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Abstract 

B cells and humoral immunity are critical components of an effective immune 

response. However, B cells are also a significant driver of a variety of autoimmune 

diseases and can also become malignant. Antibody-mediated B cell depletion is now 

regularly used in the clinic to treat both B cell-derived cancers and B-cell driven 

autoimmunity, and while depletion itself is effective in some patients, removal of B cells 

is not often curative for patients and may present additional, unforeseen risks. The 

overall goal of this dissertation was therefore to determine the impact of B cell depletion 

on T cell homeostasis and function during infection and to elucidate the genetic factors 

that determine the effectiveness of antibody-mediated therapy.  

In Chapter 3 of this dissertation, the role of B cells in promoting T cell 

homeostasis was investigated by depleting mature B cells using CD20 monoclonal 

antibody (mAb). Acute B cell depletion in adult mice significantly reduced spleen and 

lymph node T cell numbers, including naïve, activated, and cytokine-producing cells, as 

well as Foxp3+ regulatory T cells, whereas chronic B cell depletion in aged mice resulted 

in a profound decrease in activated and cytokine−producing T cell numbers. To 

determine the significance of this finding, B cell-depleted adult mice were infected with 

acute lymphocytic choriomeningitis virus (LCMV). Despite their expansion, activated 

and cytokine-producing T cell numbers were still significantly reduced one week later. 
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Moreover, viral peptide-specific T cell numbers and effector cell development were 

significantly reduced in mice lacking B cells, while LCMV titers were dramatically 

increased. Thus, B cells are required for optimal T cell homeostasis, activation, and 

effector development in vivo, particularly during acute viral infection. 

In Chapter 4 of this dissertation, lymphoma genetic changes that conferred either 

sensitivity or resistance to CD20 mAb therapy were examined in a preclinical mouse 

lymphoma model. An examination of primary lymphomas and extensive lymphoma 

families demonstrated that sensitivity to CD20 mAb was not regulated by differences in 

CD20 expression, prior exposure to CD20 mAb, nor serial in vivo passage. An unbiased 

forward genetic screen of CD20 mAb-resistant and -sensitive lymphomas identified 

galectin-1 as a significant factor driving CD20 mAb therapy resistance. As some 

lymphomas acquired therapy resistance over time, galectin-1 expression also increased. 

Furthermore, inducing lymphoma galectin-1 expression within the tumor 

microenvironment ablated lymphoma sensitivity to CD20 mAb. Therefore, lymphoma 

acquisition of galectin-1 expression confers CD20 mAb therapy resistance. 

In Chapter 5 of this dissertation, the distinct germline components that control 

the efficacy of host CD20 mAb-dependent B cell and lymphoma depletion were 

evaluated using genetically distinct lab mouse strains. Variations in B cell depletion 

by CD20 mAb among several lab mouse strains were observed, where 129 mice 
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had significantly impaired mAb-dependent depletion of endogenous B cells and 

primary lymphomas relative to B6 mice.  An unbiased forward genetic screen of 

mice revealed that a 1.5 Mbp region of Chromosome 12 that contains mycn 

significantly altered CD20 mAb-dependent lymphoma depletion. Elevated mycn 

expression enhanced mAb-dependent B cell depletion and lymphoma 

phagocytosis and correlated with higher macrophage numbers. Thus, host 

genetic variations in mycn expression in macrophages alter the outcome of Ab-

dependent depletion of endogenous and malignant cells. 

These studies collectively demonstrate that B cells are required for 

effective cellular immune responses during infection and identified factors that 

alter the effectiveness of mAb-dependent B cell depletion. This research also 

established and validated an unbiased forward genetics approach to identify the 

totality of host and tumor-intrinsic factors that influence mAb therapy in vivo. 

The findings of these studies ultimately urge careful consideration in the clinical 

application of B cell depletion therapies. 
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1. Introduction  

1.1. The Immune System 

The immune system is chiefly responsible for protecting the host from 

pathogenic foreign microorganisms and malignancies. Its various cell populations are 

able to traverse physical tissue bounds throughout the body so that it may survey the 

entire organism and, when required, eliminate microscopic interlopers and cellular 

anomalies. The immune system is also uniquely tasked with balancing this clearance 

process with self-regulation to prevent aberrant tissue destruction. This internal defense 

mechanism is so critical to the survival of an organism that different facets of the 

immune system are conserved to some degree in almost all living organisms from 

archaea and plants through higher order species. 

Some of the defining discoveries in the field of immunology derived from studies 

of transplant rejection and histocompatibility, which is the distinction of cells that derive 

from self versus a non-self entity. This distinction is mediated predominantly through 

immune cell-mediated recognition of the surface protein major histocompatibility 

complex class I (MHC-I) molecules, though many minor histocompatibility molecules 

exist. MHC-I is a codominantly expressed polygenic protein deriving from three main 

genes with a variety of polymorphisms, resulting in an exponential diversity for the 

potential MHC-I molecules expressed in the human population. Every nucleated cell of 

the body displays on its surface MHC-I, which binds peptide fragments generated 
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during protein degradation within the cell and thereby functions as a sort of 

encyclopedia for the processes ongoing within a given cell. Specific subsets of immune 

cells are able to “read” these molecules to determine whether foreign antigens, or 

molecular protein determinants, are present within the cell and can additionally 

discriminate between self and non-self molecules as well as gauge alterations in the 

levels of MHC-I expressed on the cell surface, forming the basis of histocompatibility. 

