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Thousands of people are diagnosed with B cell malignancies every 

year, yet the only FDA-approved immunotherapies for them are based on 

anti-CD20 monoclonal antibodies (MAbs). However, CD20 is not 

expressed on precursor B cell acute lymphoblastic leukemia (pre-B ALL), 
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and CD20 expression is often lost following anti-CD20 immunotherapy.  

CD19 is a pan B cell membrane antigen that is restricted to the B cell 

lineage and expressed on B cell lymphomas and pre-B ALLs. Previous 

studies have shown that a murine anti-human CD19 MAb, HD37, has 

efficacy in SCID mice with human B cell tumors. Furthermore, 

homodimers consisting of two conjugated IgG molecules of HD37 are 

more effective than monomers at inducing tumor cell death. Yet, their 

large size prevents effective tumor penetration, and normal Fc effector 

funtions are often not retained. Murine antibodies are also highly 

immunogenic. Therefore, the objective of this study was to construct, 

express, and test the in vitro and in vivo activities of chimeric divalent and 

tetravalent HD37 MAbs. Both chimeric HD37 MAbs and the murine HD37 

MAb were equally effective at mediating antibody dependent cellular 

cytotoxicity (ADCC) with mouse effector cells. The anti-tumor activities of 

all three MAbs were identical in SCID mice xenografted with human B cell 

tumors. However, the chimeric tetravalent MAb has a higher binding 

affinity and a longer half-life of dissociation than either of the divalent 

MAbs. Moreover, the chimeric tetravalent MAb mediated ADCC and 

complement dependent cytotoxicty (CDC) more efficiently than the 

divalent MAbs when human effector cells and human complement were 

used. None of the MAbs were cytotoxic to target cells in the absence of 
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effector cells or complement. These data suggest that 1) the HD37 MAbs 

effectively extend the mean survival time of SCID mice engrafted with 

human B cell tumors; 2) more than two of the tetravalent HD37 MAb‘s 

binding sites are active; and 3) because in vitro results show that the 

chimeric tetravalent MAb is more effective than the divalent MAbs at 

mediating ADCC and CDC with human effector cells and complement, the 

chimeric tetravalent HD37 MAb could be superior to the divalent MAbs in 

humans. 
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CHAPTER ONE 

Introduction 

 

A. Hematological Cancers 

 

 Hematological cancers are diseases in which abnormal cells of the 

blood, bone marrow or lymphatic tissues grow aberrantly and spread to 

many sites in the body. These cancers include various forms of 

lymphomas, leukemias, and myelomas. Hematological cancers are a 

major health concern. In 2005, the prevalence of hematological cancers 

was greater than 800,000, with an incidence of more than 135,000 cases 

diagnosed in both children and adults, and a death rate of more than 

53,000 people in the United States1. The risk factors and causes of most 

hematological cancers are unknown. Despite significant advances in the 

development of more sensitive detection methods and more effective 

treatment options, hematological cancers remain a serious health problem 

both in the United States and worldwide.  

 Hematological cancers are heterogeneous diseases and can 

originate from various types of cells in the blood or bone marrow. Cancers 

of B cell origin comprise a large portion of these malignancies and are 

very common hematological disorders. This study will focus primarily on B 
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cell malignancies, particularly precursor B cell acute lymphobloastic 

leukemia (pre-B ALL) and B cell non-Hodgkin‘s lymphoma (NHL). 

 

Acute Lymphoblastic Leukemias  

  

 ALL is a malignant disorder of lymphoid progenitor cells and can be 

of T cell, mature B cell, or B cell precursor origin, but a vast majority (80-

85%) are B cell precursor type2, 3. ALL affects thousands of people in the 

United States every year, and there has been a gradual increase in the 

incidence of ALL in the past 25 years4. There were an estimated 5,430 

new diagnoses and 1,460 deaths among adults in 20083. Sixty to 80% are 

expected to attain complete remission following induction therapy, which 

consists of combination chemotherapy. Approximately 35% to 40% of 

adults with ALL can be expected to survive 2 years with aggressive 

chemotherapy.  

 ALL is the most common cancer diagnosed in children and 

represents 23% of all cancer diagnoses among children younger than 15 

years of age5. There are approximately 2,400 children and adolescents 

younger than 20 years of age who are diagnosed with ALL each year in 

the United States. More than 95% of children diagnosed with ALL achieve 
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remission, and 75% to 85% are leukemia-free for at least 5 years after 

diagnosis when current treatments are used6. 

 There are few identified factors associated with an increased risk of 

ALL. The primary accepted non-genetic risk factors for ALL are prenatal 

exposure to x-rays and postnatal exposure to high doses of radiation5. 

Children with Downs syndrome have an increased risk of developing both 

ALL and acute myeloid leukemia (AML)7, 8. Many cases of ALL that 

develop in children have a prenatal origin. Evidence in support of this 

comes from observations that antigens from immunoglobulin (Ig) or T-cell 

receptor (TCR) rearrangements that are unique to each patient‘s leukemia 

cells can be detected in blood samples obtained at birth9, 10. 

 Based on immunophenotyping, 80-85% of all ALLs are of the early 

B-cell lineage and are referred to as pre-B ALLs3. They are defined by the 

expression of CD10 (CALLA), CD19, HLA-DR, and cytoplasmic 

expression of CD79a6. Pre-B ALLs are further categorized into four 

subtypes based on CD10 and cytoplasmic Ig expression: pro-B ALL, 

which has no surface CD10 or cytoplasmic Ig expression; common pre-B 

ALL, which expresses CD10 but no surface or cytoplasmic Ig; pre-B ALL, 

which expresses both CD10 and cytoplasmic (but not surface) Ig; and 

transitional pre-B ALL, which expresses membrane Ig μ chain without light 

chain2. Approximately three-quarters of patients with precursor B-cell ALL 
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have the common precursor B-cell immunophenotype and have the best 

prognosis.  

 ALL treatments typically consists of three phases, a remission-

induction phase, an intensification (or consolidation) phase, and 

continuation therapy to eliminate residual disease11. The average length of 

treatment varies between 1.5 to 3 years. All three phases of treatment 

involve combination systemic chemotherapy. Several common classes of 

chemotherapeutic drugs approved by the U.S. Food and Drug 

Administration (FDA) for the therapy of various cancers include DNA 

alkylating agents, platinum compounds, anti-metabolites, topoisomerase 

interactive agents, and anti-microtubule agents. Treatment of ALL is also 

directed to the central nervous system (CNS) to prevent relapse 

attributable to leukemic cells sequestered at this site11. Chemotherapy 

and/or radiation therapy are common forms of treatment in the CNS. 

Because chemotherapeutic agents typically affect all rapidly proliferating 

cells by interfering with DNA replication or cell division, both cancerous 

and rapidly dividing, healthy cells are affected. Therefore, treatment with 

chemotherapy is typically associated with a variety of minor and severe 

side effects, including myelosuppression, uric acid build up in the blood, 

and anemia. Myelosuppression is the greatest concern because it can 
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lead to immunosuppression and subsequent infections, anemia, and 

deficient wound healing12.  

 Allogeneic hematopoietic stem cell transplantation (HSCT) is the 

most aggressive form of treatment for ALL. Patients with high-risk forms of 

ALL, such as individuals with Philadelphia chromosome-positive disease, 

and those with a poor response to initial treatment may benefit from 

allogeneic HSCT. However, this treatment is considered to be high-risk 

with significant morbidity and mortality. Other risks include graft-versus-

host disease (GVHD) and immunosuppression.  

 Despite the high rate of remission, the current treatment modalities 

are not curative in all ALL cases. Furthermore, chemotherapy and HSCT 

are associated with a systemic toxicity and general immunosuppression. 

Therefore, better strategies are needed for the treatment of ALL. 

 

B Cell Non-Hodgkin’s Lymphomas 

 

 Lymphoma is a heterogeneous group of cancers that develop from 

the uncontrolled proliferation of B cell or T cells, which are normally a part 

of the adaptive immune system. There are two main types of lymphoma—

Hodgkin‘s lymphoma, which develops from Reed-Sternberg B cells, and 

NHLs, which includes all other lymphomas. In 1995, the World Health 
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Organization (WHO) proposed using the Revised European American 

Lymphoma Classification (REAL) system to better classify the different 

types of lymphomas based on immunologic and genetic techniques, and 

this classification system is still in effect today13. The three major types of 

lymphomas are Hodgkin‘s lymphoma (nodular and classical), B cell 

neoplasms (precursor B cell and peripheral B cell), and T cell and putative 

natural killer (NK) cell neoplasms (precursor T cell and peripheral T and 

NK cell). Lymphomas are further categorized as indolent (low-grade) or 

aggressive (high-grade). Although NHLs can be of B, T or NK cell origins, 

over 90% of lymphomas are of B cell origin. B cell NHLs include Burkitt‘s 

lymphoma, diffuse large B cell lymphoma, follicular lymphoma, 

immunoblastic large cell lymphoma, precursor B-lymphoblastic lymphoma, 

and mantle cell lymphoma. Approximately 4% of all cancers diagnosed 

are NHLs, and there were an estimated 66,000 new cases in the U.S. in 

20085. The incidence of NHL has nearly doubled in the last 55 years, and 

it continues to climb. It is estimated that over 500,000 people live with or 

have a history of NHL, and 19,000 people died in 2008 from NHL. While 

some subtypes of NHL are relatively common in children, over 95% of 

NHLs occur in adults. The risk of developing NHL also increases in 

individuals who are immunosuppressed due to organ transplant, have an 

autoimmune disease, or have been infected with certain viruses such as 
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human immunodeficiency virus, hepatitis C virus, or Epstein-Barr virus. 

However, the specific risk associations and epidemiology vary according 

to the subtype of NHL14. 

 Despite the continued increase in incidence, the mortality rate of 

patients with NHL is steadily decreasing. Although the mortality rate varies 

greatly depending upon the originating cell type and the stage of disease, 

the average five and ten-year survival rates are currently 63% and 49%, 

respectively14. The observed decrease in the mortality rate over the last 

decade is thought to be due to improvements in the therapeutic options for 

patients with NHL. 

 Treatment of NHL depends on the histologic stage and type. There 

are four stages of NHL (Stage I-IV) based on how widespread the cancer 

is. Chemotherapy is often administered to patients and given in cycles 

several weeks apart for 6-10 months. It is usually used in combination with 

several drugs. A commonly administered combination is R-CHOP, which 

includes Rituxan™, cyclophosphamide, doxorubicin, vincristine, and 

prednisone, for some types of NHL. Because high doses of chemotherapy 

are used, normal blood cells counts drop dramatically thereby increasing 

the risk of myelosuppression and general immunosuppression. Therefore, 

growth factors to increase red blood cell and neutrophil numbers such as 
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Aranesp™, Procrit™, Neupogen™, or Leukine™ are often administered to 

patients between rounds of chemotherapy. 

 Rituxan™ is a monoclonal antibody (MAb) therapy that specifically 

targets CD20+ B cells. Other biological therapies effective in the treatment 

of some NHL types include the anti-CD52 MAb Campath™, the 

radiolabeled anti-CD20 antibodies Bexxar™ and Zevalin™, and IFN-α 

cytokine therapy. MAb therapy can be given in combination with other 

forms of treatment or administered alone. 

 Radiation therapy is sometimes administered along with 

chemotherapy when there are very large masses of lymphoma cells in a 

small area of the body or when large lymph nodes are pressing on an 

organ and chemotherapeutic drugs are not sufficient for controlling tumor 

cell growth. Because lymphoma is usually a disseminated cancer, 

radiotherapy isn't the only treatment option for NHL. 

 Allogeneic HSCT is another form of treatment for NHL. However, 

due to the high risk associated with allogeneic HSCTs, the patient‘s type 

of NHL, age and overall health are evaluated. Nonmyeloablative 

allogeneic HSCT, which does not use high-dose chemotherapy to 

eliminate the host hematopoietic system and minimizes GVHD, is 

emerging as a new form of treatment especially for older patients who are 

not able to undergo regular HSCT. Another emerging form of therapy is 
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the combination of high-dose chemotherapy with autologous stem cell 

infusions. However, this type of treatment does not give patients longer 

disease-free periods than standard-dose chemotherapy without stem cell 

transplant and is therefore not viewed as curative. 

 As in the case of ALL, the current treatment options are not curative 

for all types of NHLs, and there are many side effects that are associated 

with chemotherapy or radiotherapy. Better treatment options with less 

systemic toxicity and adverse side effects are needed.  
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B. Monoclonal Antibodies for the Treatment of Cancer 

 

 The production of monoclonal antibodies was described by Kohler 

and Milstein in 197515. Their technique involved the immortalization of 

MAb-secreting cells from mice immunized against desired antigens and 

the subsequent screening of the hybridoma cells for reactivity with the 

target antigen. In the last 34 years, numerous advances in genetic and 

protein engineering have enhanced the therapeutic potential of MAbs, 

either naked or conjugated to drugs, in their use against cancers or viral 

and inflammatory diseases. Currently, there are nine MAbs and 

immunoconjugates approved by the FDA for the treatment of cancer, and 

hundreds more are currently being evaluated in clinical trials16, 17.  

 

Specificity 

 

 An important advantage of MAb therapy over other cancer 

treatments such as chemotherapy or radiotherapy is the specificity of the 

MAb. Paul Ehrlich described antibodies as ‗magic bullets‘ that would 

specifically trace and kill microbes and tumor cells18. Indeed, MAbs are 

highly specific for their antigen. A variety of protein or carbohydrate 

receptors on the surface of cancer cells are potential targets for antibody-
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directed therapies, although the most clinically useful are ones that are 

uniquely expressed by cancer cells, expressed at higher levels than 

normal cells, or antigens limited to one cell type or lineage. Therefore, 

MAbs can be used to specifically target and kill cancer cells through a 

variety of mechanisms. Although MAbs may also react with some normal 

cells, their selective activity provides therapeutic efficacy with fewer side 

effects than conventional chemotherapy or radiation therapy thus 

decreasing systemic toxicity. 

 

Mechanisms of Action 

 

 Antibodies can exert anti-tumor effects through multiple 

mechanisms that are not mutually exclusive. Antibodies can work by 

inducing apoptosis or cell growth arrest19, interfering with ligand-receptor 

interactions20, or preventing the expression of proteins that are critical to 

the neoplastic phenotype17. Promising results have been obtained using 

an antibody against CTLA-4, an inhibitory receptor that modulates cellular 

immunity and thereby regulates T cell responses21, 22. MAbs have also 

been developed to target the growth of the cancers instead of the cancer 

itself. For example, Avastin™ is thought to starve tumor cells by 

preventing the binding of vascular endothelial growth factor (VEGF) to its 
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receptor and thus inhibiting the formation of new vasculature23. Other 

antibodies target receptors whose ligands are growth factors. Erbitux™ 

binds to epidermal growth factor receptor (EGFR) and slows tumor growth 

by blocking epidermal growth factor from binding to its receptor, resulting 

in the inhibition of tumor cell growth and proliferation, angiogenesis, and 

metastasis24. These blocking or regulatory antibodies slow down tumor 

growth and might enhance clinical responses when combined with 

chemotherapy or other tumor-specific antibodies. However, this 

modulation of regulatory and survival signaling pathways alone will not be 

sufficient to eliminate tumor cells, and the recruitment of secondary 

immune effector mechanisms is of great importance for the efficiency of 

antibody therapy25. 

 Fc-mediated effector functions of antibodies are the most important 

effector mechanisms employed by MAbs in cancer therapy, and among 

these, antibody dependent cellular cytotoxicity (ADCC) is the most 

common26. During ADCC, antibodies bound to specific antigens on tumor 

cells recruit phagocytic effector cells that express Fc receptors (FcR) 

specific for the constant region of the antibody, trigger the release of 

inflammatory mediators, and lyse the tumor cells. Another Fc-mediated 

effector mechanism is complement dependent cytotoxicity (CDC), which 

occurs when the first component of the complement cascade, the C1q 
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protein, binds to cell-bound antibodies and activates the classical 

complement cascade. This results in the lysis of the tumor cells bound to 

the antibodies. C1q is capable of binding to the Fc portion of IgM and IgG 

molecules clustered on the cell surface. The species of origin of the 

antibody and the isotype of IgG affect the ability of the antibody to harness 

effector mechanisms. For example, mouse IgGs are much less effective 

than human IgGs at mediating effector functions when tested in vitro using 

human effector cells and complement27. Mouse IgG2a and human IgG1 

and IgG3 are the most effective at mediating ADCC, while mouse IgG3 

and human IgG3 are the most effective at mediating CDC28. Studies have 

shown that human IgG1 is the isotype of choice for chimeric and 

humanized antibodies when the activation of effector mechanisms is 

desired29.  

