splenocytes were isolated from naive mice and incubated with different 

concentrations of treatment and control groups overnight. The supernatants were 

probed for IL-6 release by ELISA. Data are the average of two mice donors. Points 

show mean ± SD. 
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Figure 5. CpG ODN induced cytokine release from RAW 264.7 cells.  

 

 

RAW 264.7 cells were incubated with treatments overnight. The supernatants were 

probed for IL-6 (A) and TNF- release. Points show mean ± SD. 
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C. Uptake of CSANs and CpG CSANs by RAW264.7 cells 

The internalization of antigens by APCs, which triggers antigen presentation, is a key 

step in the generation of potent immune responses. To evaluate the uptake of CSANs and 

CpG CSANs by macrophages, RAW264.7 cells were incubated with FITC labeled 

CSANs or CpG CSANs for 1 h at 37 ˚C. The fluorescence intensity obtained by flow 

cytometry demonstrated that both the CSANs and CpG CSANs (Figure 6A) were taken 

up by the cells to the same extent. When cells were treated with CpG CSANs together 

with either CpG 1826 or control ODN 1982, the amount of CpG CSANs taken up by the 

RAW264.7 cells was modestly, but significantly reduced by 16% and 18%, respectively, 

while little effect was observed on the uptake of the CSANs (Figure 6 B).  

Previously, it has been shown that nanoparticles displaying oligonucleotides are 

internalized by phagocytic cells through the Class A Scavenger Receptor (SRA).
212

 SRA 

internalization of these particles has been shown to be inhibited by fucoidan or 

polyinosine (polyI).
213

 After pre-incubation of the RAW264.7 cells with either fucoidan 

or polyinosine (polyI) the fluorescence of cells treated with CpG CSANs (Figure 6A) 

dramatically decreased by 73% and 85%, respectively. Whiles the fluorescence of cells 

treated with CSANS (Figure 6B) decreased by 68% and 79% respectively. Thus, 

although internalization of the CSANs and oligonucleotides is not self-exclusionary, the 

uptake of both, including CpG CSANs is dependent on SRA.  
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Figure 6. Cellular uptake of self-assembled protein nanorings. 

 
Cellular uptake of CpG CSANs (A) and CSANs (B) by RAW264.7 cells. The cells were 

incubated with FITC labeled proteins in the presence of either CpG 1826, ODN 1982, 

fucoidan or polyI. The uptake amount was measured by flow cytometry indicated by 

mean fluorescence intensity. Samples were run in triplicates.  
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D. CpG CSAN stimulate DHFR-specific Ig response 

In response to the antigen challenge by CpG-CSANs, the amount of antibodies 

specific to DHFR (total IgG) were quantified by ELISA. As shown in Figure 7, mice 

immunized with CpG CSANs but not ODN 1982 CSANs elevated the levels of antigen-

specific IgG gradually from day 13 to day 30. In contrast, no significant increase at day 

13, 21 and 30 in the amount of IgG was observed for immunization with either the 

CSANs (P=0.4559) or the mixture of CSANs and free CpG 1826 (P=0.0754). In addition, 

inflammatory cytokines such as IL-6 and TNF- were not detectable in the serum on day 

30 both CpG-CSANs and control immunizations. 

Previously, it has been shown that CpG ODN induced a strongly Th1-dominated 

response to vaccine, as measured by production of antigen-specific IgG2a antibody.
214

 

Examination of the IgG isotypes present in the plasma 30 days after immunization 

revealed that no significant IgG1 or IgG2a was induced by the CSANs, when compared 

to the PBS control and ODN CSANs (Figure 8). In contrast, unlike ODN CSANs or 

CSANs, CpG CSANs immunizations resulted in the generation of antigen specific IgG2a, 

but no significant amounts of IgG1(Figure 8). 
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Figure 7. CpG CSANs enhanced anti-DHFR IgG response in immunized mice. 

 

On day 13, 21 and 30 since the first immunization, sera were collected for estimation of 

anti-DHFR IgG antibodies by ELISA. Data were shown as absorbance values at 450 nm 

wavelength at appropriate dilutions. Each bar represents the mean value of absorbance 

value OD450 ± SD for each group (n=4).  Values of p < 0.05 were considered significant 

and were indicated as follows: *p < 0.05; **p < 0.01. Statistical differences between the 

groups were determined by one-way ANOVA analysis and Student t test. 
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Figure 8. Concentrations of antigen-specific IgG1 and IgG2a antibodies on day 30 after 

immunization.  