 The immune system is comprised of two distinct yet interactive arms: innate 

immunity which provides a rapid, general response, and adaptive immunity, which 

provides a specific response and is capable of immunologic memory. Cellular members 

of the innate immune system are characterized by the ability to rapidly identify and 

respond to a set of conserved molecular patterns on the surface of foreign organisms and 

are often referred to as the first line of defense against microorganisms. Innate immune 

cells predominantly operate at the onset of an immune response through consumption 

of the microbial insult and secretion of pro- or anti-inflammatory cytokines, or soluble 

signaling proteins. Though slower in initial responses, cells of the adaptive immune 

system can recognize a much wider diversity of molecules than cells of the innate 

immune system and are able to develop memory for those molecules to which there has 

been a previous exposure, allowing for more rapid subsequent responses. Adaptive 

immune cells principally function during an immune response by secreting cytotoxic 

effector molecules and antibodies (Ab), which are proteins specific for a wide diversity 



 

3 

of linear and conformational protein epitopes and are also referred to as 

immunoglobulins (Ig). An intricate balance exists between the innate and adaptive arms 

of the immune system, and the maintenance of this balance is integral to homeostasis 

and to protective immunity. 

1.1.1. The Innate Immune System 

The innate immune system functions as the immediate response to foreign 

pathogens and is made up of numerous different cell types (e.g., monocytes, 

macrophages, dendritic cells, basophils, eosinophils, and neutrophils) with origins and 

lineages that are still widely debated and undoubtedly intertwined. As an example, 

macrophages are a cell type comprised of many subpopulations, including resident 

(tissue) macrophages, which are of embryonic origin and are located in various tissues, 

and recruited (inflammatory) macrophages, which derive from monocytes following 

recruitment from the bone marrow into the blood. Depending on the cytokine milieu, 

monocytes can also develop into dendritic cells, whereas other dendritic cell populations 

derive from a common progenitor in the bone marrow and develop into either 

conventional dendritic cells or plasmacytoid dendritic cells. Despite these overlapping 

lineages, macrophages and dendritic cells are critical for different effector functions: 

macrophages are exceptional consumers through engulfment (phagocytosis) and are 

able to directly eliminate pathogens or dying cells, whereas dendritic cells, while also 

able to consume microorganisms, are essential for proper T cell activation. Thus, innate 
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immune cells sometimes share complicated origins and have overlapping functions yet 

also have unique effects on different aspects of the immune response. 

While a central function of many innate cells is the phagocytosis of 

microorganisms, innate immune cells critically enable the activation and function of the 

adaptive immune system in a variety of ways downstream of phagocytosis, including 

the provision of co-stimulatory molecules necessary for the regulation of the primary 

immune response as well as inflammatory cytokine production. One of the most 

important functions of the innate immune system is antigen presentation through MHC-

II molecules to instigate the cellular immune system, which is required for the primary 

and memory responses to pathogens. Unlike the ubiquitous expression of the MHC-I 

molecule, MHC-II molecules are only expressed by a select subset of innate and adaptive 

cells. Cells of the innate immune system present processed peptides via MHC-II after 

consuming microorganisms, cells, or debris through phagocytosis, which is instigated by 

receptor-dependent recognition of conserved microbial molecular patterns or immune 

effector proteins, including serum complement and Abs. Different innate cell 

populations express assorted subsets of these pattern recognition receptors, permitting 

selection of the appropriate innate cell types and fine tuning of the ultimate immune 

response. Recognition of conserved patterns is mediated by various surface and 

intracellular toll-like receptors (TLR) and other pattern recognition receptors that 

recognize molecules specific to microorganisms, such as lipopolysaccharide (LPS), 
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poly(I:C) oligodeoxynucleotide (poly(I:C)), or CpG oligodeoxynucleotide (CpG). 

Similarly, innate immune cells express specific receptors for activated serum 

complement proteins, including mannan-binding lectin, C1q, and C3b. Innate cells also 

express Fc receptors (FcRs) specific for different Ab isotypes that, when bound, instigate 

phagocytosis and Ab-dependent cellular cytotoxicity (ADCC) and further drive antigen 

presentation to the adaptive immune system.  

The recognition of Ab-coated antigens, known as immune complexes, represents 

another important connection between the innate and adaptive immune systems. 

Gamma Ig (IgG), which comprises approximately 80% of the total serum Ab in adults, 

opsonizes microbes, can activate complement, and can be bound by high affinity 

isotype-specific FcRs (FcγR) expressed by innate cells, most notably macrophages, 

monocytes, and dendritic cells (1). Additionally, IgG diffuses to extravascular sites at 

significantly higher rates than other Ab isotypes, where it can activate tissue-resident 

innate immune cells via binding to FcγR (2). In mice, there are three extracellular 

activating FcγRs: FcγRI, which preferentially binds monomeric IgG2a/c with high 

affinity and also recognizes IgG1, IgG2b, IgG3; FcγRIII, which recognizes multimeric 

IgG1, IgG2a, and IgG2 with low affinity (3, 4); and FcγRIV, which binds IgG2a and 

IgG2b with moderate affinity (5). Ligation of the inhibitory receptor, FcγRII, which 

recognizes multimeric IgG1, IgG2a, and IgG2b with low affinity, impedes innate cell 

activation (6, 7). In humans, the extracellular activating FcγRI preferentially binds 
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monomeric IgG1, IgG3, and IgG4 with high affinity, whereas FcγRIIa binds multimeric 

IgG3, IgG1 with low affinity, and FcγRIIIa binds multimeric IgG1 and IgG3 with low 

affinity. The inhibitory FcγRIIb recognizes multimeric IgG3, IgG1, IgG4, and IgG2 with 

low affinity and, similar to mice, impairs innate cell activation when ligated (6, 7). 