 

Advances in Monoclonal Antibody Engineering 

 

 Early efforts in the clinical application of MAbs for cancer therapy 

were hampered by the immunogenicity, poor pharmacokinetics and 

suboptimal effector functions of mouse MAbs in humans. In the 1990s, 

advances in recombinant DNA technology led to the chimerization and 

humanization of MAbs to improve clinical efficacy30. Chimeric MAbs are 
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obtained by joining the antigen-binding variable domains of a mouse MAb 

to human constant region domains27, 31. Humanized MAbs are created by 

grafting the antigen-binding loops, or hypervariable regions, also known as 

complementarity-determining regions (CDRs), from a mouse MAb to a 

human IgG32. A previous study showed that the human anti-mouse 

antibody (HAMA) responses of mouse MAbs was dramatically reduced 

when MAbs were chimerized or humanized, and the HAMA responses 

between chimeric and humanized MAbs were similar33. In 1993, fully 

human antibodies were created in transgenic mice by introducing human 

antibody genes into mice lacking their own Ig loci34. The main advantage 

of this technology is that fully human MAbs from transgenic mice often 

have high affinity reflecting in vivo affinity maturation and thus obviate the 

need of in vitro affinity maturation. Although fully human MAbs are 

presumed to be less immunogenic than humanized or chimeric MAbs, 

there are no clinical data to substantiate this claim. This is not surprising 

since the idiotypes of both will be foreign to humans. 

 Antibodies can be engineered for enhanced anti-tumor activity. One 

way is to enhance their ADCC and CDC effector functions. As previously 

mentioned, the species of origin and the isotype of the MAb affect its 

ability to harness effector mechanisms. Therefore, chimerizing or 

humanizing MAbs to contain human Fc portions of the IgG1 or IgG3 
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isotype can potentially support these effector functions in humans. The 

importance of the Fc-FcγR interaction was first demonstrated in a study in 

which the potent anti-tumor activity of an anti-melanoma MAb was lost in 

mice that lacked FcγRI and FcγRIII35. ADCC is thought to be the 

mechanism underlying the antitumour effects of the Fc–Fcγ receptor 

interaction for this MAb. The importance of the Fc–Fcγ receptor interaction 

for antitumour activity was subsequently shown for both Rituxan™ and 

Herceptin™, an anti-Her2 MAb for the treatment of breast cancers36. The 

anti-tumor activity of Rituxan™ and Herceptin™ were greatly reduced in 

mice lacking the activating receptors FcγRI and FcγRIII. In contrast, their 

anti-tumor activity was enhanced in mice that lacked the inhibitory 

receptor FcγRIIB. These studies highlight the importance of the Fc–Fcγ 

receptor interaction for effector functions of MAbs.  Advances in antibody 

engineering have exploited this to enhance the activity of several anti-

tumor MAbs. For example, point mutations in the Fc region of an IgG1 

have been made to increase in the binding affinity of the MAb to FcγRIII, 

resulting in a two-fold enhancement in ADCC in vitro37. Other studies have 

shown that interactions of MAb Fcs with effector cells are sensitive to 

changes in glycosylation and carbohydrate composition. Thus, changes 

have been made in the Fc region to enhance ADCC38-40. MAbs with 

improved CDC have been created by site-directed mutagenesis of the Fc 
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portion of the human IgG1. The mutant MAbs bound C1q more 

effectively41. 

 Advances in antibody technology have also led to the production of 

multivalent MAbs, which are antibodies with more than two antigen-

binding sites. Multivalent MAbs can be created by conjugating together 

two of the same IgGs by joining four identical variable regions to one Fc 

region, or by joining two pairs of variable regions each specific for a 

distinct epitope to a single Fc region to create a bispecific antibody. These 

multivalent MAbs were created to potentially improve the therapeutic 

efficacy of the MAb. The purported anti-tumor activity of tetravalent MAbs 

is the combination of secondary effector mechanisms (ADCC and CDC) 

and the induction of cell growth arrest and apoptosis by crosslinking 

surface antigens or by a decreased rate of dissociation from tumor cells. 

Multivalent MAbs have been made against CD2042 and CD2243, and have 

been tested preclinically with promising results. 

 Directly arming antibodies by covalent linkage to drugs, toxins or 

radionuclides is a widely explored strategy for enhancing the anti-tumor 

activity of antibodies. Armed antibodies typically show more potent anti-

tumor activity in preclinical studies than their naked counterparts, although 

toxicity has remained a concern in clinical therapeutic use16, 44. Like naked 

antibodies, antibody conjugates are targeted to antigens found exclusively 
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on target cells or present at much lower levels on normal cells. However, a 

prerequisite for arming antibody with small molecule toxins, but not 

radionuclides, is that the antibody should be efficiently internalized. In 

contrast, because the β-particles of antibodies coupled to radionuclide 

span many cell diameters, bystander cells are often killed along with the 

targeted tumor cells. In contrast to naked MAbs, antibody conjugates 

should have shorter half-lives to reduce the risk of systemic toxicity.  

 

Antibodies for the Therapy of Hematological Cancers of B Cell Origins 

 

 Rituxan™, Campath™, Bexxar™, Zevalin™ are all FDA approved 

MAbs or conjugated MAbs for the treatment of various hematological 

cancers of B cell origins such as NHL and chronic lymphocytic leukemia 

(CLL). Multiple MAbs are also being investigated preclinically and in 

clinical trials for potential anti-tumor activity against B cell lymphomas and 

leukemias. MAbs are being used as single agents or in combination with 

other MAbs with or without chemotherapy. 

 Rituxan™ was the first MAb to be approved by the FDA and has 

since been important in the treatment of diffuse large B-cell lymphoma, 

follicular lymphoma, and other types of NHL45. Rituxan™ is a chimeric 

IgG1 MAb that recognizes CD20, a transmembrane protein exclusively 
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expressed on mature B lymphocytes46. CD20 is expressed on most 

mature B cell malignancies but is not expressed on pro-B cells, pre-B 

cells, stem cells or plasma cells47. It is not shed into circulation and is not 

found in the plasma47. Rituxan™ is believed to mediate its activity 

primarily by ADCC and CDC of CD20+ lymphoma cells, although other 

potential mechanisms of action have been demonstrated in pre-clinical 

studies48, 49. As a single agent, Rituxan™ induced remission in 48% of 

patients, and in combination with chemotherapy, Rituxan™ induced 

remission in 95% of patients45. The most common side effects associated 

with Rituxan™ are infusion related reactions such as fevers, chills, and 

rigors and immunosuppression-related infections due to a reduction in the 

number of B cells and other immune cells45.  

 Bexxar™ and Zevalin™ are both radioconjugates that target CD20 

on certain types of B cell NHL. Both have been approved for the treatment 

of Rituxan™-resistant relapsed, refractory indolent lymphomas. Bexxar™ 

is a murine IgG2aλ antibody labeled with 131I, and Zevalin™ is a murine 

IgG1κ antibody labeled with 90Y50, 51. Because these are radioconjugates 

and have a higher risk of toxicity than naked antibodies, both Bexxar™ 

and Zevalin™ are administered as a single course of treatment. The 

possible side effects of these therapeutic conjugates are prolonged and 

severe cytopenias, hypersensitivity including anaphylaxis, secondary 
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leukemias, hypothyroidism, and infusion-related toxicities such as fevers, 

chills, and rigors. 

 Campath™, also known as alemtuzumab, is a humanized IgG1κ 

MAb that recognizes CD52. CD52 is a surface peptide expressed in 

mature T and B lymphocytes, monocytes, macrophages, and some 

granulocytes. CD52 is strongly expressed in CLL and some indolent 

NHLs. Campath™ has been approved by the FDA for treatment of 

fludarabine-refractory CLL. Although it has been shown to induce apotosis 

and mediate CDC and ADCC against malignant lymphocytes in vitro, its 

exact mechanism of action has not yet been elucidated52, 53. In three 

separate studies, Campath™ has demonstrated 21-33% complete 

response rates in patients with B-CLL54, 55 and is being evaluated in 

clinical trials in patients with a variety of other lymphoid malignancies56. 

Campath™ has been used as consolidation therapy after chemotherapy 

for CLL and has been proven effective57, 58. The most common adverse 

effects associated with Campath™ therapy are cytopenias, infusion 

reactions, myelosuppression, lymphopenia, and immunosuppression-

related infection54.  
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C. CD19 

 

Structure 

 

 CD19 is a 95 kDa transmembrane glycoprotein and a member of 

the Ig superfamily that is restricted to B cell expression in both mouse and 

humans59. The cytoplasmic region of CD19 is composed of approximately 

240 amino acids59 and contains nine conserved tyrosine residues, which is 

thought to mediate this region‘s interactions with the proto-oncogene Vav, 

phosphatidyl-inositol-3 (PI-3) kinase, and the Lyn, Lck, and Fyn protein 

tyrosine kinases60-63. The cytoplasmic region of human, mouse and guinea 

pig CD19 are highly homologous, which indicates the critical role of this 

region in the function of CD1964, 65. The CD19 extracellular region contains 

two C2-type Ig-like domains separated by a smaller potentially disulfide-

linked domain59. On the surface of mature B cells CD19 forms a complex 

with Leu13, the tetraspan membrane protein TAPA-1 (CD81), and 

complement receptor 2 (CD21)64, 66. Together, these four molecules 

comprise the B cell co-receptor complex. They associate with the B cell 

receptor (BCR) complex to modulate signal transduction by the BCR67. 
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Expression on Normal Cells 

 

 In both humans and mice, CD19 expression is restricted to B cells 

and is the most ubiquitously expressed membrane protein on the B cell 

lineage68. Of the variety of different surface antigens restricted to B 

lineage cells that include CD19, CD20, CD21, CD22, CD23, CD37, CD72 

and membrane Ig, CD19 is the most widely expressed on normal B cells69. 

CD19 expression is absent in pluripotent CD34+ hematopoietic stem cells, 

but CD19 is expressed upon commitment to the B lymphocyte lineage 

along with CD10. These progenitor B (pro B) cells lose their potential to 

differentiate into any other cell types and begin the rearrangement of the V 

regions of the μ heavy chain. Subsequently, these cells express the μ 

protein in the cytoplasm and CD22 on the cell surface at the pre-pre B cell 

stage. At this point, the V regions of the light chain begin to rearrange until 

a functional Ig is expressed on the surface of the immature B cell. CD20 

expression occurs at approximately the same time as membrane Ig while 

CD10 expression is downregulated and only reappears again later in 

germinal center B cells following B cell activation. Most of the B lineage 

antigens are downregulated during terminal differentiation into plasma 

cells. 
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 Thus, CD19 is expressed following the differentiation of the 

pluripotent stem cell into committed B lymphocytes, and its expression is 

not lost during subsequent stages of B cell differentiation until terminal 

differentiation into plasma cells. In addition, CD19 expression is limited 

exclusively to B lymphocytes, and it is not expressed on any other cell 

types.  

 

Functions 

 

 In vitro studies suggest that CD19 signaling triggers a series of 

pleiotropic biochemical signals that lead to increased tyrosine 

phosphorylation of cytoplasmic and cell surface proteins, activation of 

phospholipase C, an increase in the concentration of free intracellular 

calcium ions ([Ca2+]), stimulation of serine-specific protein kinases 

including protein kinase-C, and the activation of nuclear factor kappa-B 

(NFκB)62, 70, 71. These series of biological responses result in the 

modulation of B cell activation and growth regulation70, 72, 73. Signaling 

through CD19 is not dependent upon surface Ig expression since ligation 

of CD19 can provide proliferative signals for IgM- precursor B cells62, 71. 

 Although CD19 plays a role in antigen-independent signaling 

responses, antigen-mediated signal transduction through the CD19 
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complex have important biological consequences. In one model of 

antigen-dependent CD19 function, CD21 bound complement-bound 

antigen and co-ligated CD19 (which is covalently bound to CD21) to the 

BCR74. In another model of antigen-dependent CD19 function, CD19 

molecules were crosslinked by the binding of CD21 to complement-bound 

antigen. In both models, the results were amplification of BCR signaling, a 

decreased threshold of B cell activation, and the proliferation and 

differentiation of B cells into antibody producing cells70, 75. The CD19-BCR 

signaling complex therefore enables B cells to detect low concentrations 

of antigen. In vivo studies show that although there was normal generation 

and B cells in the bone marrow of CD19-deficient mice, there was a 

significant reduction in the numbers of B cells in the peripheral lymphoid 

tissues, and CD19- B cells exhibited a significantly decreased ability to 

proliferate in response to B cell mitogens such as lipopolysaccharide 

(LPS), anti-IgM antibodies, and CD40 ligation76. In contrast, over-

expression of CD19 results in defective early B cell development in the 

bone marrow, augmented mitogenic responses, and increased serum Ig 

levels, which indicate that CD19 functions to define signaling thresholds 

for B cell selection, activation, and differentiation76.  
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Pathophysiology 

 

 Surveys of large panels of B cell-lineage neoplasms indicate that 

CD19 expression is rarely lost during neoplastic transformation77-80. 

Therefore, CD19 is a useful marker in the diagnosis of B cell leukemias 

and lymphomas. CD19 is expressed in pre-B ALL, B-ALL, hairy cell 

leukemia, B-CLL, and NHL including Burkitt‘s lymphoma, but is not 

expressed on CML, AML, multiple myeloma (MM) or T-ALL77. The ability 

to phenotypically characterize leukemias and lymphomas has an 

important application in developing therapies since neoplastic hematologic 

cells are often present in a mixture of normal healthy cells. Therefore, anti-

tumor therapies targeting the unique pattern of antigen expression 

identified on neoplastic cells will mitigate the undesired effects against 

normal peripheral blood or bone marrow cells. CD19 is a valuable marker 

in this regard since it is widely expressed within the B cell lineage, absent 

on all other cell types, and rarely lost during neoplastic transformation. 

Although targeting CD19+ cells during immunotherapy will eliminate 

normal B lineage cells along with neoplastic B cells, differentiation of 

pluripotent stem cells can repopulate the B cell compartment following 

treatment since these cells are spared during anti-CD19 treatment. 
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 In addition to being the most widely expressed cell surface antigen 

in the normal B cell lineage, CD19 also has the broadest expression of the 

B cell restricted antigens in the vast majority of B cell tumors based on the 

characterization of approximately 700 leukemias and lymphomas using 

MAbs against B cell lineage markers81. CD19 expression is positive in 

early B cell tumors including pre-B ALL even before surface Ig or CD20 

expression.  Although CD10 also appears in early B cell malignancies, its 

expression is low or lost in B cell lymphomas. Therefore, CD19 is the most 

ubiquitiously expressed normal and malignant B cell antigen. This has 

important implications for immunotherapy of B cell tumors. As previously 

discussed, the only FDA approved MAb therapies for tumors of B cell 

origin are CD20 or CD52-based immunotherapies such as Rituxan™, 

Zevalin™, Bexxar™ and Campath™. However, pre-B ALLs do not 

express CD20 or CD52, while other tumors can lose CD20 surface 

expression during the course of treatment82-84. Moreover, some patients 

do not respond to anti-CD20 or anti-CD52 therapy or relapse after 

treatment85. As compared to CD20, the expression of CD19 begins earlier 

and persists longer during B cell maturation. Consequently, the spectrum 

of lymphoid malignancies expressing CD19 is broader81. Therefore, CD19 

is an attractive target for immunotherapies against early B cell 

malignancies such as pre-B ALLs, B cell tumors that have lost CD20 
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expression, and alternative regimens for patients who are refractory to 

anti-CD20 treatment. 
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D. HD37 

 

Naked Antibody 

 

 An IgG1κ mouse anti-human CD19 MAb, HD37, has previously 

been developed and characterized for the treatment of B cell 

malignancies86, 87. With respect to normal hematopoietic cells, HD37 was 

found to be reactive against enriched B cell populations from peripheral 

blood mononuclear cells, but not against T cells, monocytes, granulocytes, 

erythrocytes, or platelets86. In the bone marrow population, HD37 was 

reactive against subpopulations of lymphoid, but not myeloid or erythroid 

cells. HD37 was also screened for reactivity against leukemic and 

lymphomic cell lines and was found to be reactive against NHL, B-ALL, B-

CLL, and HCL, but not MM, T-CLL, or AML. 

 HD37 has anti-proliferative effects on B cell tumor lines in vitro. 