 

The levels of antigen-specific IgG1 (A) and IgG2a (B) antibodies were measured by 

ELISA. Data are shown as absorbance values at 450 nm wavelength at appropriate 

dilutions. Each bar represents the mean value of OD450±SD for each group (n=4).  

Values of p < 0.05 were considered significant and were indicated as follows: *p < 0.05; 

**p < 0.01; **p < 0.001. Statistical differences between the groups were determined by 

one-way ANOVA analysis and Student t test. 
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 Conclusion     III.

CSANs displaying ligands such as scFvs and peptides have been shown to target 

cells and tissues both in vitro and in vivo.
215

 In this study we have examined the 

immunogenicity of CSANs prepared with bisMTX and DHFR
2
 and found that, while 

they are easily taken up by APCs, they do not either elicit the release of inflammatory 

cytokines such as IL-6 and THF- or activate B-cells resulting in the production of 

antigen specific IgG. CSANs that have been assembled with the chemical dimerizer, 

bisMTX-CpG  are also internalized by APCs, but in contrast to CSANs, induce the 

production of IL-6 and TNF-. Relative to CpG 1826 alone, the polyvalency of the CpG 

CSANs does not seem to have an observable effect on the amount of cytokine release. 

Similar to polyvalent VLPs, however, immunization of the mice with CpG CSANs 

resulted in a Th1 type response that is dominated by the polyvalent engagement with B-

cell BCRs. Thus, the co-stimulation of B-cells by a polyvalent antigen and TLR9 agonist 

can lead to the production of IgG2a, one of the most potent antiviral and antibacterial 

antibodies. 
216

   The modularity of CSANs, which allows the site-specific incorporation 

of molecular adjuvants, as well as the recombinant engineering of DHFR
2
 antigen fusion 

proteins, will allow us to explore the potential for this platform to serve as a vaccine 

strategy. 
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 Materials and Methods IV.

A. Synthesis of Bis-MTX-Maleimide 

The synthesis of BisMTX-maleimide was reported earlier.
209

 BisMTX-NH2 was mixed 

with 5 eq of N-succinimidyl 4-maleimidobutyrate and 1 eq of N, N,-

diisopropylethylamine (DIPEA) in dimethyl formamide (DMF) and stirred at room 

temperature overnight. The product was then purified by HPLC using 0.1% TFA in water 

(solvent A) and 0.1% TFA in acetonitrile (solvent B) (RediSep Rf Gold 100°A C18 

Columns). Product peak was isolated using a gradient of 2% to 40% B. Relevant fractions 

were pooled and lyophilized prior to storage (yield 85 %). BisMTX-Maleimide was 

characterized LC-ESI-MS (Mw=1356).  

B. LC-ESI-MS analysis of bis-MTX-maleimide 

Completion of reaction and formation of products were purified by HPLC using 15 

mM ammonium acetate (solvent A) and 100% acetonitrile (B) on Haisil C18 RP column 

(5 μm, 250 x 4.6 mm, Haggins Analytical Inc). Product peak was isolated using a 

gradient of 2% to 25% B. Relevant fractions were pooled and speedvac prior to storage or 

analysis. For LC-ESI-MS, Zorbax SB-C18 column (150 mm x 0.5 mm, 5 μm, Agilent 

Technologies, Inc.) was used. Sample was eluted with 15 mM ammonium acetate (A) and 

100% acetonitrile (B) with gradient of 2 % B to 75 % B over 35 min. 1
st 

channel is TIC 

(Total Ion Current), 2
nd

 channel is UV302 nm (bisMTX) and 3
nd

 channel is ionization 

pectra.  
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Figure 9. Scheme for the synthesis of bis-MTX-maleimide. 
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Figure 10. LC-ESI-MS of bis-MTX-maleimide 
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C. Synthesis of BisMTX-oligodeoxynucleotides (ODN-trilinker) 

The thiol protected oligodeoxynucleotides ODN1826 (CpG, 

TCCATGACGTTCCTGACGTT), containing CpG motifs, and ODN1982 (CTRL, 

TCCAGGACTTCTCTCAGGTT) were purchased from IDT (Integrated DNA 

Technologies). ODN were phosphorothioate-modified to increase their resistance to 

nuclease degradation. Synthetic ODN were deprotected by 100 equivalent dithiothreitol 