Further, IgG can be bound by neonatal Fc receptor (FcRn), which is thought to increase 

the longevity of IgG in the serum and to transport IgG within and across cells, as well as 

the intracellular FcR tripartite motif-containing protein 21 (TRIM21), which binds to 

internalized Ig. Thus, FcR expression by innate immune cells connects the specificity and 

memory of the adaptive immune response with the early rapid reaction of the innate 

immune system. 

1.1.2. The Adaptive Immune system 

The adaptive immune response permits immunological memory. The cells 

mediating adaptive immunity are known as lymphocytes and are classically subdivided 

into those functioning in the cellular or the humoral, or Ab-dependent, responses and 

are referred to as T cells and B cells, respectively. Both T and B cells express cell surface 

receptors that derive from a semi-random rearrangement of their respective receptor loci 

in a process dependent on recombination activating gene (RAG) expression followed by 

specific chain pairing and functional selection. This combinatorial gene rearrangement 

results in the expression of receptors that are unique to an individual cell and allow the 

lymphocyte population to recognize an exponential diversity of both self and foreign 
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antigens. During T cell development in the thymus and B cell development in the bone 

marrow, lymphocytes with receptors that react inappropriately to self-proteins are 

eliminated during negative selection. B cell receptors can be further modified after 

development in the bone marrow through both receptor editing and affinity maturation 

in peripheral lymphoid tissue, the latter of which leads to B cell receptors (BCRs) with 

enhanced affinity for antigen during an immune response. Once exposed during a 

primary immune response to an antigen, the adaptive immune system develops a pool 

of long-lasting memory T and B cells that can rapidly respond upon subsequent insult. 

During a primary cellular immune response, antigen-inexperienced naïve T cell 

activation requires both the recognition of MHC-peptide complex as well as 

costimulation of other receptors on the T cell surface, including CD28 and ICOS, by 

ligands expressed on antigen-presenting cells, including CD80 and ICOS-L. The 

requirement for costimulation and the preceding negative selection in the thymus 

prevents aberrant cellular immune activation during homeostasis. During a subsequent 

cellular immune response, memory T cells, which have expanded during a previous 

immune response, do not require costimulation. Similarly, B cells that react 

inappropriately with self- proteins can be eliminated through central tolerance 

mechanisms in the bone marrow as well as in the periphery through receptor editing 

and the induction of anergy or apoptosis through peripheral tolerance mechanisms. 

Thus, adaptive immune cells express a diverse cohort of antigens through specific 
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surface receptors and are normally prevented from inappropriately reacting against self 

through multiple tolerance checkpoints. 

The cellular immune response can be further segmented into two 

subpopulations, CD4+ and CD8+ T cells. CD4+ and CD8+ T cells recognize and are 

activated upon recognition of linear antigenic epitopes displayed by either MHC-II or 

MHC-I, respectively, by their cell surface T cell receptor (TCR). During development in 

the thymus, T cells are positively selected for survival when the TCR recognizes self 

MHC, a process that occurs prior to negative selection of those T cells that react too 

strongly with self MHC. In the periphery during an immune response, professional 

antigen-presenting cells, namely macrophages, dendritic cells, and B cells, display 

phagocytosed, processed peptides as peptide:MHC-II complexes to CD4+ T cells. CD4+ T 

cells are then activated and differentiate into one of several semi-plastic subsets to 

produce a myriad of characteristic cytokines, which help to enhance, skew, or inhibit the 

immune responses of other adaptive and innate cells; this function has led to the 

common reference to CD4+ T cells as T helper cells. Specifically, T helper type-1 CD4+ T 

cells produce interferon-gamma (IFN-γ) and tumor necrosis factor-alpha (TNF-α), 

which activate innate cells and increase MHC-I and MHC-II expression, while T helper 

type-2 CD4+ T cells produce interleukin-13 (IL-13), which skews immune cells toward an 

allergic inflammatory response. An ever-expanding list of other CD4+ T helper subsets 

exist and are typically defined on the basis of their secretion of specific cytokines, 
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including T helper-17 cells, which secrete IL-17 to exacerbate inflammatory processes, 

and T follicular helper cells, which secrete IL-21 in lymphoid follicles to support 

humoral responses. In addition to pro-inflammatory CD4+ T cell subsets, regulatory T 

cells (Tregs) produce immunosuppressive cytokines, including IL-10 and transforming 

growth factor-beta (TGF-β), to dampen local immune activation. In addition to the 

production of these cytokines, CD4+ T cells can produce a number of additional 

cytokines depending on the inflammatory microenvironment they become activated in. 

In contrast to CD4+ T cells, CD8+ T cells can be activated by any nucleated cells in the 

body through the expression of peptide:MHC-I complexes. Following recognition of a 

peptide:MHC complex by the TCR and appropriate costimulation, typically by dendritic 

cells, CD8+ T cells produce high amounts of cytotoxic molecules, including perforin, as 

well as cytokines, to directly lyse target cells; for this reason, CD8+ T cells are often 

referred to as cytotoxic T cells. Therefore, the predominant role of CD8+ T cells is to 

identify and eliminate cells that are either infected with foreign microorganisms or 

malignant, while CD4+ T cells support and direct immune cells toward an appropriate 

effector response. 