HD37 inhibited the growth of three CD19+ Burkitt‘s lymphoma cell lines, 

Daudi, Namalwa, and Raji, and one CD19+ diffuse histiocytic lymphoma 

cell line, DHL-487. However, HD37 had no effect on the growth of CD19- T 

leukemia cell line, Jurkat. Therefore, the anti-proliferative activity of HD37 

in vitro is specific for CD19+ cell lines. Further in vitro studies suggest that 

the inhibitory effects of HD37 require the crosslinking of CD19 on the cell 
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surface87, 88. Crosslinking CD19 is thought to induce cell cycle arrest at G1 

and possibly G2/M phases87. CD19 crosslinking is also thought to inhibit 

early activation of B cells, downregulate signaling, and block Ca2+ influx in 

response to anti-Ig stimulation88. 

 HD37 exhibits anti-tumor activity in severe combined 

immunodeficient (SCID) mice with human B cell tumor xenografts. In a 

previous study, HD37 prolonged the survival of SCID mice with Daudi 

tumors as determined by the mean paralysis time (MPT). Treatment with 

phosphate buffered saline (PBS) or isotype-matched control did not87. The 

anti-tumor activity of HD37 was dose-dependent, and it was well tolerated 

and prolonged the survival of the SCID/Daudi mice even at 5 mg, the 

highest dose tested. This dose, 5 mg per 20 g mouse, is equivalent to a 

human dose of 128 mg/m2, which is at 34% of the single dose used for 

Rituxan™ treatment45. Therefore, in vitro and in vivo studies have 

demonstrated that HD37 may be an effective immunotherapy against B 

cell malignancies. 

 

Immunotoxin 

 

 The anti-tumor efficacy of HD37 immunotoxins (ITs) has also been 

previously tested. HD37 was covalently conjugated to deglycosylated ricin 
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toxin A chain (dgRTA) to create the IT, HD37-dgRTA, which has been 

evaluated in both in vitro and in vivo studies for its cytotoxic effects against 

tumor cells. Previous in vitro studies have shown that HD37-dgRTA was 

effective in killing Burkitt‘s lymphoma cell lines (Daudi, Namalwa, and 

Raji), as well as a pre-B ALL cell line (NALM-6)89, 90. Further in vivo 

studies confirmed the anti-tumor activity of HD37-dgRTA either alone or in 

combination with an anti-CD22 IT and/or chemotherapy in SCID mice with 

human NHL or pre-B ALL91-94. HD37-dgRTA significantly extended the 

MST of SCID mice with human NHL or pre-B ALL compared to PBS and 

isotype-matched control IT, and the anti-tumor activity was further 

enhanced by combination therapy. In one study, the combination therapy 

of ITs against CD22 and CD19 as well as the chemotherapeutic drug, 

cytoxan, was curative in SCID mice with human NHL93. Cure was 

demonstrated by histopathologic examination and the adoptive transfer of 

cells from the ovaries and spinal cords of cured mice to healthy, naïve 

SCID mice. 

 The efficacy of immunotherapy with anti-CD19 ITs in patients was 

demonstrated in clinical trials using HD37-dgRTA alone or in combination 

with an anti-CD22-dgRTA95-97. These studies held promising results for the 

anti-tumor efficacy of the ITs although vascular leak syndrome is the major 



30 

 

toxicity. Approximately 25-30% of patients made antibodies against mouse 

Ig (HAMA) or dgRTA but could be retreated when antibody titers dropped. 

 

Homodimer 

 

 Since previous reports have suggested that HD37 can signal cell 

cycle arrest and/or apoptosis by inducing negative cell signaling87, 88, 

HD37 was chemically conjugated into a homodimer consisting of two IgG 

molecules covalently coupled together with a thioester bond98. 

Homodimers are large tetravalent antibody molecules thought to efficiently 

crosslink their targets. HD37 homodimers had anti-growth activity on 

target Daudi cells whereas the monomers had no effect even at 10-6 M, 

the highest concentration tested. The homodimers, but not monomers, 

arrested Daudi cells at the G0/G1 cell cycle phase, and the homodimers 

were found to have a slower dissociation rate from cells than monomers. 

In addition, in vivo tests showed that the HD37 homodimers significantly 

extended the MST of SCID mice with Daudi tumors compared to 

monomers. Therefore, dimerizing HD37 increased its potency presumably 

by increased negative signaling due to hypercrosslinking and/or a slower 

dissociation rate compared to monomeric HD37. However, the effector 

functions of the homodimers were not evaluated. 



31 

 

E. Summary and Study Objectives 

 

 Although MAbs have become an important treatment option for the 

therapy of many cancers due to their specific targeting ability and their 

relatively low systemic toxicity compared to traditional cancer treatments 

such as chemotherapy, there is currently no FDA-approved MAb for the 

treatment of pre-B ALLs, which affect thousands of children and adults in 

the U.S. every year. CD19 is an attractive target for MAb therapy because 

it is a pan-B cell marker that is expressed on both normal and neoplastic B 

cells early in B cell development at the pre-B cell stage and is not 

expressed on any other cell types. Furthermore, it is expressed before 

CD20, another B cell restricted antigen expressed on mature B cells and 

is the target for Rituxan™, which is the only FDA-approved MAb therapy 

for B cell specific tumors. HD37 is a mouse anti-human CD19 IgG1 MAb 

and has promising anti-tumor activity against B cell malignancies including 

pre-B ALL and NHL in both mice and humans. HD37 was also dimerized 

to create a large antibody molecule, which was shown to have better anti-

tumor activity than the monomer presumably due to hypercrosslinking of 

CD19 on their target cells and/or a slower dissociation rate from the cell 

surface. However, mouse antibodies in humans often elicit an HAMA 

response, thereby decreasing the anti-tumor efficacy of the therapeutic 
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MAb. Moreover, the clinical use of the HD37 homodimer is limited due to 

its large size and limited effector functions. The latter is important for its 

mechanism of action. 

 Therefore, the objectives of this study were to construct, express, 

and test the in vitro and in vivo activities of both divalent and tetravalent   

forms of chimeric HD37 MAbs with the goal of using these data to 

determine which chimeric HD37 to move forward into clinical trials. 

Chimeric MAbs, which are antibodies with human constant regions and 

mouse variable regions, are far less immunogenic than their mouse 

counterparts and can efficiently carry out effector functions in humans due 

to their ability to engage human effector cells and complement with their 

Fc regions. Tetravalent MAbs, which are antibodies with one human Fc 

and four mouse variable regions, are smaller in size than their 

homodimeric counterparts and can carry out normal effector functions. 

The activities of the two cHD37 MAbs (divalent and tetravalent) were 

compared to each other as well as to the murine HD37. 

 



 

33 

CHAPTER TWO 

Materials and Methods 

 

A. Construction, Expression and Purification of the Chimeric MAbs 

 

Construction of cHD37 

 

 The heavy and light chains of cHD37 were generated using 

vectors containing the human IgG1 and kappa constant domains, 

pAH4604 and pAG4622, a generous gift from Dr. Sherie Morrison99. The 

heavy and light variable domain sequences of HD37 have been reported 

previously100. These domains were separately amplified by polymerase 

chain reaction (PCR) from cDNA prepared from HD37-secreting 

hybridoma cells using primers that anneal in their respective inferred 

leader peptides and the constant domains. The primers, designated A 

through D, including additional flanking restriction sites (underlined), are 

as follows: A (heavy chain leader), 5‘ – GGGTCTAGATATCCACCAT 

GGGATGGAGCTTGATCTTTCTCTT – 3‘; B (heavy chain constant), 5‘ – 

AGGGAATTCA(C/T)CTCCACACACAGG(A/G)(A/G)CCAGTGGATAGAC 

– 3‘; C (light chain leader), 5‘ – GGGTCTAGATATCCACCATGGAGAC 
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AGACACACTCCTGCTATGGG – 3‘; and D (light chain constant), 5‘ – 

GCGGAATTCGCTCACTGGATGGTGGGAAGATGGA – 3‘.  

PCR products were separately cloned into pUC18 using XbaI and 

EcoRI restriction sites, and the variable domain sequences were verified 

by DNA sequencing. Primers A and C were then used in conjunction with 

their corresponding 3‘ primers E and F, respectively, to amplify HD37 

genes for inserting into the two heavy chain and light chain antibody 

vectors. The sequences for the 3‘ primers are: primer E (heavy chain 3‘ – 

end), 5‘ – GTCTAGGAATTCGCTAGCTGAGGAGACGGT GACTGAGG – 

3‘; and primer F (light chain 3‘ – end), 5‘ – 

GTCTAGGAATTCGTCGACTTACGTTTGATTTCCAGCTTGGTGC – 3‘.  

The heavy chain vector and heavy chain variable domain were digested 

with NheI and EcoRV restriction enzymes for ligation while SalI and 

EcoRV were used for the light chain vector and variable region. 

The heavy and light chain constructs were co-transfected into non-

secreting murine myeloma SP2/0 cells (ATCC, Manassas, VA) using 

Lipofectamine 2000 (Invitrogen, Carlsbad, CA). 2 X 106 SP2/0 cells/well 

grown in complete medium containing Dulbecco‘s Modified Eagle‘s 

Medium (DMEM) (Sigma, St. Louis, MO) supplemented with 10% heat 

inactivated (45 min incubation at 56°C) fetal bovine serum (FBS) 

(Hyclone, Logan, UT), 2 mM L-glutamine (Sigma, St. Louis, MO), were 
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plated in a 6-well plate. Lipofectamine complexed with heavy chain or light 

chain plasmids was added drop-wise to the plated cells. The 

Lipofectamine-DNA complexes were prepared by adding 0, 2, 4, 6, 8, or 

10 μg HD37 heavy or light chain plasmids to 250 μl Opti-MEM solution 

(Invitrogen, Carlsbad, CA) and 10 μl Lipofectamine 2000. Following 24 hr 

incubation, cells were transferred to 96-well plates at a density of ~ 1.67 X 

104 cells/well, and cells were again incubated for another 24 hr. Stable 

transfectants were selected by adding L-histidinol (Sigma, St. Louis, MO) 

to the wells at a final concentration of 5 mM. Medium in the wells was 

replaced with fresh medium containing drug every 72 hr until cells grew to 

~ 80 – 90% confluency, as determined by visualization through a light 

microscrope under 10X magnification (Olympus, Dexter Co., San Antonio, 

TX). Supernatants from these wells were then screened using an enzyme 

linked immunosorbent assay (ELISA) to identify wells with antibodies 

secreted by the cells.  

Cells secreting > 2.5 mg/L antibody were then subcloned at 1 

cell/well to obtain monoclonal cell populations. Cells were sequentially 

diluted in complete medium containing 5 mM L-histidinol to a 

concentration of 5 cells/mL. Diluted cell suspensions were then plated in 

20 96-well tissue culture plates (such that the average number of cells per 

well is 1) and incubated at 37°C and 5% CO2. 100 μL of the media was 
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carefully pipetted out from the top of the wells without disturbing the cells 

every 72 hr and replaced with fresh complete media containing 5 mM L-

histidinol until cells grew to ~ 80 – 90% confluency, as determined by 

visualization through a light microscrope under 10X magnification. 

Supernatants from these wells were then screened for antibody production 

by ELISA. Seven monoclonal populations with the highest antibody 

secretion were selected for expansion. Cells were transferred from the 96-

well plates to 24-well plates, 6-well plates, 75 cm2 tissue culture flasks and 

175 cm2 tissue culture flasks successively each time confluency reached 

to ~ 80 – 90%. Cells were then centrifuged at 300 x g for 10 mins at 4°C 

(Kendro Laboratories, Model RC3C, Waltham, MA) and resuspended in 

freezing medium containing 92% heat inactivated FBS and 8% DMSO 

(Sigma, St. Louis, MO). Cells were stored in cryogenic storage vials 

(Corning, Lowell, MA) at 107 cells/mL/vial overnight at -80°C and 

transferred to -140°C Harris Cryostar freezer (Kendro Laboratories, 

Waltham, MA) the next day for long-term storage. 

 

Construction of cHD37-DcVV 

 

cHD37-DcVV was constructed by building additional variable 

domains into the divalent cHD37. In this construct, the heavy chain 
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variable region (VH) gene of the divalent cHD37 was replaced with a gene 

encoding VH-SGGGGS-VH, while the light chain variable region (VL) 

gene was substituted with VL-SGGGGS-VL. HD37 VH was modified by 

PCR using the following primers designated G through J (the restriction 

sites are underlined): G, 5‘ – GTCGAGAATTCCTCGAGCACCATGGG 

ATGGTCATGTATC – 3‘; H, 5‘ – CTAGATATATTCCGGATGAGGAAA 

CGGTGACTGAGG – 3‘; I, 5‘ – CTAGATATATTCCGGAGGTGGAGGTT 

CACAGGTTCAGCTGCAGCAGTC – 3‘; and J, 5‘ – GTCTAGGAATT 

CGCTAGCTGAGGAGACGGTGACTGAGG – 3‘. The PCR products of VH 

domain were then digested with XhoI/BspEI and BspEI/NheI restriction 

enzymes and inserted in-frame by three-way ligation into the di-cistronic 

pIZDHL vector (Xiao-yun Liu & Ellen S. Vitetta, unpublished data), which 

was digested with XhoI/NheI, to create the pIZDHL-VVH37 plasmid. HD37 

VL domain was modified by PCR using the following primers designated K 

through N (the restriction sites are underlined): K, 5‘ – 

CTAGATATATACGCGTCACCATGGAGACAGACACACTCCTG – 3‘; L, 5‘ 

– CTATATATATTCCGGATTTGATTTCCAGCTTGGTGCC – 3‘; M, 5‘ – 

CTAGATATATTCCGGAGGAGGAGGTTCAGACATTGTGCTGACCCAAT

C – 3‘; and N, 5‘ – GAACCTGTGCAGCCACCGTACGTTTGATTT 

CCAGCTTGGTGCC – 3‘. The PCR products of VL were then digested 

with MluI/BspEI and BspEI/BsiWI and inserted in-frame by three-way 
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ligation into the pIZDHL-VVH37 plasmid digested with MluI/BsiWI to 

create the pcHD37-DcVV plasmid.  

The pcHD37-DcVV plasmid was then transfected into CHO/DHFR- 

cells using Lipofectamine™ LTX  (Invitrogen, Carlsbad, CA) using the 

same method described previously for the cHD37 plasmid transfection. 

Cells were cultured in complete medium containing Iscove's Modified 

Dulbecco's Media (IMDM) (Sigma, St. Louis, MO) supplemented with 10% 

dialyzed FBS. Stable transfectants were selected in complete media 

containing 200 µg/mL Zeocin (Invitrogen, Carlsbad, CA). Antibody 

expression levels were determined by ELISA.  

 

ELISA 

 

When cells from the transfection experiments were at ~ 80 – 90% 

confluency, cells would be prepared for ELISA to determine the level of 

antibody expression. Cells were resuspended by gentle pipetting, and 

replated in a well of a 24-well tissue culture plate with fresh complete 

medium containing drug (cHD37: DMEM + 10% heat inactivated FBS + 2 

mM L-glutamine + 5 mM L-histidinol; cHD37-DcVV: IMDM + 10% dialyzed 

FBS + 200 µg/mL Zeocin). Cells were incubated at 37°C and 5% CO2 until 

~ 80 – 90% confluency. Viability and number of cells were determined by 
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Trypan Blue (Invitrogen, Carlsbad, CA) exclusion. Cells were transferred 

from the well to a sterile microcentrifuge tube, centrifuged at 300 x g, and 

resuspended to a density of 2 X 105 cells/mL in fresh medium containing 

drug. One mL of cells were then transferred to a well in a new 24-well 

plate and incubated for 96 hr at 37°C and 5% CO2. Following incubation, 

the supernatant was collected for immediate analysis of antibody 

production. 

96-well, high binding ELISA plates (BD Bioscience, San Jose, CA) 

were coated with goat anti-human IgG γ-chain specific antibody (Sigma, 

St. Louis, MO) at a concentration of 10 μg/mL and incubated overnight at 

4°C. Plates were washed with PBS + 0.05% Tween-20 (Sigma, St. Louis, 

MO) buffer. A multi-channel pipet was used to dispense 250 μL of the 

buffer into each well. The plate was inverted over the sink, flicked to 

eliminate fluid, and blotted on clean paper towels. This washing procedure 

was repeated until the plate had been washed a total of three times. 200 

μL of blocking buffer containing 1X PBS + 2% BSA + 0.05% NaN3 (Sigma, 

St. Louis, MO) was added to each well of the plates. Plates were then 

incubated overnight at 4°C. The next day, plates were washed ten times 

with dH2O.  