(DTT) in TE Buffer (Tris 10 mM, EDTA 1 mM, pH 7.5) for 24 hr. DTT was removed by 

eluting the oligonucleotides through illustra NAP-10 columns (GE Healthcare Life 

science). Deprotected oligos were then magnetically stirred with 2.5 eq of BisMTX-

maleimide in TE buffer for 24 hr at room temperature. Completion of reaction and 

formation of products were purified by HPLC using 15 mM ammonium acetate (solvent 

A) and 100% acetonitrile (B) on Haisil 100°A C18 RP column (5 μm, 250 x 4.6 mm, 

Haggins Analytical Inc). Product peak was isolated using a gradient of 2% to 25% B. 

Relevant fractions were pooled and speedvac prior to storage or analysis. For LC-ESI-

MS, Zorbax SB-C18 column (150 mm x 0.5 mm, 5 μm, Agilent Technologies, Inc.) was 

used. Sample was eluted with 15 mM ammonium acetate (A) and 100% acetonitrile (B) 

with gradient of 2 % B to 75 % B over 35 min. Traces for CpG1826 (5‟  

TCCATGACGTTCCTGACGTT 3‟, m/z = 6519), ODN1982 (5‟ 

TCCAGGACTTCTCTCAGGTT 3‟, m/z = 6519) , BisMTX-CpG1826 (m/z = 7875) and 

BisMTX-ODN1982 (m/z = 7875) are given below in Fig (A), (B), (C), and (D) 

respectively. LPS content of ODN and ODN-trilinker was < 0.5 ng LPS/mg DNA, as 

measured by Limulus amebocyte assay (Thermos scientific). 
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Figure 11. Scheme for the synthesis of  bisMTX-oligodeoxynucleotides. 
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Figure 12. LC-ESI-MS Spectra of CpG 1826, ODN 1982, CpG1826-trilinker and 

ODN1982-trilinker . 
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(b) ODN 1982 

Molecular Mass (Mr): 6519.6      Std. Deviation: 0.585252 
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(c) CpG1826-trilinker 

Molecular Mass ([M - H]-): 7875.0      Std. Deviation: 0.715329 
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(d) ODN1982-trilinker 

Molecular Mass ([M - H]-): 7875.7      Std. Deviation: 0.467962 
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D. Protein Expression, Purification and endotoxin removal 

ClearColi BL21(DE3) (Lucigen) cells were transformed with plasmid encoding 

DHFR-DHFR (DHFR
2
, 1DD) with a glycine residue between the two DHFRs. Following 

cells membrane disruption, cell lysate containing soluble DHFR
2 
protein was loaded onto 

methotrexate affinity column (20 ml resin) that was previously equilibrated with Buffer A 

(50mM KH2PO4, 1mM K2EDTA, pH 6). Column was firstly washed with 50 column 

volumes of buffer A containing 0.1% Triton-114 (Sigma-Aldrich), and then washed with 

another 25 column volumes of buffer B (50mM KH2PO4, 1mM K2EDTA, 1M KCl, pH 6) 

without detergent at 4 ˚C. Elution was achieved with Folate buffer (10mM K2HPO4, 

0.1mM K2EDTA, 1M KCl, 15mM Folate, pH 9). Fractions were dialyzed and further 

purified by diethyl aminoethyl (DEAE) ion exchange column. Pure protein was stored in 

15% of glycerol at -80 ˚C and buffer exchanged with PBS containing 0.4 M NaCl before 

use. LPS content of protein (< 0.01 ng LPS/mg) was measured by Limulus amebocyte 

assay (Thermos scientific). 

E. Size exclusion chromatography 

1DD were incubated with dimerizer CpG1826-trilinker or ODN1982-trilinbker at 

1:1.2 ratios in P500 buffer (0.5M NaCl, 50mM KH2PO4, 1mM EDTA, pH 7.0) for 1 hour 

at room temperature. Formation of multimeric nanostructures were analyzed by Size 

exclusion chromatography (SEC) using G200 gel filteration column (Superdex G200, GE 

Healthcare) and eluted at a flow rate of 0.5 ml/min with P500 buffer. 