B cells are the origin of the humoral immune response, which refers to their 

classically defined role in producing Abs. Abs are important effector proteins, as they 

function as a natural barrier to infection by coating foreign pathogens or cells, often 

clearing unwanted microorganisms without eliciting significant inflammation or, when 
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necessary, instigating innate immune cell activation. Following B cell development in 

the bone marrow, immature B cells migrate into the periphery, where antigen exposure 

induces B cell activation and differentiation in secondary lymphoid follicles, particularly 

those of the spleen and lymph nodes. During a primary immune response, immature B 

cells can become activated by binding cognate antigen through the BCR and either 

receiving secondary stimulation from CD4+ T cells following B cell presentation through 

peptide:MHC-II complexes or through co-ligation of other receptors, including TLRs, or 

multivalent BCR cross-linking. Once activated by an antigen, B cells can differentiate 

into short-lived plasma cells, which secrete antigen-specific IgM Abs, or proliferate in 

lymphoid follicles and migrate into the germinal center (GC) with follicular dendritic 

cells and CD4+ T follicular helper cells. B cells cycle within the GC between proliferation 

and antigen engagement on the surface of follicular dendritic cells, while T follicular 

helper cells provide co-stimulatory signals and cytokines that induce BCR isotype 

switching and affinity maturation through mutation of the binding region of the BCR in 

a process termed somatic hypermutation (SHM). This process leads to the selection of 

higher affinity B cell clones that form the B cell memory compartment, which then 

generates isotype-switched plasma cells upon subsequent exposure to antigen. Of 

special note, in addition to plasma cells, a distinct subset of B cells in the peritoneal 

cavity that derives from the fetal liver produces significant amounts of serum T cell-
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independent Ab (8, 9). Thus, a major function for B cells during homeostasis and in an 

ongoing immune response is Ab production. 

While the role of B cells in an immune response is generally contextualized by 

their ability to produce Abs, B cells affect the immune response through many Ab-

independent mechanisms. B cells are important for lymphoid tissue organogenesis and 

architecture, as mice congenitally deficient in B cells have smaller spleens (10), 

significant reductions in splenic dendritic cells, T cells, and macrophages  (11-13), and 

impaired Peyer’s patch and follicular dendritic cell network development (13, 14). B cells 

are also a critical source of immunomodulatory cytokines that influence innate cell and 

T cell activation and subset polarization (8, 15). For example, IL-10-producing B cells, 

known as B10 cells, profoundly impair bacterial clearance (16), Ab-dependent tumor 

depletion (17), and autoimmune disease (18-22) through IL-10-dependent inhibition of 

innate cell and T cell activation. As described earlier, B cells are one of the critical 

antigen presenting cell populations for T cells. In the absence of B cells, CD4+ T cells are 

insufficiently activated (23-27) and consequently exhibit impaired anti-bacterial (27), 

anti-viral (10, 28-33), anti-tumor (34), and memory responses (27, 30, 33, 35, 36), and 

these effects are all independent of Ab production (37, 38). B cell Ab production and 

other effector functions are therefore critical for the overall homeostasis and function of 

the innate and adaptive immune systems. 
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1.2 Cancer and the Immune System 

While the role of the immune system in combatting infection with foreign 

microorganisms has long been understood, the relationship between the immune system 

and cancer has been debated among medical experts. Paul Ehrlich first postulated in the 

early 1900s that the immune system could protect the host from cancer development, 

however histocompatibility studies in the 1950s indicated that the immune response 

against cancer only developed as a consequence of histocompatibility mismatches 

following allogeneic transfers between non-inbred mice. Later studies using syngeneic 

mice demonstrated that when tumors developed following chemical exposure or viral 

infection, an immune response formed against novel tumor-specific antigens that were 

distinct from host proteins (39, 40). These findings provided the basis for the cancer 

immunosurveillance hypothesis put forth by Burnet and Thomas, which argues that in a 

healthy, long-lived organism, cells can develop mutations over time and consequently 

some become malignant and express mutant neo-antigens or tumor-specific antigens 

(TSAs) to which an immune response can form, eliminating the malignancy before it 

becomes clinically apparent (41-43). This theory was widely disregarded in subsequent 

decades due to a series of experiments that demonstrated that nude mice (44), which 

have little to no thymus tissue and were therefore presumed to lack any functional T 

cells, developed tumors at rates equal to those of immunocompetent mice. However, it 

was not appreciated until much later that nude mice do contain functional CD8+ and 
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CD4+ T cells (45, 46), indicating that nude mice likely retain some degree of cellular 

surveillance for malignant cells. A series of studies in the 1990s reinvigorated the cancer 

immunosurveillance hypothesis by demonstrating that mice deficient in key immune 

cell-derived cytotoxic molecules, including IFN-y and perforin, and lymphocytes, due to 

RAG deficiency, were more likely to develop both spontaneous and chemically-induced 

tumors than wild-type mice. Later studies demonstrated that perturbations in specific 

immune cell populations, including various T cell and innate cell subsets, also increase 

cancer development, indicating that multiple immune cell populations conduct cancer 

immunosurveillance (47, 48). Immune cells therefore normally protect the host from 

overt cancer development by constant immunosurveillance and destruction of 

malignant cells. 