The standard, chimeric anti-CD54 MAb, cUV3101, was diluted to 1 

μg/mL in dilution buffer containing 1X PBS + 0.5% bovine serum albumin 
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(BSA) (Sigma, St. Louis, MO) + 0.0125% NaN3, and six 2-fold serial 

dilutions were prepared from this initial concentration. Supernatants from 

the cells that had been incubated for 96 hr were diluted to an initial 

concentration of 1:5 with dilution buffer, and six 2-fold serial dilutions were 

also prepared. Fifty microliters of each standard and supernatant dilution 

were added in triplicate to the respective wells of a 96 well plate pre-

coated with the goat anti-human IgG γ-chain specific antibody. Plates 

were wrapped in plastic wrap and incubated for 1 hr at 37°C.  

Following incubation, plates were developed. Plates were washed 

ten times with dH2O. Fifty microliters of goat anti-human Fc-specific IgG-

alkaline phosphatase conjugated antibody (Sigma, St. Louis, MO) diluted 

in blocking buffer was added to each well. Plates were wrapped in plastic 

wrap and incubated for 1 hr at 37°C and washed ten times with dH2O. 

Each well then received 50 μL substrate solution composed of p-

Nitrophenyl phosphate disodium salt hexahydrate (p-NPP) dissolved in 1.5 

mL 0.1 M Na2CO3 + 1.0 mL 0.1 M NaHCO3 + 2.5 mL dH2O. The color of 

the sample was measured at 492 nm using a Molecular Devices 

ThermoMax microplate reader. The amount of antibody present in 

unknown samples from the cell supernatant was calculated from the 

standard curve where known concentrations of cUV3 were used.  
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Expression and Purification of the Chimeric MAbs 

 

 MAb secreting cell clones were grown in 175 cm2 tissue culture 

flasks in complete medium containing DMEM (for cHD37) or IMDM (for 

cHD37-DcVV) supplemented with 10% heat inactivated IgG-free FBS, 4 

mM L-glutamine, 100 units/ml penicillin and 100 g/ml streptomycin 

(Invitrogen, Carlsbad, CA). Heat inactivated IgG-free FBS was prepared 

by protein G-sepharose (Amersham Biosciences, Piscataway, NJ) affinity 

purification. FBS was first inactivated at 56°C for 45 min. After cooling to 

room temperature, FBS was passed through a 25 mL protein G-sepharose 

column, previously equilibriated with pH 7.4 PBS, at 4°C at a rate of 3 

mL/min. The flow through was collected, and the column was cleaned with 

200 mL 0.1 mol/L glycine-HCl-NaN3 buffer, pH 2.8, and then equilibriated 

with PBS, pH 7.4. The eluted FBS was passed through the column once 

more, and the final eluted product was filtered through 0.22 μm vacuum 

filters to sterilize the purified, IgG-free FBS. Bovine IgG contaminant was 

checked with Ouchterlony (The Binding Site, Birmingham, UK). 10 μL of 

the purified FBS was added to a well of the Ouchterlony gel plate. 10 μL of 

goat anti-bovine IgG antibody (Sigma, St. Louis, MO) was added to the 

adjacent well on the plate. The presence of a band (precipitation) between 

the wells after 24 hr of incubation at room temperature indicates that 
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bovine IgG is still present in the purified FBS. Only FBS that does not 

precipitate in the presence of goat anti-bovine IgG antibody is considered 

―IgG-free‖. 

 Once the cells reached ~80 – 90% confluency, the cells were 

transferred to two liter capacity roller bottles (BD Falcon, Bedford, MA and 

Corning) supplemented with up to 1.2 L complete media. The roller bottles 

were gassed for 36 hr with loose caps at 37°C, 5% CO2. The roller bottles 

were then tightly capped and moved to a roller cabinet (Bellco 

Biotechnology, Vineland, NJ) rotating at 1.5 rpm.  

 When cell viability was < 20% as determined by Trypan Blue 

exclusion, the cell suspension was centrifuged at 4°C, 1850 x g for 30 min 

to separate the hybridoma cells from the supernatant containing the 

antibody. The supernatant was collected, and 300 g/L ammonium sulfate 

(Sigma, St. Louis, MO) was added to the supernatant for 24 hours at 4°C 

to precipitate the proteins. The mixture was centrifuged at 1850 x g for 30 

min at 4°C, and the supernatant was discarded. The precipitate was 

dissolved in a small volume of distilled water until the solution was 

transparent, and the dissolved solution was dialyzed overnight against 

PBS, pH 7.4. The dialysate was filtered through a 0.22 μm filter and 

passed through an affinity-purified 5 mL protein G-sepharose column 

previously equilibriated with PBS, pH 7.4, at a rate of 3 mL/min. The MAb 
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was then eluted with 0.1 M Glycine-HCl-NaN3 buffer, pH 2.8, until all the 

MAb had been eluted. The eluate was collected in 1 mL fractions in 12 x 

75 mm borosilicate glass tubes (Kimble Glass Inc., Vineland, NJ) filled 

with 200 μL of 1.0 M Tris-HCl, pH 8.0 (Sigma, St. Louis, MO) to neutralize 

the acidity of the antibody solution. A fraction collector was connected to a 

recorder and ultraviolet sensor (LKB Bromma, Bromma, Sweden) used to 

monitor antibody elution. Based on the recorder chart, selected fractions 

were further analyzed by measuring their absorbance in a separate 

Beckman-Coulter DU-640 spectrophotometer (Fullerton, CA), and elution 

was stopped when the OD280 was less than 0.05. Fractions with an OD280 

absorbance reading greater than 0.05 were pooled. The amount of protein 

collected was determined by spectrophotometry, and the antibody solution 

was dialyzed overnight at 4°C in PBS, pH 7.4. The dialysate was 

concentrated to 1.0 mg/mL, filter-sterilized, and stored at 4°C.  

 

Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

Analysis 

 

 The purity of the MAb was analyzed by 4-15% SDS-PAGE 

using the PhastGel system (Amersham Biosciences, Piscataway, NJ). An 

equal volume of the antibody sample at a concentration of 1 mg/mL was 
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combined with either reducing buffer (1.25 mL 1.0 M Tris-HCl at pH 6.8, 4 

mL 10% SDS, 1 mL 2-mercaptoethanol, 2 mL glycerol, 1.25 mL distilled 

water, 0.5 mL 0.1% Bromophenol Blue) or non-reducing buffer (reducing 

buffer without 2-mercaptoethanol), and the sample was then placed in a 

heat block (Lab-Line Instruments, Dubuque, IA) at 100°C for 3 min. Three 

microliters of the sample was loaded by capillary action into the teeth of 

the loading comb and transferred to the comb slot in the gel holder. 

Samples were electrophoresed on a continuous 4-15% gradient PhastGel 

(Amersham Biosciences, Piscataway, NJ) with SDS buffer strips 

(Amersham Biosciences, Piscataway, NJ) inside the separation unit for 

approximately 30 min, until the voltage reached 65V. The gel was then 

stained by Coomassie Blue [50% prepared Blue R dye (Amersham 

Biosciences) and 10% acetic acid] and de-stained with a solution of 10% 

acetic acid and 30% methanol in distilled water according to set developer 

programming (5, 8, and 10 min washes). 
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B. Culture of Human Cell Lines 

 

Culture of Human Tumor Cell Lines 

  

 All human tumor cell lines were obtained from the American 

Type Culture Collection (ATCC) (Manassas, VA) including the CD19+ 

human Burkitt‘s lymphoma cell lines Daudi, Namalwa, and Raji; and the 

CCD19+ human precursor B cell acute lymphoblastic leukemia cell line 

NALM-6. Cells were maintained in culture by serial passages in complete 

medium containing Roswell Park Memorial Institute-1640 (RPMI-1640) 

media (Sigma, St. Louis, MO) supplemented with 10% heat-inactivated 

FBS containing 2 mM L-glutamine, 100 units/ml penicillin and 100 µg/ml 

streptomycin. The cells were grown in a humidified atmosphere of 5% CO2 

at 37°C. Cell viability was determined by Trypan Blue exclusion. 

 For freezing, cells were centrifuged at 300 x g for 10 min at 4°C 

and resuspended in freezing medium containing 92% heat inactivated 

FBS and 8% DMSO. Cells were stored in cryogenic storage vials at 107 

cells/mL/vial overnight at -80°C and transferred to -140°C the next day for 

long-term storage. 

 



46 

 

U937 Cells 

 

 The human FcγRI/III+CD19- human leukemic monocytic 

lymphoma cell line, U937, was also obtained from ATCC. Cells were 

maintained in culture by serial passages in complete medium containing 

RPMI-1640 media supplemented with 10% heat-inactivated FBS 

containing 2 mM L-glutamine, 100 units/ml penicillin and 100 µg/ml 

streptomycin. The cells were grown in a humidified atmosphere of 5% CO2 

at 37°C. Cell viability was determined by Trypan Blue exclusion. Cell 

freezing was performed in the same manner as the human tumor cell 

lines. 

 

Isolation and Culture of Normal Human B Cells 

 

 Normal human B cells were obtained from healthy donors under 

informed consent and approved by the Institutional Review Board 

committee of the University of Texas Southwestern Medical Center. 

Peripheral blood mononuclear cells (PBMCs) were isolated by density 

gradient centrifugation. Whole blood was drawn from donors using 21 ¾ G 

butterfly needles and into Vacutainer tubes containing anticoagulant ACD 

solution (BD Bioscience, San Jose, CA). Up to 20 mL of whole blood was 
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transferred to 50 mL polypropylene centrifuge tubes (BD Bioscience, San 

Jose, CA) and mixed with an equal amount of sterile PBS, pH 7.4. 

Fourteen milliliters of Histopaque-1077 (Sigma, St. Louis, MO) was 

layered on the bottom of the PBS-whole blood mixture using a 14 mL 

pipette. Cells were centrifuged at 300 x g for 30 min at room temperature 

with the centrifuge brakes off. The PBMC layer at the plasma/Histopaque 

interface was isolated and washed three times with PBS, pH 7.4 by 

centrifugation at 300 x g for 10 min at room temperature. PBMCs were 

then resuspended to 107 cells per 40 μL buffer containing PBS at pH 7.4, 

2 mM EDTA (Sigma, St. Louis, MO) and 0.5% heat inactivated FBS. Cell 

viability and number was assessed by Trypan Blue exclusion. 

 Immunomagnetic negative selection of human B cells from 

PBMCs was performed with a B-cell isolation kit (Miltenyi, Auburn, Calif.), 

according to the manufacturer's instructions. PBMCs were incubated for 

10 min at 4°C with 10 μL of biotin-antibody cocktail (provided in the kit) per 

107 cells. The cocktail is a mixture of biotin-conjugated MAbs against CD2 

(T and NK cells), CD14 (macrophages and neutrophils), CD16 (NK cells, 

neutrophiles, monocytes, and macrophages), CD36 (monocytes and 

platelets), CD43 (T cells, monocytes and granulocytes), and CD235a 

(erythrocytes). Following incubation, 30 μL of buffer and 20 μl of anti-biotin 

microbeads (provided in the kit) were added per 107 cells, and cells were 
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incubated for additional 15 min at 4C. Cells were then washed with 2 mL 

buffer per 107 cells, centrifuged at 300 x g for 10 min at room temperature 

and resuspended at concentrations up to 108 cells in 500 μL of buffer. 

MACS® separation columns, size LS, (one column per 108 labeled cells) 

(Miltenyi, Auburn, CA) equilibriated three times with 3 mL cold buffer, were 

placed in the magnetic field of a MiniMACS® magnetic separator (Miltenyi, 

Auburn, CA). The cell suspension was applied to the column by pipetting. 

The cells that passed through the column were collected. The column was 

washed three times with buffer, and the eluate was also collected. Cell 

viabilities and numbers were determined by Trypan Blue exclusion. The 

purity of the negatively selected B cells was determined by flow cytometry. 

Negatively selected B cells were stained with fluorescein isothiocyanate 

(FITC) (BD Bioscience, San Jose, CA) coupled mouse anti-human CD19 

and propidium iodide (PI) (BD Bioscience, San Jose, CA).  Four-color flow 

cytometry was performed on a FACSCalibur (BD Bioscience, San Jose, 

CA), and analyzed with Cellquest software (BD Bioscience, San Jose, 

CA). The purity of negatively selected B cells was 90 - 95%. 
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C. Cell Surface Staining and Flow Cytometry 

 

 Human cell lines were washed twice with PBS, pH 7.4, and 

resuspended to 106 cells per 100 μL in 12 x 75 mm polystyrene tube (BD 

Bioscience, San Jose, CA). Cells were then incubated with dilutions of 

MAbs (0.01 – 10 μg/mL) for 30 min at 4°C. Cells were washed three times 

with PBS, and resuspended to a volume of 100 μL of PBS. Goat anti-

human Ig or goat anti-mouse Ig antibody coupled to FITC (BD Bioscience, 

San Jose, CA) were added to the cells under saturating conditions (as 

determine by prior titration). Cells were incubated for another 30 min at 

4°C followed by three washes with PBS. Cells were resuspended to 250 

μL PBS and maintained on ice prior to analysis by flow cytometry. In some 

experiments, the primary antibody was coupled to a fluorphore, and only 

one incubation was required. 

 Data were acquired using a FACscaliber (BD Biosciences, 

Bedford, MA) and analyzed using CellQuest software (BD Biosciences). 

Only live cells were analyzed, and the positive cut-off for the FITC channel 

was set so that no more than 5% of the negative control cells were 

considered positive. The percentage of positive cells was plotted against 

the MAb concentration. 
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D. Binding Affinity and Dissociation of MAbs 

 

Radiolabeling of the MAbs  

 

 MAbs were radiolabeled with Na125I (Amersham Biosciences, 

Piscataway, NJ) using Iodogen reagents as previously described102. The 

free Na125I was removed by centrifugation on MicroSpin G-25 columns 

(Amersham Biosciences, Piscataway, NJ). The specific radioactivity of the 

labeled proteins was in the range of 4-8 x 106 cpm/µg with < 5.5 % free 

Na125I. 

 

Relative Binding Affinity of MAbs to NALM-6 and Daudi Cells 

 

 NALM-6 or Daudi cells were suspended in complete medium at 

107 cells/mL and incubated with different concentrations of radiolabeled 

MAbs (0.25 – 4 µg/107 cells/mL) for 60 min at 4°C.  Cells were then 

washed in RPMI-1640 media and centrifuged at 300 x g for 10 min at 4°C 

three times. Cells were resuspended in complete medium at 107 cells/mL. 

Four aliquots of 100 µL cell suspension were applied to 400 µL mixture of 

phthalic acid/phthalate oil (Sigma, St Louis, MO) in microcentrifuge tubes 

(VWR Scientific, Suwanee, GA) and centrifuged. The tubes were frozen at 
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–80°C, and the tips of the test tubes were cut off. The radioactivity in both 

the tip (cell-bound radioactivity) and the remainder of the tube (free 

radioactivity) were measured. The binding curves represent the amount of 

protein added (in µg/107cells/mL) versus the amount bound (ng/107 cells). 

Scatchard plots were generated, and the binding constants (Ka) were 

calculated as previously described103. 

 

Dissociation of MAbs from NALM-6 and Daudi Cells 

 

 NALM-6 or Daudi cells were suspended in complete medium at 

107 cells/mL and incubated with 5 µg/mL of the radiolabeled MAbs for 60 

min at 4°C. Cells were then washed in cold complete media and 

centrifuged at 300 x g for 10 min at 4°C three times and resuspended in 1 

mL cold media. Unlabeled MAb was added to the cell suspension at a final 

concentration of 1 mg/mL, and the cells were incubated in 5% CO2 at 

37°C for 0 – 90 min in 30 min intervals. The dissociation of the 

radiolabeled MAbs was measured in the presence and absence of cold 

MAb. At each interval of time, triplicate aliquots of 100 µL were removed 

and centrifuged, and the radioactivity of the pellet and supernatant was 

measured. The results were expressed as the percentage reduction of the 

bound radioactivity versus time.  
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E. Cell Proliferation 

 

[3H]Thymidine Incorporation Assay  

 

 Human tumor cell lines in complete medium were cultured at a 

density of 5 X 104 cells per well in flat bottomed 96-well plates and 

incubated for 72 hr in 5% CO2 at 37°C with different concentrations of 

MAb (10-6 to 10-9 M). After incubation, the plates were pulsed for 4 hr with 

0.5 μCi of [3H]thymidine (Amersham Biosciences, Piscataway, NJ). Cells 

were collected onto FilterMAT harvester paper (Skatron Instruments, 

Sterling, VA) using a cell harvester (Skatron Instruments). The filter paper 

was air dried and the perforated circles on the filter paper were placed into 

individual scintillation vials (Research Products, Mount Prospect, IL). 