F. Dynamic light scattering  
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DLS measurements were performed on a Brook haven 90 Plus Particle Analyzer 

(Holtzville, NY) with a 35 mW red diode laser. Samples (1.5 mL) were measured at room 

temperature in suspensions of PBS at (1.5 mg/mL). 

G. Mice and cell lines 

Female BALB/c mice (7 weeks old), stock #01B05, were purchased from the National 

Cancer Institute (Frederick, MD, USA). All mice were housed under pathogen-free 

conditions at the AALAC-accredited University of Minnesota Animal Care Facility. All 

animal procedures were approved by the University of Minnesota Institutional Animal 

Care and Use Committee. Four mice per group were immunized intravenously with 30 

g (834.7 pmol) of CSANs with or without 834.7 pmol of free CpG oligos, CpG CSANs, 

CTRL CSAN or 834.7 pmol of free CpG oligos only in PBS in a total volume of 300 

l/animal. A booster injection with the same concentration and volume of vaccines was 

administered on day 14. Blood samples were taken on day0, 13, 21 and 30 by retro-

orbital bleeding. Mice were sacrificed by cervical dislocation. Single cell suspension was 

prepared aseptically from the spleens. Mouse splenocytes were grown in RPMI media for 

FACS and in vitro activation assay. 

H. In vitro activation cell activation 

Freshly isolated spleen cells from naive mice were plated onto 96 well plates in 10
5
 

cells/well densities. Different concentrations of treatments were used to treat cells 

overnight at 37 ˚C in 5 % CO2 humidified atmosphere. 

I. Flow cytometry 
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Fluorescently labeled mAbs obtained were the following: anti-mouse CD40-PE-Cy5 

(clone: 3/23) (BioLegend), anti-mouse CD40-APC (clone:3/23) (BD Biosciences), anti-

mouse CD19 (clone:1D3), anti-mouse CD86 (clone:GL1). On day 30, spleen cells were 

isolated from each mice. Following red blood cell lysis, cells were stained with 

fluorescently labeled mAb, washed and then phenotypically acquired on the LSRII (BD 

Biosciences) and analyzed with FlowJo software (Tree Star, Inc.).   

J. Macrophage RAW 264.7  cells activation  

RAW 264.7 (murine macrophage) cells were plated onto 48 well plates in 10
5
 

cells/well densities the day before the treatment. The next day, supernatant was removed 

and different concentrations of treatment were added in the medium. After overnight 

incubation at 37 ˚C in 5 % CO2 humidified atmosphere, cytokines (IL-6, TNF-) were 

determined in the supernatant.  

K. CSAN uptake study by RAW 264.7  cells 

Either CSAN or DHFR
2
 monomer was FITC labeled. CpG CSANs were prepared with 

1:1.1 equivalent of DHFR
2
 monomer and CpG-trilinker. 5×10

5
 RAW cells were 

preincubated with either 10 g of Fucoidan (Sigma) or 20 g of polyinosinic acid 

(Sigma) for 30 minutes at 37 ˚C, then 0.5 M of either CSAN or CpG CSAN were added 

in the cell culture with or without free CpG/nonCpG ODN. After another1 h incubation, 

cells were washed with FACS buffer and counted on the LSRII (BD Biosciences).  

L. Measurement of DHFR-specific antibodies by ELISA.  

    Levels of antibodies binding to DHFR were measured by enzyme-linked 

immunosorbent assay (ELISA). Briefly, Maxisorp 96-well plates (Thermo scientific) 
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were coated first with DHFR
2
 (1g/well) in ELISA diluent (PBS containing 10% FBS) 

overnight at 4 ˚C. Following 1 h blocking with ELISA diluent, diluted sera (1:10) of 

immunized mice were transferred to the coated plates and incubated for 2 h at room 

temperature. Horseradish peroxidase-conjugated rabbit anti-mouse IgG-HRP (Sigma–

Aldrich) diluted 1:80,000, or goat anti-mouse IgG1-HRP (Santa Cruz) diluted 1:4,000, or 

goat anti-mouse IgG2a-HRP (Santa Cruz) diluted 1:4,000, in the same diluent were 

incubated for 1 h at room temperature. The amount of bound peroxidase was visualized 

by incubation with tetramethylbenzidine and hydrogen peroxide (BD Bioscience). After 

15 min, the reaction was stopped with 0.2 M H2SO4 and A450 was measured with a 

microplate reader (Biotek). Samples were measured in triplicates. 
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