Despite immunosurveillance mechanisms, cancer can develop in the presence of 

an intact immune system, though these tumors are notably different from those that 

develop in immunodeficient hosts. A number of studies have demonstrated that, as 

compared to tumors deriving from immunocompetent mice, tumors that develop in the 

absence of an intact immune system are more frequently rejected upon transplant into 

immunocompetent hosts. These studies indicate that the immune system can drive the 

selection of tumor variants with lower immunogenicity. These so-called tumor escape 

variants can develop due to the inherent genetic instability of malignant cells, which 

exist as a heterogeneous pool able to undergo immune-mediated Darwinian selection in 



 

14 

a process referred to as cancer immunoediting. Cancer immunoediting has been 

suggested to occur in a progressive three-part process: elimination of malignant cells 

due to adequate cancer immunosurveillance; equilibrium established between immune 

cell control of cancer growth and immune selection of tumor escape variants; and escape 

of the immunoedited tumor variants whose growth outpaces the capacity of the immune 

system (47, 48). Adequate cancer immunosurveillance (i.e., the elimination phase of 

cancer immunoediting) can be maintained for the life of the organism. However, once an 

equilibrium develops between the immune system and malignant cells, where immune 

cells control but do not fully eradicate the cancerous growth, tumor escape variants are 

more likely to lead to the development resistant tumors. Indeed, selection for a lack of 

immunogenicity is just one of many ways in which tumors escape immune control. 

There are several mechanisms through which tumors can directly dampen the immune 

response, including the downregulation of MHC-I and TSAs, modulation of the 

expression of pro-apoptotic (e.g. p53, pten) or anti-apoptotic proteins (e.g. c-myc, Bcl2), 

or through surface expression of apoptosis-inducing molecules (e.g. FasL, PDL1) to 

eliminate anti-tumor immune cells. Further, tumors can secrete immunosuppressive 

cytokines (e.g. IL-10, TGF-β) and chemoattractants (e.g. VEGF) to recruit regulatory 

innate and lymphocyte populations, including Tregs and B10 cells. Lastly, the 

outgrowth of a tumor that is fully resistant to immune-mediated suppression leads to 

clinically apparent symptoms and without intervention, death of the organism (47, 48). 
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Thus, the immune system eliminates malignant cells normally through cancer 

immunosurveillance but can select for tumor escape variants during cancer 

immunoediting, which can lead to unrestrained cancer development. 

1.2.1. B cell leukemias and lymphomas 

The immune system predominantly serves to protect the body from 

microorganisms and malignant growth, but like any other dividing cell in the body, 

immune cells can also become malignant and develop into cancer. Malignant immune 

cells develop into either single cell blood cancers (leukemias) or solid lymphoid tissue 

cancers (lymphomas) based on the developmental stage at which malignant 

transformation occurred. Non-Hodgkin lymphoma (NHL) is the most common 

hematologic malignancy and one of the most common cancers overall, accounting for 

approximately 4% of all adult cancers in the United States (49). The vast majority (80-

95%) of NHLs derive from B cells (50), and there are several sub-types that largely 

derive from GC or post-GC B cells, including Burkitt’s (BL), diffuse large B cell (DLBCL), 

follicular (FL), and mantle cell lymphomas (MCL). Of these lymphomas, DLBCL and FL 

account for more than half of all B cell lymphoma diagnoses. B cell NHLs can be further 

partitioned based on cell surface phenotype, cytology, and either indolent or aggressive 

growth characteristics. In addition to NHL, B cells can transform to become Hodgkin 

lymphoma, which also derive from GC B cells but differ from NHLs by pathology and 

disease course, as well as hairy cell leukemia (HCL), chronic lymphocytic leukemia 
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(CLL), and plasma cell-derived multiple myeloma and plasmacytoma (8, 51). Most B cell 

malignancies therefore derive from GC B cells and become NHLs. 

A common feature of many NHLs is the chromosomal translocation of 

transcription factors that ubiquitously regulate cell cycle or survival into Ig loci in 

addition to further mutations in other so-called tumor suppressor genes that regulate 

cell cycle and apoptosis (51). This malignant transformation then leads to the 

unregulated proliferation and survival of B cells. In particular, BL and DLBCL are often 

associated with the translocation of the c-myc transcription factor, which regulates cell 

cycle progression and apoptosis, into the Ig locus. Other aberrant genetic events 

common in NHL include Bcl-6 and Bcl-2 translocations into the Ig locus and p35 and Fas 

mutations. That most B cell lymphomas derive from GC B cells is thought to occur due 

to the expression of factors that induce mutations and double strand breaks, both of 

which are necessary for effective SHM and isotype switching during a GC reaction but 

also can lead to chromosomal translocations and off-target gene mutation. Certain 

viruses have also been implicated in driving the genetic anomalies observed in B cell 

lymphomas. Epstein-Barr virus in particular has received a lot of attention, as it is found 

in virtually all endemic BL cases and to a lesser extent in other B cell NHLs (51). While B 

cell NHLs vary by the transformative event and growth pattern, most express surface 

BCR, and greater than 90% of human B cell NHLs express cell surface CD19 and CD20 
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(50), making these markers attractive tumor-associated antigens (TAAs) for lymphoma 

therapy. 