CytoScint scintillation fluid (MP Biomedicals, Solon, OH) was added to 

each vial in a volume of 2 mL. CytoScint scintillation fluid (MP 

Biomedicals, Solon, OH) was added to each vial in a volume of 2 mL. The 

percentage reduction in [3H]thymidine incorporation versus the 

concentration of MAbs was used to quantitate the cytotoxic effect of the 

MAbs (expressed in IC50, defined by the concentration of MAbs which kill 

50% of cells compared to control). 
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Cellular Metabolism of a Tetrazolium Compound 

 

 Human tumor cell lines in complete medium were cultured at a 

density of 5 X 104 cells per well in flat bottomed 96-well plates and 

incubated for 72 hr in 5% CO2 at 37°C with different concentrations of 

MAb (10-6 to 10-9 M). After incubation, CellTiter 96® AQueous One Solution 

Reagent (Promega, Madison, WI) was added to each well according to the 

manufacturer‘s instructions and incubated for another 4 hr. The AQueous 

One reagent contains a tetrazolium compound and an electron coupling 

agent, which is reduced to a formazan product by healthy cells. The 

formazan product can be measured colorimetrically, which corresponds to 

the relative number of viable cells present. Data were obtained by 

scanning the plate with a Tecan Spectafluor Plus plate reader 

(Maennedorf, Switzerland) set at a wavelength of 490 nm. The data was 

analyzed with Magellan 2 software (Tecan).   After 4 hr in culture, cell 

viability was determined by measuring the absorbance at 490 nm. The 

percent viability versus the concentration of MAbs was used to quantitate 

the cytotoxic effect (expressed as an IC50). 
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F. Antibody Dependent Cellular Cytotoxicity (ADCC)  

 

Preparation of Human Natural Killer Effector Cells 

 

 NK cells were obtained from healthy donors with informed 

consent using the RosetteSep NK cell enrichment mixture (StemCell 

Technologies, Vancouver, Canada) as recommended by the 

manufacturer. Briefly, whole blood from donors was collected in 

Vacutainer tubes with ACD anti-coagulant solution. Whole blood was 

mixed with an equal volume of buffer containing PBS + 2.5% heat 

inactivated FBS in a 50 mL centrifuge tube. An equal amount of 

RosetteSepTM DM-L density separation media (StemCell Technologies) 

was layered on top of the mixture. The tube was centrifuged at 300 x g for 

20 min at room temperature. The enriched NK cells were collected from 

the density separation media/plasma interface and washed three times 

with buffer. Cell viability was determined by Trypan Blue exclusion. Cells 

were resuspended to a density of 5 x 106 cells/mL in complete culture 

medium containing RPMI-1640 supplemented with 10% heat inactivated 

FBS. The purity of the NK cell population was determined by flow 

cytometry. NK cells were stained with FITC-conjugated mouse anti-human 

CD56 (BD Bioscience, San Jose, CA), a cell surface antigen whose 
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expression is limited to NK cells, and propidium iodine (BD Bioscience, 

San Jose, CA). Four-color flow cytometry was carried out on a 

FACSCalibur and analyzed with Cellquest software. The purity of human 

NK cells was 60 - 85%. 

 

Preparation of Murine Lymphokine-Activated Killer (LAK) Effector Cells 

 

 Murine LAK cells, consisting primarily of mouse NK cells, T 

cells, B cells, and monocytes, were obtained from the spleens of 8 – 10 

week-old Swiss Webster mice (Taconic Farms, Germantown, NY) using 

the MACs NK Cell Isolation Kit (Miltenyi, Auburn, CA), as recommended 

by the manufacturer. Briefly, mice were sacrificed by CO2 asphyxiation 

according to UTSW institutional policy. The spleens were removed and 

placed into 30 mL of sterile Hank‘s balanced salt solution (HBSS; Sigma-

Aldrich). The spleens were sliced into sections using sterile procedure and 

homogenized using two frosted glass slides. The cell suspension was 

passed through a sterile 70 μm cell strainer to remove tissue debris and 

then centrifuged at room temperature at 300 x g for 10 min. The 

supernatant was discarded, and the cell pellet was resuspended in 4 mL 

of M-lyse buffer from the Mouse Erythrocyte Lysing Kit (R & D Systems, 

Minneapolis, MN) and incubated at room temperature for 10 min. The lysis 
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reaction was stopped with 25 mL of PBS containing 2% FBS, and the cells 

were washed and centrifuged three times at 200 x g for 10 min at room 

temperature with PBS. The cells were resuspended to a concentration of 

1.2 X 105 cells/mL in complete medium containing DMEM supplemented 

with 10% heat inactivated FBS, 2 mM L-glutamine, 100 units/ml penicillin 

and 100 g/ml streptomycin, 20,000 IU/mL recombinant human IL-2 

(Roche, Emeryville, CA), 5.6 mM beta-mercaptoethanol (BME) (Sigma), 

and 0.5 µL/mL indomethacin (Sigma). Cells were incubated for 5 days for 

full activation. After incubation, cells were washed three times and 

resuspended to 5 x 106 cells/mL in RPMI-1640 + 10% heat inactivated 

FBS. 

 

Preparation of Target Cells 

 

 NALM-6 or Daudi cells were centrifuged at 300 x g for 10 

minutes at 4˚C and resuspended to 107 cells/mL in RPMI-1640. Cell 

viability was determined by Trypan Blue exclusion. A cell suspension 

volume of 500 μL was mixed with 150 μL 51Chromium stock (1 mCi/mL; 

Amersham Biosciences) and incubated for 1 hr at 37˚C in the dark with 

mixing every 15 min to enhance labeling. After an hour, the cells were 

washed twice in RPMI-1640. Cells were resuspended in 100 μL RPMI-
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1640, and 5 μg of was antibody added to the cells. Cells were incubated at 

37˚C for 30 min in the dark with mixing after 15 min. The cells were 

washed twice in RPMI-1640 and resuspended to 5 x 104 cells/mL in RPMI-

1640/10% heat inactivated FBS.  

 

51Chromium Release Assay 

 

 The cytotoxicity assay was performed as previously 

described104. Complete medium containing 2% Triton X-100 (Sigma, St 

Louis, MO) was used as a positive control to determine maximum 51Cr 

release. The effector to target ratios (E:T) were 100:1, 50:1 and 10:1. 

Effector cells were diluted accordingly to achieve the appropriate E:T ratio, 

and 100 μL of each of the prepared effector and target cells were mixed 

together and added in triplicate in 96-well plates. The plates were 

incubated at 37°C for 6 or 18 hr. The plates were then centrifuged, and the 

amount of radioactivity in the cell supernatant from each well was 

determined using a gamma counter (Wallac Wizard, PerkinElmer, 

Wellesley, MA). Specific lysis was calculated using the following equation: 

Specific percent lysis = 100 X [(Test 51Cr released – Control 51Cr released) 

/ (Maximum 51Cr released – Control 51Cr released)]. 
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G. Complement Dependent Cytotoxicity (CDC) 

 

Preparation of Target Cells 

  

 Target cells were prepared by labeling NALM-6 or Daudi cells 

with 51Cr and incubating them with antibody, as described for ADCC. 

  

51Chromium Release Assay 

 

 The amount of tumor cell lysis by complement proteins in the 

presence of antibody was determined using a 51Cr release assay. This 

assay was identical to the one used for determining ADCC above with the 

exception of substituting effector cells with human or mouse serum. The 

labeled and antibody bound target cells were mixed with different dilutions 

of normal human serum (Valley Biomedical, Winchester, VA) in complete 

medium. Complete medium containing 2% Triton X-100 was used as a 

positive control to determine maximum 51Cr release. Cells were then 

incubated for 4-18 hr in 5% CO2 at 37°C. The plates were centrifuged, and 

the amount of radioactivity in the cell supernatants was determined using 

a gamma counter. Specific lysis was calculated using the same formula as 

used for ADCC.  
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H. Pharmacokinetic (Pk) Analysis  

 

 Female 6 to 8 weeks of age Swiss Webster mice were used to 

determine the Pk properties of the MAbs. Lugol‘s solution (Sigma, St 

Louis, MO) was added to their drinking water to a final concentration of 

0.05% one day before injection and throughout the entire period of the 

experiment (168 h). Five mice were injected in the tail vein with 3 – 5 X 

107 cpm/100 µL radiolabeled MAbs, and whole body radioactivity was 

measured after injection and every 24 hr for 1 week in an AtomLab 100 

dose calibrator (Atomic Product Corp., New York, NY). The radioactivity 

measured at different time points was expressed as the percentage of the 

initial radioactivity. The pharmacokinetic parameters, the beta phase of its 

half life (T1/2), area under the curve (AUC), fractional catabolic rate (FCR), 

and mean residence time (MRT) were determined using a 

noncompartmental model with the PKCALC program105 using data 

collected between 24 and 168 hr. T1/2 indicates the amount time when half 

the amount of MAb is left in the body. The AUC indicates the 

bioavailability of MAb, or the amount absorbed in the blood. The MRT 

indicates how long the MAb stays in the blood, and the FCR indicates the 

amount of MAb catabolized or eliminated per day. 
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I. Xenograft Tumor Models and Therapy  
 

 Two in vivo models were used. In the first model, the anti-tumor 

activities of the chimeric MAbs were compared to the murine MAb in SCID 

mice with CD19lo human pre-B ALL tumor xenografts. In the second 

model, SCID mice with CD19hi human Burkitt‘s lymphoma tumor 

xenografts were used to determine whether the difference in the valency 

of the chimeric MAbs could give better responses at lower doses.  

 

SCID Mice 

 

 For the xenograft experiments, female inbred CB.17 SCID mice 

were purchased from Taconic Farms (Taconic, Germantown, NY). All 

mice were housed in sterilized cages with filter tops in accordance with 

institutional animal care policy. Mice were allowed to acclimate in the 

facility for a minimum of seven days prior to handling. All protocols were 

approved by the University of Texas Southwestern Medical Center at 

Dallas institutional protocol review committee. The mice were 6-10 weeks 

of age at the time of tumor cell inoculation, as described below. Following 

tumor cell inoculation the mice were monitored for tumor development as 

determined by hind leg paralysis, as well as any signs of ill health as 
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determined by a loss of > 20% of their initial body weight. 

 

Pre-B Acute Lymphoblastic Leukemia Model (NALM-6 cells)  

 

 SCID mice were weighed before tumor inoculation to establish a 

baseline weight. The mice were injected intravenously (i.v.) in the lateral 

tail vein with 5 X 106 NALM-6 cells in 0.1 mL PBS 24 hr before treatment 

with MAbs. Groups of 5 mice were inoculated intraperitonealy (i.p.) with 

7.5 µg/g or 10 µg/g body weight of divalent or tetravalent MAb, 

respectively, in four equal injections on days 1 to 4 after tumor inoculation. 

Mice were weighed and checked daily and were sacrificed at the onset of 

hind leg paralysis, a clinical symptom that accurately predicts death. Hind 

leg paralysis occurs due to the migration of the tumor cells into the spinal 

cord of the mice, thus paralyzing their hind legs. The mean paralysis time 

(MPT) was taken as the end point in this animal model. 

 

Burkitt’s Lymphoma Model (Daudi cells) 

 

 To determine the difference in the dose response of mice 

treated with divalent versus tetravalent chimeric MAb, SCID mice were 

inoculated intravenously with 5 X 106 Daudi cells in 0.1 mL PBS 24 hr 
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before treatment with MAbs. Groups of 5 mice were inoculated i.p. with 

7.5, 3.75 or 1.875 µg/g body weight cHD37 or 10, 5 or 2.5 µg/g body 

weight of cHD37-DcVV in four equal injections on days 1 to 4 after tumor 

inoculation. Mice were weighed and checked daily and were sacrificed at 

the onset of paralysis. The MPT was taken as the end point in this animal 

model. 
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J. Statistical analysis  
 

 Values for in vitro experiments were analyzed using a one-tail t 

test comparing MAb-treated samples with isotype control-treated samples, 

unless otherwise noted. Samples were considered to be significantly 

different when p < 0.05. For in vivo therapy data, MPT curves were 

compared using the Wilcoxon matched-pairs log-rank test. MPT curves 

were considered to be significantly different when p < 0.05. 



 

64 

CHAPTER THREE 

Results 

 

A. Construction and Expression of the Chimeric MAbs 

 

 Two recombinant chimeric HD37 MAbs were constructed, one 

divalent and one tetravalent. HD37 was first chimerized to decrease its 

immunogenicity in humans. Because HD37 homodimers (i.e. two 

covalently conjugated IgG molecules) were previously found to be more 

effective than monomers at inducing cell death in tumor cells98, the 

tetravalent antibody was constructed to create an antibody with the same 

valency as the homodimer. However, the advantages of the tetravalent 

versus homodimeric MAbs are that the tetravalent MAb is smaller in size, 

it retains normal Fc effector functions, and its activity should not be 

compromised by the conjugation chemistry. The structures of the MAbs 

are depicted in Figure 1. Like HD37, cHD37 has two murine variable 

regions composed of VL and VH regions, while cHD37-DcVV has four 

murine variable regions composed of two VLs and two VHs each joined 

together by the linker peptide SGGGGS. The constant regions of the 

recombinant MAbs are of human origin and are composed of human 

constant kappa chain (CL), and the CH1, CH2 and CH3 regions of human 
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IgG1. By retaining the variable regions of the murine HD37 antibody, the 

specificity of the recombinant MAbs is preserved. 

 The divalent cHD37 MAb was constructed by cloning the HD37 VH 

and VL genes into the human IgG1κ heavy and light chain expression 

vectors, pAH4604 and pAG4622 (Figure 2), respectively. The plasmids 

were co-transfected and expressed in SP2/0 cells. The tetravalent cHD37-

DcVV MAb was constructed by cloning two pairs of the HD37 VH and VL 

genes into the pIZ-DcVV vector, and the plasmid was transfected and 

expressed in CHO cells. Stable transfectants were selected, and the yield 

of the highest cHD37 producer clone was 2-5 mg/L while the yield of 

cHD37-DcVV was greater than 22 mg/L. Both chimeric MAbs were 

purified to homogeneity by precipitation with ammonium sulfate followed 

by affinity chromatography on Protein G-Sepharose. The purity and 

molecular weight were assessed by SDS-PAGE (Figure 3). Under 

reducing conditions, murine HD37 and cHD37 yielded two protein bands 

with molecular masses of ~50 kDa (heavy chain) and ~25 kDa (light 

chain), whereas cHD37-DcVV yielded bands of ~70 kDa (heavy chain) 

and ~35 kDa (light chain). SDS-PAGE analysis under nonreducing 

conditions showed a single band of ~150 kDa for murine HD37 and 

cHD37 and a band of ~200 kDa for cHD37-DcVV. There were no 
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differences in the purity of the two constructs, and HPLC analysis showed 

that there were no aggregates or fragments in the preparations (Figure 4).  
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Figure 1: Structure of the chimeric HD37 MAbs.  
 
The structures of the chimeric MAbs are depicted in a two-dimensional 
diagram. The divalent HD37 MAb has two binding sites while the 
tetravalent MAb has four. The antibodies are composed of murine HD37 
variable domains (green) and human IgG1κ constant domains (yellow). 
The tetravalent antibody has four variable domains that are joined 
together in pairs by the short peptide linker, Ser-Gly-Gly-Gly-Gly-Ser. 
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Figure 2: Vectors for the construction of the chimeric HD37 MAbs.  
 
The divalent cHD37 MAb was constructed by cloning the HD37 VH and 
VL genes into the human IgG1κ heavy and light chain expression vectors, 
pAH4604 and pAG4622, respectively, while the tetravalent cHD37-DcVV 
MAb was constructed by cloning two pairs of the HD37 VH and VL genes 
into the pIZ-DcVV vector. AMP designates the β-lactamase gene; ORI, the 
origin of replication; PRO, the promoter; GPT Marker, the guanine 
phosphoribosyltransferase gene; HisR Marker, the histidinol resistance 
gene; PCMV-IZ, the cytomegalovirus promoter including cDNA encoding 
an intronic zeocin resistance gene that is expressed by alternative 
splicing; DHFR, the dihydrofolate reductase gene expression cassette; 
PCMV, the cytomegalovirus promoter; AmpR, the ampicillin resistance 
gene; and PSV40, the simian virus 40 promoter. 
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Figure 3: SDS-PAGE analysis.  
 