1.2.2. CD20 Immunotherapy  

Due to the prevalence of diseases that originate from B cells, including most 

Non-Hodgkin lymphomas, as well as conditions that are worsened by B cell effector 

functions, such as excessive or inappropriate Ab and cytokine production, specific B cell 

depletion has become an attractive therapy for many of these clinical needs. A small 

subset of cell surface glycoproteins are restricted in expression to B cells, including CD19 

and CD20. The specificity of CD19 and CD20 expression among B cells alone makes 

them ideal candidates for Ab immunotherapy targets to specifically deplete endogenous 

and malignant B cells in vivo.  

1.2.2.1. The Role of CD20 in B cell Development and Function 

CD20 is cell surface phosphoprotein first expressed during the transition from 

pre-B to immature B cell and continues through maturation until plasma cell 

differentiation (52-55). Formerly known as B1 antigen, it is encoded by the ms4a1 gene 

and is located within the MS4A gene family, which also includes the high-affinity 

receptor for the Fc portion of the IgE Ab (FcεR) complex. Similar to other MS4a genes, 

CD20 has four helical membrane-spanning domains and three cytoplasmic domains, 

which contain the N- and C-terminal regions, and also lacks a signal sequence (56-58). 

Upon mitogenic stimulation of resting B cells, the serine- and threonine-rich cytoplasmic 
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domains of CD20 are extensively phosphorylated, leading to three different protein 

forms ranging from 33 to 37 kDa in size (59-61). Ms4a1 is located on the long arm of 

Chromosome 11 in humans (62) and in an evolutionarily conserved region on 

Chromosome 19 in mice (57), with 75% overall amino acid sequence conservation in 

CD20 between mouse and human and 90% conservation in the transmembrane regions. 

CD20 plays a role in B cell activation, proliferation, and calcium transport by 

regulating transmembrane calcium conductance and subsequent cell cycle progression 

following activation (61, 63). Transfection of CD20 into human and mouse cell lines 

leads to enhanced steady-state calcium levels and transmembrane calcium conductance 

resulting from enhanced plasma membrane permeability. Ligation of CD20 with 

monoclonal Ab similarly enhances transmembrane calcium conductance. However, 

CD20 Ab binding does not appear to induce release of intracellular calcium stores (61), 

indicating that CD20 forms a calcium channel. Direct ligation of CD20 with most 

monoclonal Abs (mAb) leads to CD20 phosphorylation mediated by ubiquitous kinases, 

including protein kinase C, casein kinase II, and calcium/calmodulin-dependent kinase 

II, which phosphorylate CD20 at different residues and lead to distinct functional 

outcomes (64-66). In addition to inducing CD20 phosphorylation, direct ligation of CD20 

with mAbs induces c-myc and B-myb expression as well as serine, threonine, and 

tyrosine phosphorylation of cellular proteins and increases CD18, CD58, and MHC-II 

expression. CD20 ligation also enhances B cell homotypic adhesion(67) and inhibits B 
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cell differentiation and cell cycle progression from the G1 to S/G2/M stages following 

mitogenic stimulation (63, 68-70), likely because cell cycle progression from G1 to S is 

dependent on decreased calcium. Intriguingly, mice that are deficient in CD20 are 

largely normal and do not display overt anatomical, morphological, or reproductive 

abnormalities nor increased susceptibility to infection. CD20-deficient mice do have 

significantly decreased B cell surface IgM expression in addition to fewer peritoneal B1a 

cells yet have comparable serum IgM to wild-type mice (71). CD20 is therefore not 

explicitly required for B cell development or tissue localization.  

1.2.2.2. CD20 as a Tumor-Associated Target for Immunotherapy 

The specificity of CD20 expression on B cell subsets makes it an ideal target for 

the treatment of diseases driven by malignant B cells, including those that development 

into leukemias and lymphomas. Rituximab, the chimeric IgG1 anti-human CD20 mAb, 

was the first Ab-based therapy approved to treat human disease, with initial approval 

for the treatment of indolent non-Hodgkin’s lymphoma (72). Other chimeric and 

radiolabeled CD20 mAbs are also available and are used to treat non-Hodgkin’s 

lymphoma (73-78) as well as rheumatoid arthritis, systemic lupus erythematosus, 

idiopathic thrombocytopenic purpura, hemolytic anemia, and other autoimmune 

conditions (79-82). CD20 is expressed on more than 90% of human B cell lymphomas 

and on approximately 50% of B cell leukemias (50). As described earlier, CD20 is 

expressed on the surface of circulating B cells and is thus not an effective treatment 
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option for malignancies deriving from pre-B cells nor plasma cells. For the treatment of 

non-Hodgkin’s lymphoma deriving from mature B cell subsets, the initial effectiveness 

of Rituximab varies widely amongst patients and typically wanes over time, despite 

sustained CD20 expression by malignant cells among the vast majority of relapsing 

patients (83, 84). Though Rituximab is widely used, the precise mechanisms by which 

humans develop resistance to CD20 mAb immunotherapy are not established (85). 

In humans, there are many pathways through which CD20 mAb has been 

proposed to deplete malignant B cells. As CD20 is known to regulate calcium transport 

across the B cell membrane, CD20 mAb binding itself may alter cell cycle progression 

and induce apoptosis (61, 86, 87). In select patients, decreased CD20 expression density 

may account for ineffective CD20 mAb therapy of malignant B cells (88). It has also been 

suggested that CD20 mAb depletion occurs through innate immune system activation 

by inducing complement- or Ab-dependent cytotoxicity or phagocytosis (72, 87, 89-91). 

Some studies have shown that Rituximab treatment of recently isolated lymphoma cells 

or immortalized B cell lines drives classical pathway complement activation and 

complement-dependent cytotoxicity (89, 92-94). Further, Rituximab has been observed to 

activate complement in some patients (95). However, other studies have found that 

neither the observed complement-mediated lysis nor lymphoma expression of 

complement inhibitors (e.g., CD46, CD55, CD59) predict therapeutic outcome (96). 

Indeed, while complement deletion had no effect on mAb treatment of human 
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melanoma or carcinoma in nude mice, inhibition of macrophage effector function 

eliminated mAb-dependent tumor depletion (97). Polymorphisms in the activating 

FcγRIIa and FcγRIII proteins have been correlated with the efficiency of B cell and 

tumor depletion during CD20 mAb therapy in some lymphoma patients (98-100). 

FcγRIIa and FcγRIII are both expressed by cells of the myeloid lineage, including 

macrophages, neutrophils, dendritic cells, and NK cells, indicating that some or all of 

these cell populations are critical for mAb-dependent cell depletion in humans (7). 

Deletion of the inhibitory FcγRIIb exacerbates cell-mediated cytotoxicity of humanized 

mAbs, including Rituximab, toward human lymphoma cells in nude mice in vivo (90), 

though no relationship has been found between FcγRIIb protein density and patient 

prognosis (101). It is important to note when considering the mAb-dependent effector 

mechanisms driving malignant B cell depletion that most human studies focus on 

evaluating blood B cells, which account for less than 2% of total B cells in a healthy adult 

(102) and may therefore neglect the impact of B cells in various lymphoid tissues. 

Further, as many patients see little therapeutic benefit from CD20 mAb treatment and 

many more individuals become unresponsive to treatment, consideration of differences 

in B cell depletion across different tissues and the likely existence of malignant B cell 

reservoirs becomes critically important.  

Much of what is known about the kinetics and mechanisms by which 

endogenous and malignant B cells are depleted by CD20 mAb treatment has been 
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established in mice. As in humans, CD20 mAb treatment depletes mature B cells from 

the circulation and lymphoid tissues and does not affect serum Ab levels nor bone 

marrow pre B cells or plasma cell numbers in wild-type mice, in accordance with the 

known expression pattern of CD20 through B cell differentiation (103-105). Mouse anti-

mouse CD20 mAbs react uniformly with primary B cells in vitro and reach saturating 

staining levels as observed by flow cytometry between 1-10 µg/mL (71). The efficiency of 

B cell depletion by these CD20 mAbs correlates with mAb isotype as follows: IgG2a/c > 

IgG1 > IgG2b > IgG3, though IgG3 Abs do not deplete B cells effectively (71, 104, 106). A 

single 250 µg dose of the CD20 mAb MB20-11 (IgG2c) depletes more than 95% of mature 

B cells from the blood, bone marrow, spleen, and lymph nodes within one week, with B 

cell numbers beginning to recover seven to eight weeks later (71, 103); for reference, this 

dosage is approximately 10-fold lower per kg than the dosage of Rituximab given to 

humans (7, 75). The serum half-life is 4.6 days in wild-type mice and 4.4 days in humans 

(103, 107). Mature B cells are depleted from the circulation and bone marrow within the 

first hour of CD20 mAb treatment, whereas spleen and peritoneal cavity B cells are 

coated with CD20 mAb in this time frame but are not largely depleted until two days 

post-treatment. B cells in the lymph nodes have 10-fold lower levels of CD20 mAb 

binding within one hour of CD20 mAb treatment, but are mostly depleted within two 

days (103). CD20 mAb therapy thus rapidly eliminates most endogenous mature B cells 

and also effectively depletes malignant B cells in the preclinical Eu-cmyc transgenic 
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mouse lymphoma model (17, 108). Treatment with CD20 mAb also alleviates allograft-

specific Abs following skin or kidney transplant, though treatment does not prevent 

allograft rejection in these models (109). 

The residual B cells found in lymphoid tissues one week after CD20 mAb 

treatment are phenotypically immature or plasma cell-like and are typically found in 

small lymphoid clusters with T cells. The remaining immature cells are thus likely recent 

emigrants from the bone marrow, whereas plasma cells do not express CD20 and are 

therefore not depleted by CD20 mAb (103-105). These residual B cells can have 

functional consequences for CD20 mAb therapy; residual regulatory IL-10-producing B 

(B10) cells are known to inhibit CD20 mAb therapy for malignant B cell depletion (17). 

Further, peritoneal B1 and B2 cells are more resistant to CD20 mAb-dependent depletion 

than B cells in other tissues. In addition to the protection conferred by the physical 

isolation of the peritoneum from most effector cells, B1 cells are also intrinsically more 

resistant to CD20 mAb-mediated depletion (103). This defect in peritoneal B cell 

depletion by CD20 mAb as well as the delayed deletion of B cells residing in the spleen 

and lymph nodes occurs despite comparable opsonization by CD20 mAb of the B cell 

surface. Importantly, these data indicate that CD20 mAb binding alone does not induce 

B cell-intrinsic changes or apoptosis, but that CD20 mAb treatment requires effector cells 

for efficient B cell depletion. Also, the differential depletion of B cells across tissues 

likely has important consequences for mAb treatment of human disease, as malignant B 
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cells in peripheral lymphoid tissues and the peritoneal cavity are not depleted as quickly 

as circulating B cells and could serve as an important reservoir for recrudescent tumors. 