Following the expression and purification of the chimeric HD37 MAbs, the 
MAbs were analyzed in a 4-15% gradient gel run under reduced (lanes 2–
4) and unreduced (lanes 5–7) conditions to determine their molecular 
weights and purity. Lane 1, molecular weight markers; lanes 2 and 5, 
murine HD37; lanes 3 and 6, cHD37; lanes 4 and 7 cHD37-DcVV. This is 
one representative gel of three. 
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Figure 4: HPLC analysis. 
 
HPLC analysis showed that there was no aggregation or fragmentation in 
the chimeric HD37 MAbs. The MAb preparation samples in PBS buffer, 
pH 7.4, were ran on a mobile phase HPLC with a single column (7.5mm 
diameter x 60cm length) at a flow rate of 1 mL/min at room temperature, 
and the samples were measured at 280 nm. This is one representative 
HPLC analysis of three for each MAb. 
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B. Association and Dissociation of the MAbs to NALM-6 and Daudi 

Cells 

 

 The results of SDS-PAGE analysis suggest that the structure of 

cHD37 is the same as HD37 while cHD37-DcVV contains two extra 

variable regions. The next series of experiments were designed to 

determine whether the recombinant MAbs were functionally similar to the 

murine MAb. First, FACS analysis was used to determine whether the 

recombinant MAbs bind to human CD19+ pre-B ALL NALM-6 and Burkitt‘s 

lymphoma Daudi cells in vitro. NALM-6 and Daudi cells express low and 

high densities of CD19, respectively86, 87. cHD37 and cHD37-DcVV bound 

to both cells lines comparably regardless of the density of CD19 antigen 

on the cell surface (Figure 5). The FACS analyses indicate that the 

variable domains of the chimeric constructs are functionally the same as 

those of the parent antibody. The discrepancy seen in the binding of the 

murine versus chimeric MAbs may be due to the differences in the 

preparation of the MAbs (the murine MAb was prepared years prior and 

frozen in -140°F storage while the chimeric MAbs were freshly prepared 

weeks prior to the experiment), or in the secondary detection antibody 

used (goat anti-murine versus goat anti-human MAbs conjugated to FITC). 
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None of the HD37 MAbs were able to bind CD19- Jurkat cells (data not 

shown). 

 The relative binding affinities of cHD37-DcVV, cHD37 and the 

murine HD37 were compared using Scatchard analysis (Figure 6). The 

binding affinity of cHD37-DcVV was significantly higher (p < 0.05) than 

that of the murine HD37 for both NALM-6 and Daudi cells (Figure 7). 

Furthermore, the binding affinity of cHD37-DcVV was significantly higher 

than that of cHD37 for Daudi cells, which indicates that the tetravalent 

MAb has a higher relative binding affinity than either of the divalent MAbs. 

These results suggest that more than two binding sites of the tetravalent 

MAb are able to bind simultaneously. 

 The dissociation of the radiolabeled tetravalent vs. divalent MAbs 

from NALM-6 and Daudi cells in the presence of the same cold competitor 

(HD37) was compared, and the persistence of the MAbs on the cell 

surface was calculated from the dissociation curves (Figure 8) and 

expressed as a half-life (T1/2) of dissociation. The T1/2 of dissociation of 

cHD37-DcVV was significantly longer than that of the murine HD37 and 

cHD37 for both cell lines (Figure 9). The results demonstrate that the 

strength of binding depends on the valency of the constructs.  

 In summary, the results of these experiments suggest that the 

tetravalent MAb has more than two functional binding sites, and more than 
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two sites bind antigen simultaneously. This contributes to the increased 

relative binding affinity of the tetravalent MAb. In addition, the increased 

multivalency of the tetravalent MAb results in a slower off rate from cells.  
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Figure 5: Binding of HD37 MAbs to pre-B ALL NALM-6 and Burkitt’s 
lymphoma Daudi cells (FACS analysis). 
 
The ability of the MAbs to bind CD19+ (A) NALM-6 and (B) Daudi cells 
was assessed by flow cytometry. Circles, HD37; squares, cHD37; 
triangles, cHD37-DcVV; and inverted triangles, isotype control MOPC-21. 
Data represent means ± SD of three experiments for each cell type. 
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Figure 6: Affinity of the HD37 MAbs for NALM-6 and Daudi cells 
(Scatchard plot). 
 
The ability of the MAbs to bind CD19+ (A) NALM-6 and (B) Daudi cells 
was also assessed by Scatchard analysis. Circles, HD37; squares, 
cHD37; and triangles, cHD37-DcVV. This is one representative 
experiment of three performed for each cell type. Abbreviations: A = the 
initial concentration of the antibody; A–X = the concentration of the 
unbound antibody; X = the concentration of the immune complex; r = the 
number of antibody molecules bound per cell. 
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Figure 7: Binding affinity (k) of the HD37 MAbs. 
 
The binding affinity (k) of the MAbs to (A) NALM-6 and (B) Daudi cells was 
determined by Scatchard analysis. The k values are shown in the bars. 
The k values of HD37 vs. cHD37-DcVV are significantly different (p < 
0.05) for NALM-6 cells. The k values of HD37 vs. cHD37, HD37 vs. 
cHD37-DcVV, and cHD37 vs. cHD37-DcVV are significantly different for 
Daudi cells. Data represent means ± SD of three experiments for each cell 
type. * = signficant 
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Figure 8: Dissociation of the HD37 MAbs from NALM-6 and Daudi 
cells. 
 
The persistence of the MAbs on the cell surface of (A) NALM-6 and (B) 
Daudi cells was calculated from the dissociation curves and expressed as 
a half-life (T1/2) of dissociation. Circles, HD37; squares, cHD37; and 
triangles, cHD37-DcVV. Data represent means ± SD of three experiments 
for each cell type. 
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Figure 9: T1/2 of dissociation of the HD37 MAbs. 
 
The T1/2 of dissociation of the MAbs from (A) NALM-6 and (B) Daudi cells 
was determined by dissociation analysis. The values are shown in the 
bars. The T1/2 of dissociation HD37 vs. cHD37-DcVV and cHD37 vs. 
cHD37-DcVV are significantly different (p < 0.05) for NALM-6 cells. The 
T1/2 of dissociation of HD37 vs. cHD37, HD37 vs. cHD37-DcVV, and 
cHD37 vs. cHD37-DcVV are significantly different (p < 0.05) for Daudi 
cells. Data represent means ± SD of least three experiments performed 
for each cell type. * = significant 
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C. Binding of the MAbs to U937 Cells 
 

 The next set of experiments was designed to assess the effector 

functions of the Fc regions of the different HD37 MAbs. As previously 

mentioned, chimerizing HD37 can optimize its effector functions and Pk 

properties in humans. The effector functions are affected because the Fc 

region of a human MAb will bind FcRs on human effector cells more 

efficiently than would the Fc region of a mouse MAb, such as human IgG1 

binding human FcγRI and FcγRIII106. Although both murine and human 

IgG1 bind murine FcγRI106, 107 and FcγRIII108-112 comparably well, murine 

IgG1 binds poorly to human FcγRI113-117 and FcγRIII118, 119.  

 FACS analysis was used to evaluate the relative binding affinities of 

the MAbs to human FcγRI+FcγRIII+CD19- U937 cells, a human leukemic 

monocytic lymphoma cell line. The binding of a MAb to both FcγRs is 

dependent upon the presence of an intact Fc region. There was no 

significant difference in the binding of cHD37 compared to that of cHD37-

DcVV (Figure 10). As expected, the murine HD37 bound poorly to human 

U937 cells. These results clearly indicate that the chimeric HD37 MAbs 

have functional and intact Fc regions, and therefore, they should interact 

with human FcγRI and III-bearing effector cells and mediate effector 

functions. 
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Figure 10: Binding of HD37 MAbs to U937 cells (FACS analysis). 
 
The ability of the MAbs to bind human FcγRI+FcγRIII+CD19- U937 cells 
was assessed by flow cytometry. Circles, HD37; squares, cHD37; 
triangles, cHD37-DcVV; and diamonds, positive control chimeric cUV3 
MAb. Data represent means ± SD of three experiments. 
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D. ADCC and CDC Activity of the MAbs 
 

 Since the chimeric MAbs were able to bind to cells expressing 

human FcγRI and FcγRIII, the next set of experiments was designed to 

test the ability of the HD37 MAbs to mediate ADCC against NALM-6 or 

Daudi target cells using human NK or murine LAK effector cells. The 

activity of the tetravalent MAb was compared to that of the divalent MAbs. 

As expected, murine HD37 did not mediate ADCC when human NK cells 

were used due to the inability of the murine Fc to bind human FcRs 

(Figure 11). In contrast, when human NK effector cells were used, the 

chimeric MAbs mediated ADCC against the target cells. Moreover, 

cHD37-DcVV was more effective at lysing the target cells than cHD37 and 

the difference was more pronounced over time (Figure 11 and 12). 

However, when using murine LAK effector cells, ADCC against both 

NALM-6 and Daudi target cells of all three MAbs was comparable (Figure 

13).  

 The abilities of the MAbs to mediate CDC against target cells were 

measured using either human or mouse sera as sources of complement. 

None of the MAbs were able to lyse NALM-6 target cells using human 

complement, while the cHD37-DcVV was the only MAb to mediate 

efficient CDC using human complement against Daudi cells (Figure 14). 
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Previous studies have also shown that human complement mediated lysis 

is highly variable among cell lines49, 120, which correlates with our findings 

that CDC was effective against Daudi, but not NALM-6 cells. None of the 

MAbs were able to lyse target cells when mouse complement was used 

(data not shown). 

 These results demonstrate that the chimeric MAbs have functional 

Fc domains and further indicate that the in vitro efficacy of the MAbs 

depends on the type of cells or complement proteins that mediate effector 

functions.  

 Hence the tetravalent MAb was better than the divalent MAbs at 

mediating ADCC when using human effector cells, and equally effective 

as the divalent MAbs when using murine effector cells. The tetravalent 

MAb was also the only construct that could mediate CDC against Daudi 

cells when human complement was used. Therefore, in humans with 

human effector cells and complement, the tetravalent MAb may be more 

effective than the divalent MAbs. 

 

 



83 

 

 

Figure 11: ADCC with human NK effector cells. 
 
The ability of the HD37 MAbs to mediate ADCC against target (A) NALM-6 
or (B) Daudi target cells using human NK effector cells. The background 
was subtracted to calculate the % specific lysis in each group. Diagonal 
bars, MOPC-21 (leftmost bar in each E:T ratio set and is not detectable 
except for standard deviations because the % specific lysis is near zero); 
white bars, HD37; gray bars, cHD37; and black bars, cHD37-DcVV. The 
% specific lysis of HD37 vs. cHD37, HD37 vs. cHD37-DcVV, and cHD37 
vs. cHD37-DcVV are significantly different (p < 0.05) for E:T ratios at 50:1 
and 25:1 for NALM-6 cells and at all three E:T ratios tested for Daudi cells. 
This is one representative experiment of three performed for each cell 
type. 
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Figure 12: Time dependent ADCC with human NK effector cells 
against target Daudi cells. 
 
The ability of the HD37 MAbs to mediate ADCC against Daudi target cells 
over time was evaluated. The E:T ratio was 25:1. Similar results were 
obtained at E:T ratios of 50:1 and 5:1. White bars, 6 hr lysis; and black 
bars, 18 hr lysis. Data expressing means ± SD are one representative 
experiment of three. 
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Figure 13: ADCC with murine LAK effector cells. 
 
The ability of the HD37 MAbs to mediate ADCC against (A) NALM-6 or (B) 
Daudi target cells using murine LAK effector cells. The background was 
subtracted out to calculate the % specific lysis in each group. Diagonal 
bars, MOPC-21; white bars, HD37; gray bars, cHD37; and black bars, 
cHD37-DcVV. The % specific lysis of HD37 vs. cHD37 vs. cHD37-DcVV, 
are not significantly different (p > 0.05) at all E:T ratios for both NALM-6 
and Daudi cells. This is one representative experiment of three performed 
for each cell type. 
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Figure 14: CDC with human complement. 
 
The ability of the HD37 MAbs to mediate CDC against (A) NALM-6 or (B) 
Daudi target cells using human serum as a source of human complement 
proteins was evaluated. The background was subtracted out to calculate 
the % specific lysis in each group. Diagonal bars, MOPC-21; white bars, 
HD37; gray bars, cHD37; and black bars, cHD37-DcVV. The % specific 
lysis of HD37 vs. cHD37-DcVV and cHD37 vs. cHD37-DcVV, are 
significantly different (p < 0.05) at all dilutions for Daudi cells. This is one 
representative experiment of three performed for each cell type. 
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E. Inhibition of Cell Growth 
 

 The inhibition of the growth of NALM-6 and Daudi cells by the 

various MAb constructs in the absence of effector cells or complement 

was determined by two proliferation assays, [3H]thymidine incorporation 

and MTS. [3H]thymidine incorporation assesses cell growth by measuring 

the amount of radionuclide incorporated into proliferating cells undergoing 

DNA synthesis121. In an MTS assay, cell viability is determined in a 

colorimetric method measuring the chemical reduction of a tetrazolium 

compound (MTS) by metabolically active cells122. The growth of NALM-6 

or Daudi cells cultured in the presence of increasing concentrations of 

murine, chimeric divalent or chimeric tetravalent HD37 was followed for 72 

hr. None of the constructs had any effect on cell viability and their 

proliferative capacity even at concentrations of 10-6 M (Figure 15). 

Therefore, the primary mechanisms of action of the MAbs are mediated by 

ADCC and CDC. 

 To ensure that there was no in vitro effects of the MAbs on normal 

human B cells, the inhibition of the growth of LPS-activated normal human 

B cells by the MAb in the absence of effector cells or complement was 

also determined. None of the constructs had any effect on cell viability or 

proliferation (Figure 16). 
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Figure 15: Inhibition of tumor cell growth in the absence of effector 
cells and complement. 
 
The cytotoxic effects of the HD37 MAbs on (A and C) NALM-6 and (B and 
D) Daudi cells were evaluated by (A and B) [3H]thymidine incorporation 
and (C and D) MTS assays. Green circles, HD37; red squares, cHD37; 
blue triangles, cHD37-DcVV; purple inverted triangles, MOPC-21; black 
diamonds, positive control HD37-dgA immunotoxin. Data represent means 
± SD of three experiments for each type of cell and assay. 
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Figure 16: Inhibition of LPS-activated normal human B cell growth in 
the absence of effector cells and complement. 
 
The cytotoxic effects of the HD37 MAbs on LPS-activated normal human 
B cells were evaluated by (A) [3H]thymidine incorporation and (B) MTS 
assays. Green circles, HD37; red squares, cHD37; blue triangles, cHD37-
DcVV; purple inverted triangles, MOPC-21; black diamonds, positive 
control HD37-dgA immunotoxin. Data represent means ± SD of three 
experiments for each type of assay. 
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F. Pharmacokinetics 
 

 The Pks of the HD37 constructs were measured to determine 

whether the chimeric HD37 MAbs retained the Pk properties as murine 

HD37 in vivo. The Pks were measured in Swiss Webster mice. This is a 

valid comparison since human and murine IgG have relatively similar 

affinities for murine FcRn (Req of hIgG1-mFcRn versus mIgG1-mFcRn are 

243.8 versus 100.6, respectively, a 2.4 fold difference) as compared to the 

affinities of human and murine IgG to human FcRn (Req of hIgG1-hFcRn 

versus mIgG1-hFcRn are 91.8 versus 0.22, respectively, a 417 fold 

difference)123. Therefore human and murine IgG1 tend to have similar half-

lives in mice124. As expected, the Pks of the HD37 constructs were 

comparable in Swiss Webster mice based on the parameters measured 

(Table 1). The T1/2 of the murine HD37 (302 hr), cHD37 (353 hr), and 

cHD37-DcVV (311 hr) were not significantly different (p < 0.05). 
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MAb
 

T
1/2

 (hr)
 

AUC FCR (day
-1

) MRT (hr) 

Murine HD37 302.2 ± 32.4 40131 ± 5932 0.055 ± 0.007 436.5 ± 46.8 

cHD37 352.5 ± 49.6 44253 ± 6288 0.047 ± 0.007 506.8 ± 71.6 

cHD37-DcVV 311.1 ± 30.2 40557 ± 4722 0.053 ± 0.006 447.7 ± 43.6 

 
 
Table 1: Pharmacokinetics of the HD37 MAbs in Swiss Webster mice. 
 
Groups of five mice were used for each antibody tested. Values represent 
means ± SD of three experiments. T1/2 = half life (beta phase); AUC = area 
under the curve; FCR = fractional catabolic rate; MRT = mean residence 
time.
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G. Therapeutic Efficacy of the HD37 Constructs in SCID Mice with 
Human Tumor Cell Line Xenografts 
 

 Two cells lines, the pre-B ALL NALM-6 cell line and the Burkitt‘s 

lymphoma Daudi cell line, were used to test the therapeutic efficacy of the 

HD37 constructs in vivo in SCID mice with human cell line xenografts. The 

CD19lo NALM-6 cell line was used to determine whether the constructs 

would extend the mean survival time of SCID mice with pre-B ALL tumors 

and to compare their anti-tumor efficacy. In addition, similar experiments 

were carried out with Daudi cells to determine whether there was a 

correlation between the valency of the chimeric MAbs and the therapeutic 

dose required for optimal anti-tumor effects. 

 

 NALM-6. The therapeutic effects of the HD37 Mabs were evaluated 

in SCID mice injected with 5 X 106 NALM-6 tumor cells. The Kaplan-Meier 

survival curves were plotted and compared using the log-rank test. As 

previously described, groups of 5 mice were injected with 5 X 10-11 mol/g 

(7.5 μg/g for divalent MAbs and 10 μg/g for tetravalent MAb). The dose 

selected was based on previous studies comparing murine HD37 to 

Rituxan87, 94. All three MAbs significantly improved the MST of SCID mice 

bearing disseminated NALM-6 tumors as compared to PBS and the 

MOPC-21 isotype-matched IgG1 control (Figure 17). However, there was 
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no difference in the survival of the groups treated with murine HD37 (66 

days), cHD37 (75 days) or cHD37-DcVV (63 days) MAbs. This may be 

explained by the fact that the optimal anti-tumor activity is dependent upon 

the type of effector cells present, and since mice lack human effector cells, 

the constructs showed no differences. The results also suggest that an 

increase in valency per se might not result in better in vivo activity in mice 

in the absence of effector cells that bind to the Fc of the antibody. 

 

 Daudi. The correlation between the valency of the MAb and the 

therapeutic dose required for optimal anti-tumor activity was evaluated in 

SCID mice injected with 5 X 106 Daudi tumor cells. The Kaplan-Meier 

survival curves were compared using the log-rank test. Groups of 5 mice 

were injected with 5, 2.5 or 1.25 X 10-11 mol/g body weight cHD37 (7.5, 

3.8, or 1.9 μg/g) or cHD37-DcVV (10, 5, or 2.5 μg/g). Although all 

treatment regimens significantly extended the MST of SCID/Daudi mice 

compared to the PBS control, there was no difference in the survival of 

mice treated with either the chimeric divalent or tetravalent MAbs at 

equivalent doses (Figure 18). Therefore, this in vivo experiment further 

supports the finding that the activity of chimeric antibodies cannot be 

accurately compared in mice.  



94 

 

 
 
 
 
Figure 17: Therapeutic efficacy of the HD37 constructs in SCID mice 
with NALM-6 tumor cell xenografts. 
 
The therapeutic efficacy of the HD37 MAbs in SCID mice with a 
disseminated CD19lo NALM-6 pre B cell tumor was evaluated. Female 
SCID mice, 6-8 weeks of age, were injected with 5 X 106 NALM-6 tumor 
cells and treated on days 1 through 4 post-tumor inoculation with HD37 
MAb constructs. Although each HD37 MAb treatment significantly 
extended the MST of SCID/NALM-6 mice (p < 0.05) as compared to PBS 
and MOPC-21 isotype-matched control, there was no significant difference 
in the survival between each HD37 MAb treatment group. Red circles, 
PBS; purple squares, 7.5 µg/g MOPC-21; black triangles, 7.5 µg/g HD37; 
green inverted triangles, 7.5 µg/g cHD37; and blue diamonds, 10 µg/g 
cHD37-DcVV. This figure depicts a single experiment with 5 mice per 
group and is representative of three separate experiments. 
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Figure 18: Therapeutic efficacy of the HD37 constructs in SCID mice 
with Daudi tumor cell xenografts. 
 
The correlation between the valency of the MAb and the therapeutic dose 
required for optimal anti-tumor activity was evaluated in SCID/Daudi mice 
was evaluated. Female SCID mice, 6-8 weeks of age, were injected with 5 
X 106 Daudi tumor cells and treated on days 1 through 4 post-tumor 
inoculation with different doses of the chimeric HD37 MAbs. Although 
each chimeric HD37 MAb treatment significantly extended the MST of 
SCID/Daudi mice (p < 0.05) as compared to PBS and MOPC-21 isotype-
matched control, there was no significant difference in the survival of mice 
treated with either the chimeric divalent or tetravalent MAbs at equivalent 
doses. Red circles, PBS; solid black triangles, 7.5 µg/g cHD37; solid green 
squares, 3.8 µg/g cHD37; solid blue diamonds, 1.9 µg/g cHD37; open 
black triangles, 10 µg/g cHD37-DcVV; open green squares, 5 µg/g 
cHD37-DcVV; open blue diamonds, and 2.5 µg/g cHD37-DcVV. This 
figure depicts a single experiment with 5 mice per group and is 
representative of three separate experiments. 
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CHAPTER FOUR 

Discussion 

 

A. Study Objectives and Major Findings 

 

 Pre-B ALL affects thousands of children and adults in the United 

States every year3. Because the recommended treatment (chemotherapy 

and bone marrow transplantation) is highly myelosuppressive, cytotoxic to 

healthy tissues and invasive, targeted MAb therapy is emerging as an 

important treatment modality17. Currently, the only FDA approved MAbs 

for B cell malignancies are anti-CD20 based therapies125. However, pre-B 

ALLs do not express CD2068. CD19 is a 95 kDa glycoprotein exclusively 

expressed on B cells from the early stages of B cell development until just 

prior to their terminal differentiation into plasma cells68, 126. CD19 is 

expressed on many B cell malignancies including pre-B ALLs and B cell 

lymphomas68. CD19 is therefore an attractive target for immunotherapies 

against pre-B ALLs, B cell tumors that have lost CD20 expression, and 

alternative regimens for patients who are refractory to anti-CD20 

treatment.  

 A mouse MAb against human CD19, HD3787, has been studied 

extensively. Previous studies have shown that HD37 inhibits the growth of 
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human B cell tumor lines in vitro and extends the mean survival time of 

SCID mice with human B cell tumors87. Furthermore, when conjugated to 

dgRTA, HD37 has been used as an IT to treat patients with both B cell 

lymphomas and pre-B ALL96, 97. However, the long term clinical application 

of unconjugated HD37 is limited because mouse MAbs are highly 

immunogenic, have short serum half-lives, and their Fc portions are 

unable to mediate effector functions in humans127.  

 Although most MAbs in cancer therapy function through the 

recruitment of secondary immune effector mechanisms25, previous reports 

have also shown that that some MAbs can induce growth arrest and/or 

apoptosis of the tumor cells19, 128, 129. In the case of HD37, homodimers 

consisting of two chemically conjugated IgG molecules, but not IgG itself, 

induced cell death in tumor cells, presumably due to hypercrosslinking 

and/or a slower dissociation rate98. However, their large size prevents 

effective tumor penetration, and normal Fc effector functions are often not 

retained thereby limiting their therapeutic potential. 

 The objectives of this study were to construct, express, and test the 

in vitro and in vivo activities of divalent chimeric and tetravalent chimeric 

HD37 MAbs with the goal of using these data to determine which chimeric 

HD37 to move forward into clinical trials. Chimeric MAbs, which are MAbs 

with human constant regions and mouse variable regions, are far less 
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immunogenic than their mouse counterparts and can efficiently carry out 

effector functions in humans due to their ability to engage human effector 

cells and complement with their Fc regions. Tetravalent MAbs, which are 

MAbs with one human Fc and four mouse variable regions, are smaller in 

size than their homodimeric counterparts and can carry out normal 

effector functions. The activities of the two cHD37 MAbs (divalent and 

tetravalent) were compared to each other as well as to that of the murine 

HD37. 

 The major findings to emerge from this study are that 1) all three 

forms of HD37 were equally effective at extending the mean survival time 

of SCID mice with human pre-B ALL and Burkitt‘s lymphoma tumors; and 

2) the tetravalent cHD37 was more effective than the murine HD37 and 

divalent cHD37 at mediating secondary effector functions in vitro with 

human effector cells and complement. These findings suggest that 

whereas the tetravalent cHD37 might not be more effective in mice, it 

should be superior to the divalent MAb in humans. This may be due to the 

species of cells that carry out the effector functions in mice; MAbs with 

human Fc regions effectively mediate secondary effector functions with 

human NK cells, but not with mouse NK cells. Hence, preclinical studies in 

mice may not accurately predict their anti-tumor activity in humans. 
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B. cHD37-DcVV is More Effective than the Murine HD37 or cHD37 at 

Mediating Secondary Effector Functions In Vitro with Human Effector 

Cells and Complement  

 

Binding Affinity of HD37 MAbs 

 

 The clinical utility of an antibody depends on its affinity for the 

target antigen. Improving affinity can improve the potency and reduce the 

number of doses needed130. In this study, cHD37-DcVV was constructed 

with four antigen binding sites to improve its binding avidity to CD19. This 

tetravalent MAb was then compared to the divalent MAbs. Surface 

plasmon resonance (SPR) (Biacore) is often used to determine the affinity 

and kinetic rate constants of an antibody-antigen interaction131. However, 

soluble CD19 antigen was not available to test this. Therefore, the relative 

binding affinity and dissociation of the antibody to human pre-B ALL and 

Burkitt‘s lymphoma cell lines expressing low and high densities of CD19, 

respectively, were evaluated by FACS analysis, Scatchard analysis, and 

dissociation curves to determine the persistence of the MAbs on the cell 

surface. 

 The results of this study indicate that increasing the valency of the 

antibody did indeed improve its avidity of binding to the target antigen. 
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cHD37-DcVV has more than two sites that bind antigen simultaneously, 

and this multivalency contributes to the increased relative binding affinity 

and the slower off-rate from cells. Therefore the potency, or the anti-tumor 

efficacy, of the tetravalent cHD37 should be better than that of the divalent 

cHD37. The in vitro experiments were designed to test the effector 

functions of these MAbs. 

 

Fc Effector Functions 

 

 One of the most important factors in determining the in vivo activity 

of therapeutic MAbs is the efficient interaction with cellular Fc-receptors on 

effector cells as well as the binding of complement proteins25. In fact, the 

primary mechanism of action of most therapeutic MAbs such as 

Rituxan™, Campath™, and Herceptin™ in cancer therapy, is through the 

recruitment of secondary effector mechanisms including ADCC and 

CDC36, 49, 128, 132. Therapeutic antibodies, including HD37, typically use 

human IgG1 constant regions because of the capacity of human Fc to 

induce strong ADCC and CDC effector functions in humans133. In an 

ADCC reaction, MAbs bound to tumor cells through an antigen specific 

interaction recruit effector cells expressing FcRs that are specific for the 

Fc region of the MAb. This binding then triggers the release of 
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inflammatory mediators and cytotoxic substances by the effector cells 

resulting in the death and eventual clearance of the tumor target cell25. In 

CDC, MAbs bound to tumor cells bind the complement protein C1q, which 

initiates the complement activation cascade and results in the lysis of the 

tumor cell through the formation of the membrane attack complex 

(MAC)134. Hence, the specific interactions of the Fc of a MAb with the FcR 

on effector cells or the C1q protein are important for anti-tumor activity. 

Initial experiments designed to test the cytotoxic effects of the HD37 MAbs 

in the absence of effector cells and complement indicated that the MAbs 

did not inhibit tumor cell growth or the induction of apotosis. Therefore, 

these results led to the in vitro experiments to study the Fc-dependent 

effector mechanisms of the MAbs including their ability to mediate ADCC 

and CDC in the presence of both human and murine effector cells and 

human and murine complement. Taken together, these studies were 

therefore designed to elucidate the mechanisms of action of divalent and 

tetravalent cHD37 and to determine if valency affected anti-tumor activity. 

 

ADCC 

 

 Therapeutic MAbs are typically chimerized to decrease 

immunogenicity and to optimize their effector functions27, 31. The primary 
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effector cells that mediate ADCC are NK cells135, 136. Human NK cells 

express the activating FcR, FcγRIII, that efficiently binds the human but 

not the murine Fc region of IgG106. Since the cHD37 MAbs are human 

IgG1s, it was important to assess their ability to mediate effector functions 

with human effector cells. Previous reports have shown that although 

murine and human IgG1 bind murine FcγRIII108-112 comparably well, 

murine IgG1 binds poorly to human FcγRIII118, 119. Therefore, it was not 

surprising that our results showed that cHD37 MAbs, but not murine 

HD37, were able to mediate ADCC with human NK cells. Furthermore, 

murine FcγRIII bind to both mouse and human IgG1106. Therefore, all 

three HD37 MAbs were able to mediate ADCC with murine LAK effector 

cells. 

 The ADCC experiments also examined the relationship between 

the valency of a MAb and its anti-tumor efficacy. The tetravalent cHD37 

not only showed an increased relative binding affinity and a slower off-rate 

from cells as compared to the divalent MAbs, but was also more effective 

in mediating ADCC when human effector cells were used. However, the 

caveat is that this increased anti-tumor activity was only observed with 

human effector cells, but not with murine effector cells. Therefore, there 

may not be a difference in the anti-tumor efficacy of the tetravalent versus 
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divalent chimeric MAbs in mice and this was supported by the results of 

our in vivo experiments. 

 Another factor that might affect the efficacy an antibody in 

mediating effector functions could be related to the difference in 

internalization by tumor cells. Previous studies comparing the activities 

and characteristics of  homodimers versus monomers of HD37 have 

shown that Daudi cells internalized larger amounts of the former98. It was 

hypothesized that the slower dissociation rate of the homodimer might 

account for this. However, recent preliminary results have shown that the 

tetravalent cHD37 has a significantly lower rate of internalization than 

divalent cHD37 despite the fact that the tetravalent MAb has a slower 

dissociation rate. This contradiction remains to be explained and might be 

related to the larger size of the homodimer versus the tetravalent cHD37. 

 

CDC 

 

 Another important effector function of therapeutic MAbs is the 

activation of the complement cascade to lyse tumor cells. Previous studies 

have shown that MAbs such as Rituxan137, SGN-70, a chimeric anti-CD70 

IgG1 MAb for the treatment of lymphomas and multiple myeloma138, and 

cA2 G1, a chimeric anti-TNF-α (transmembrane form) IgG1 MAb for the 
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treatment of rheumatoid arthritis can mediate both ADCC and CDC139. 

Further studies using C1q deficient mice have even suggested that CDC 

is the primary mechanism of action of Rituxan™ and other anti-CD20 

MAbs, and that complement activation has a significant impact on their 

therapeutic activity140.  

 Our study assessed the ability of the cHD37 versus murine HD37 to 

mediate CDC against pre-B ALL and Burkitt‘s lymphoma tumor cells in 

vitro using mouse or human serum as a source of complement. None of 

the HD37 MAbs was able to mediate CDC when mouse serum was used 

as a source of complement. It is not surprising that the cHD37 MAbs were 

not able to mediate CDC with mouse complement since human IgG1 does 

not bind mouse C1q141. Surprisingly, when human serum was used as a 

source of complement, divalent cHD37 was not able to mediate CDC 

either. In contrast, tetravalent cHD37 was able to mediate CDC against 

Daudi, but not NALM-6 cells. These results suggest that only the 

tetravalent cMAb can mediate CDC, but only against certain tumor cell 

lines. In this regard, previous studies have also demonstrated that there is 

a significant degree of heterogeneity in Rituxan™-mediated CDC when 

different cell lines were used49, 120, 142. This phenomenon has been 

attributed to the heterogeneous expression of the CD20 molecule on the 

surface of different lymphoma lines as well as the heterogeneous 
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expression of the complement inhibitiors CD55 and CD59120. Inhibition of 

these surface molecules increases the ability of Rituxan™ to activate 

complement and lyse tumor cells. Therefore, differential expression of 

CD19, CD55, and CD59 on Daudi and NALM-6 cells may be the reason 

that chimeric tetravalent HD37 can mediate CDC with only Daudi cells. 

However, further studies must be carried out to confirm this and to study 

the expression of CD55 and CD59 on the two cell lines. 

 The ability of the tetravalent, but not the divalent cHD37, to mediate 

CDC suggests that the valency of the antibody is important in complement 

activation. This may be due to the slower off-rate (longer T1/2 of 

dissociation) of the tetravalent cHD37 compared to the divalent murine or 

chimeric MAbs. Hence, a slow dissociation rate might enable the 

tetravalent cHD37 to activate the complement cascade more efficiently. 

These results again support the notion that increased valency can 

increase the anti-tumor potency of a therapeutic MAb, and that this might 

give tetravalent cHD37 an advantage over the divalent chimeric MAbs in 

humans. 

 



106 

 

C. cHD37-DcVV Could Be Superior to Murine HD37 and cHD37 in 

Humans 

 

 The in vitro data show that the chimeric tetravalent HD37 MAb has 

a higher relative binding affinity and a slower off rate (longer T1/2 of 

dissociation) than the divalent MAbs, indicating that the tetravalent 

chimeric MAb is functionally multivalent (more than two of its sites can 

bind simultaneously). Furthermore, the in vitro studies suggest that 

increased valency translates to better anti-tumor activity. While all three 

MAbs were able to mediate ADCC when murine effector cells were used, 

the tetravalent chimeric MAb was more effective than the divalent murine 

or chimeric MAbs at mediating ADCC and only the tetravalent chimeric 

MAb was able to mediate CDC in the presence of human complement. 

These data suggest that the tetravalent chimeric MAb should be more 

efficacious in humans. Therefore, based on the in vitro data alone, the 

clinical potential of the tetravalent chimeric MAb should be superior. 

Clinical trials in humans will be necessary to confirm this prediction.  
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D. HD37 MAbs Are Equally Effective at Extending the Mean Survival 

Time of SCID Mice with Human Pre-B ALL and Burkitt’s Lymphoma 

Tumors 

 

Pharmacokinetics of the HD37 MAbs In Vivo 

  

 The pharmacokinetic properties of MAbs are important in assessing 

their clinical potential. In the case of ―naked‖ or unconjugated therapeutic 

MAbs, the goal is to increase the half-life of the MAb to improve efficacy. 

Serum persistence of MAbs depends on the salvage receptor, FcRn, 

which rescues IgG from degradation143-145. In this study, the Pks of the 

HD37 MAbs were evaluated in 6-8 week old female Swiss Webster mice. 

The T1/2, bioavailability, and catabolic rate of the HD37 MAbs were all 

comparable. These results are in accordance with previous studies 

indicating that the mouse FcRn binds mouse and human IgG1 with 

relatively comparable affinities (2.4 fold difference between the Req of 

hIgG1-mFcRn versus mIgG1-mFcRn) as compared to the affinities of 

human FcRn to mouse and human IgG1 (417 fold difference between the 

Req of hIgG1-hFcRn versus mIgG1-hFcRn)123; therefore, the half-lives of 

the murine versus cHD37 MAbs, should be, and were, similar in mice. In 

humans, the cHD37 MAbs should have significantly longer half-lives than 



108 

 

the murine MAb because it has been shown that human FcRn binds 

human IgG1 well and mouse IgG1 very poorly123. As a result, studies in 

mice may not yield a valid prediction of the pharmacokinetic behavior of 

therapeutic MAbs in humans. 

 

Precursor B Cell Acute Lymphoblastic Leukemia 

 

 Pre-B ALLs are immature B cell tumors and the treatment regimen 

consists of radiation and chemotherapy with general immunosuppression 

as an anticipated consequence146. Currently, there are no FDA approved 

MAbs for the immunotherapy of pre-B ALL even though thousands of 

children and adults in the United States are diagnosed with this type of 

cancer every year. Previous studies in our lab have shown that HD37 

conjugated to dgRTA in combination with either an anti-CD22 MAb 

conjugated to dgRTA or chemotherapy significantly improved the survival 

of SCID mice with disseminated human pre-B ALL tumor cell lines91, 92. 

Pre-B ALLs express CD19 at varying levels68, 86. An anti-CD19 MAb that 

has reduced systemic toxicity compared to chemotherapy and is 

efficacious against tumors with varying levels of CD19 surface expression 

would be an ideal immunotherapy for pre-B ALLs. 
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 One of the goals of this study was to determine whether the HD37 

MAbs were effective in the treatment of tumors with varying densities of 

CD19 surface expression. Therefore, both CD19lo (NALM-6) and CD19hi 

(Daudi) tumor cell lines were tested. Murine HD37, cHD37 and tetravalent 

cHD37 were evaluated in 6-8 week old female SCID mice with a CD19lo 

human pre-B ALL tumors. In such studies, all three MAbs prolonged 

survival in mice with disseminated disease as compared to the isotype-

matched control. In these experiments, the murine and cHD37 were 

administered at a dose of 7.5 µg/g mouse (22.6 mg/m2 human equivalent) 

on each of four consecutive days (90.4 mg/m2 total). The tetravalent 

cHD37 was administered at an equivalent molar dose of 5 X 10-11 M/g, or 

10 µg/g mouse also on each of four consecutive days. Dosage and 

administration was chosen based on previous in vivo experiments with 

murine HD3787, 94. The use of unconjugated monoclonal antibody therapy 

for hematological malignancies in humans is usually carried out at doses 

much higher than those used in this study. For example, Campath™, an 

anti-CD52 MAb for the treatment of B-CLL, is administered at 1168.6 

mg/m2 weekly54; Rituxan™, an anti-CD20 MAb for NHL, is administered at 

375 mg/m2 every 3 weeks for previously untreated disease or weekly for 

refractory disease45; lumiliximab (in clinical trials), an anti-CD23 MAb for 

CLL, is administered at 500 mg/m2 weekly147; and epratuzamab (in clinical 
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trials), an anti-CD22 for NHL, is administered at 360 mg/m2 weekly148. In 

one particular clinical trial, patients with NHL were treated with a mouse 

IgG2a anti-CD19 MAb at doses of 8764 – 38953 mg/m2, over 386 times 

greater than the dose that was administered in this study. In conclusion, 

these data show that while all three HD37 MAbs were effective in the 

treatment of a CD19lo expressing pre-B ALL tumor, higher doses of the 

HD37 MAbs should be even more effective in treating pre-B ALL. 

Unfortunately, we could not generate the quantities of MAbs necessary to 

test this.  

  

Burkitt’s Lymphoma 

 

 Burkitt‘s lymphoma is a type of B cell NHL. A Burkitt‘s lymphoma, 

Daudi, was chosen for this study because previous studies have shown 

that Daudi cells highly and stably express CD19 on their surface149. In 

addition, murine HD37 has been shown to have anti-tumor activity against 

Daudi tumors in SCID mice87.  

 NHLs are a heterogeneous group of cancers of B cell origin, and 

the treatment options vary according to NHL type and stage though often 

involving a combination of chemotherapy, radiation therapy, and 

hematopoietic stem cell transplant150. In the last decade antibody 
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therapies targeting CD20 (Rituxan™ and the radioimmunoconjugates 

Bexxar™ and Zevalin™) have demonstrated activity with comparatively 

reduced systemic toxicity in patients with B cell NHLs48, 148, 151. CD19 is 

also expressed on most B cell NHL68, 86. Therefore, HD37 is an attractive 

immunotherapy for patients who are refractory to anti-CD20 therapy, have 

tumors that do not express CD20 but express CD19, or tumors that have 

lost CD20 expression following multiple rounds of anti-CD20 

immunotherapy. 

 All three HD37 MAbs were equally effective in the treatment of 

SCID mice with CD19lo pre-B ALL tumors. Therefore, another goal of the 

in vivo studies was to evaluate the efficacy of the chimeric HD37 MAbs 

against a CD19hi human Burkitt‘s lymphoma tumor, and to determine 

whether there was a correlation between the valency of the chimeric HD37 

MAbs and the therapeutic dose required for optimal anti-tumor activity in 

SCID mice. SCID mice with human Burkitt‘s lymphoma were treated with 

7.5, 3.8, or 1.9 µg/g mouse of cHD37 or the molar equivalent of cHD37-

DcVV (10, 5, or 2.5 µg/g mouse). At lower levels of MAb, as compared to 

saturated levels of MAb, there may be a difference between the efficacies 

of the divalent and the tetravalent cMAbs. However, the results showed 

that although the divalent and tetravalent cHD37 prolonged the mean 

survival times of the SCID mice with the CD19hi human Burkitt‘s 
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lymphoma cells as compared to the isotype-matched control, there was no 

difference between treatment with cHD37 and cHD37-DcVV even at the 

equivalent lower doses. 

 These data, together with the data from the in vivo pre-B ALL tumor 

model, suggest that the difference between efficacies of the chimeric 

versus the murine HD37 and the divalent versus the tetravalent cHD37 

cannot be accurately determined in SCID mice with human tumors. An 

alternative mouse model that might better differentiate the anti-tumor 

activities between murine HD37 and cHD37, and between cHD37 and 

tetravalent cHD37 is a SCID mouse with transgenic human FcγRI and 

FcγIII152, 153. As previously discussed, murine FcγRI and FcγRIII bind both 

human and murine IgG1, but human FcγRI and FcγRIII only bind human 

IgG1. The in vitro assays also showed that there was a difference in the 

activities of the divalent versus tetravalent MAbs when human versus 

mouse effector cells were used. Therefore, SCID mice expressing human 

FcγRI and FcγIII on their myeloid cells will be useful in the in vivo studies. 

To eliminate ambiguity, these SCID mice should also be murine FcγR-

deficient (or Fcγ-/-)154. However, previous studies have shown that while 

the immunoreceptor tyrosine-based activation motif (ITAM)-accessory 

chain-associated activating FcγRs, such as FcγRI and FcγRIII, are 

important in the anti-tumor activity of MAbs, the immunoreceptor tyrosine-
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based inhibition motif (ITIM)-containing inhibitory receptor, FcγRIIb, is 

involved in regulating MAb activity by downregulating anti-tumor activity36. 

Rituxan™ and Herceptin™ have an increased ability to kill xenogeneic 

tumor cells in mice lacking FcγRII, the murine homolog of human FcγRIIb. 

Therefore, SCID mice deficient in murine FcγRs and transgenic for the 

expression of both activating human FcγRs, FcγRI and FcγRIII, and the 

inhibitory human FcγRIIb receptor would be a more ideal model to study 

the anti-tumor activities of the HD37 MAbs. 
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E. Preclinical Studies in Mouse Models May Not Accurately Predict 

MAb Activity in Humans 

 

 

 Chimerizing and humanizing naked antibodies using recombinant 

DNA technology is important in reducing the immunogenicity and 

improving their Pk and effector functions of MAbs designed for clinical use 

in humans, particularly for the treatment of cancer. Unfortunately, chimeric 

and human MAbs are difficult to evaluate in mice155. In particular, 

immunogenicity, pharmacokinetics and the interaction with the host 

immune system are affected once an antibody is chimerized or 

humanized, and studies to test these changes can only be done in 

humans or transgenic mice, many of which are not yet available. However, 

mice are required by the FDA to test the MAbs before the approval for use 

in humans. Therefore, the results from animal studies must be critically 

assessed for their limitations since none of the available animal models 

are able to fully mimic the situation in patients. 

 One dramatic example of the discrepancy between the results from 

preclinical animal studies and the resulting consequence in humans is the 

anti-CD28 superagonist TGN1412. Preclinical studies showed promising 

results in the effective therapy for experimental autoimmune 
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encephalomyelitis in mice156. However, in ensuing clinical trials, cytokine 

storm was elicited in six patients receiving the MAb therapy157. Of course 

not all MAb therapy development studies had such unfortunate results. 

Some antibodies such as Rituxan™137 and Herceptin™158 are highly 

effective in humans. Extensive preclinical studies of both MAbs in animal 

models have validated their anti-tumor efficacy137, 159. Their 

pharmacokinetics and mechanisms of action have been elucidated in 

animal studies, and the data have been used to translate the clinical 

activity of the MAbs160. Yet, even with these antibodies preclinical studies 

in animals did not always accurately predict the activity of some MAbs 

such as Rituxan™ and Herceptin™ in humans. For example, one study 

using xenografted mice indicated that ADCC was the predominant 

mechanism of action of both MAbs36. However, clinical studies in patients 

indicate that Rituxan™ induces apoptosis in tumor cells via the caspase-9 

pathway161. Preclinical studies in mice also showed that the half-life of 

Herceptin™ was approximately 7 days, while in humans, the half-life is 

approximately 21 days160. These examples illustrate the limitations of 

preclinical studies in mice and perhaps suggest that more emphasis 

should be placed on in vitro data using human cells and sera. 

 In the case of the HD37 MAbs, there are already indications from 

this study that the activity of the cHD37 MAbs, and in particular the 
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tetravalent MAb in humans, will be quite different from their behavior in 

mice. Thus, although the Pks of all three MAbs are comparable, Pk 

studies are performed in mice bearing murine FcRns, which determine the 

persistence of a MAb in the body. As previously reported, murine FcRns 

and human FcRns bind mouse and human IgG differently123. Therefore, 

although the preclinical studies show that all three MAbs have comparable 

Pks, the prediction is that the chimeric MAbs will have longer half-lives 

and better Pks in humans than murine HD37. A more useful model in 

determining the Pks of the cHD37 MAbs would one which uses mice 

expressing human FcRns and lacking endogenous murine FcRns162. In 

one study, engineered humanized IgG1 MAbs had significantly longer 

T1/2s in these hFcRn transgenic mice than in mice bearing endogenous 

FcRn162. These results indicate that transgenic hFcRn mice are a 

promising surrogate for human IgG therapeutic development. 

 Immunodeficient mice are particularly useful as hosts for the 

propagation of xenografts, which can be derived from cell lines, since 

these mice do not reject human tumors155. In this study, SCID with human 

pre-B ALL or Burkitt‘s lymphoma tumors were used to assess the anti-

tumor efficacy of the HD37 MAbs. SCID mice are devoid of T and B cells, 

but do have effector cells including monocytes, granulocytes and NK 

cells163, 164. Because these cells are of murine origin, their interaction with 
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MAbs bearing human Fc regions may not accurately reflect the interaction 

of the human effector cells with human MAbs. The data from the in vitro 

and in vivo experiments in this study suggest that the anti-tumor efficacy 

of the tetravalent MAb may be more effective in humans, but the 

difference in the anti-tumor activties of the three MAbs is not apparent in 

SCID mice. In mice, not only are the numbers of FcγRs different but so 

are their expression and functions. Therefore preclinical studies using 

human MAbs in mice do not necessarily translate into similar effects in 

humans. Hence, the interpretation of the in vivo data from this study must 

be taken in context with the in vitro data. 

 In summary, future studies examining the potential anti-tumor 

activities of an antibody (or any agent) should continue to be evaluated in 

animals because of the importance of demonstrating the activity and 

safety of the agent in non-human primates.  However, as this study and 

the previous study with the MAb against CD28 (TGN1412) have 

demonstrated, it is important to carefully evaluate in vitro data using 

human cells since no animal model is able to completely mimic the 

behavior of any MAb in humans. Furthermore, it is also important to 

carefully understand the differences between human and animal Fc 

receptors and their interactions with their ligands. In extreme cases, such 

as in the case of TGN1412157, the species difference between 
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receptor/ligand interactions can mean a dampened response (in mice) or 

heightened activation leading to cytokine storm (in humans). In the study 

reported here, comparing the activities of a mouse versus human and 

divalent versus tetravalent cHD37 MAbs would clearly benefit from a 

mouse model where the FcRs and effector cells were of human origin.  
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F. Conclusions. 

 

 Several therapeutic MAbs have excellent anti-cancer activity and 

have become important treatment options, either alone or in combination 

with other modalities. Many MAbs have already been FDA-approved for 

the treatment of a variety of cancers, and their scope is rapidly expanding. 

MAbs are a valuable treatment option due to their ability to target antigens 

specifically expressed or up-regulated on tumor cells, and reduced toxicity 

and adverse effects. MAbs can also be manipulated to have increased 

anti-tumor activity while minimizing any adverse cytotoxic effects. 

 The objectives of this study were to construct, express, and test the 

in vitro and in vivo activities of divalent and tetravalent cHD37 with the 

goal of using these data to determine which chimeric MAb to move 

forward into clinical trials. The activities of the two cHD37 MAbs were 

compared to each other as well as to that of the murine MAb. Although all 

three HD37 MAbs were equally effective at extending the mean survival 

time of SCID mice with human pre-B ALL and Burkitt‘s lymphoma tumors, 

the tetravalent cHD37 was more effective than the murine and divalent 

chimeric MAbs at mediating secondary effector functions in vitro with 

human effector cells and complement. These findings suggest that the 

tetravalent cHD37 should be superior to the divalent cHD37 in humans, 
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and that preclinical studies in mice may not accurately predict the activity 

of these MAbs in humans. Further studies need to be performed in animal 

models that better mimic the human system to elucidate the in vivo 

activities of the cMAbs and determine whether there is a correlation 

between the valency and the anti-tumor potency of the MAbs. Clinical 

trials will therefore be critical in assessing the potential of engineered 

MAbs in cancer patients. 
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