Macrophages are the key mediators of mAb-dependent B cell depletion in vivo. 

Mice that have reduced tissue macrophage numbers following clodronate injection, 

which predominantly depletes macrophages in the spleen and liver, clear far fewer 

endogenous and malignant B cells than wild-type mice following CD20 mAb treatment 

(17, 106, 108). Indeed, Kupffer macrophages in the liver have been directly observed to 

clear endogenous and malignant B cells following mAb therapy through Ab-dependent 

phagocytosis independent of reactive oxygen and nitrogen species production (110, 111). 

The mAb-dependent depletion of endogenous and malignant B cells by macrophages 

can be augmented by activating macrophage pattern recognition receptors with 

poly(I:C) (TLR3/TRIF agonist), LPS (TLR4 agonist), and CpG (TLR9 agonist) (17). 

However, stimulation with poly(I:C) is preferential to other TLR agonists, because 

poly(I:C) specifically enhances macrophage phagocytosis without expanding or 

inducing immunosuppressive B10 cells. Stimulation of macrophages, but not 

neutrophils or NK cells, with poly(I:C) specifically enhances surface FcγR expression. 

The amount and type of FcγR expressed by macrophages is critical, as FcγRI, FcγRIII, 

and FcγRIV cooperate to mediate mAb-dependent B cell depletion and can compensate 

for deficiencies in any one of these receptors (17, 104, 106, 108). The inhibitory FcγRIIb, 

however, inhibits malignant B cell depletion by CD20 mAb (104, 108). Further, 
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polymorphisms in FcγRs among different mouse strains alter the efficacy of CD20 mAb. 

NOD mice, which have a truncated FcγRI and polymorphisms in FcγRIII and FcγRIV 

relative to C57/BL6 (B6) mice, deplete fewer B cells following CD20 mAb treatment 

(112). While complement activation has been suggested as a mechanism by which 

human B cells are depleted following CD20 mAb therapy, mice deficient in C1q, C3, or 

C4 clear B cells following CD20 mAb treatment at rates similar to wild-type mice. 

Further, deficiencies in T cells, perforin, neutrophils, or functional NK cells do not 

impact CD20 mAb-dependent depletion of endogenous or malignant B cells (17, 106, 

108). Thus, macrophages deplete endogenous and malignant B cells following CD20 

mAb therapy predominantly through Ab-dependent cell phagocytosis mechanisms. 

1.2.3. CD19 Immunotherapy 

In addition to CD20, CD19 is also uniquely expressed by B cells, making it 

another potential target for therapeutic B cell depletion. In contrast to CD20, however, 

CD19 is critical for B cell development and is expressed earlier in B cell development 

than CD20. 

1.2.3.1. The Role of CD19 in B cell Development and Function 

CD19, which was previously referred to as B4, is a B cell-specific surface protein 

with low expression during pre-B cell development that then increases throughout B cell 

development, most notably from the transition from immature to mature B cells, until 

plasma cell differentiation (113). Peritoneal B1 cells express the highest levels of CD19, 
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displaying on average 2-3 fold more surface CD19 than B2 cells (114). This 95 kDa 

glycoprotein is a member of the Ig superfamily and contains two extracellular C2-type 

Ig-like domains in addition to a membrane-spanning domain and a large, highly 

charged cytoplasmic tail that is largely conserved between mouse and human (115). The 

cytoplasmic tail of CD19 has nine conserved tyrosine residues that allow CD19 to act 

like a membrane-bound adapter molecule for Src homology-2 (SH2) domain-containing 

signaling molecules, including protein tyrosine kinases Lyn, Fyn, Vav, Grb2, 

phosphatidylinositol 3-kinase (PI3K), phospholipase Cy2 (PLCγ2), and c-Abl (116). 

CD19 is a component of the multimeric cell surface signal transduction complex on 

mature B cells that includes CD21 (CR2, C3dR, EBVR), CD81 (TAPA-1), and CD225 

(IFITM1, Leu-13) (116-120). 

CD19 is a costimulatory molecule that regulates B cell signaling thresholds 

during negative selection and clonal expansion as well as B cell development (114, 120-

124). Surface CD19 engagement increases free intracellular calcium levels, activates 

phospholipase C and protein tyrosine kinases, and induces B cell homotypic adhesion 

via LFA-1 and ICAM-1 (67, 117, 125, 126). The role of CD19 in B cell development and 

function has been extensively evaluated in vivo using mice that either lack CD19 or 

overexpress the human CD19 (huCD19) transgene, the latter of which enables the in vivo 

prediction of human therapeutic efficacy. CD19-deficient mice have no impairments in B 

cell generation in the bone marrow but have significant reductions in peripheral B cells, 
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most notably in B1 cells (75-90%), and 80% reductions in serum Ig, particularly IgM, 

IgG1, and IgG2a. Further, B cells lacking CD19 express more surface IgM but proliferate 

less in response to mitogen and have weaker T cell-dependent immune responses. 

CD19-deficient B cells are hyporesponsive to BCR and CD40 ligation and have reduced 

phosphorylation of signaling molecules following BCR ligation, despite comparable 

expression levels of signaling molecules (122, 123, 127). CD19 deficiency thus critically 

dampens the human immune system. Reciprocally, mice that overexpress human CD19 

have normal B cell maturation, though mature B cell numbers are significantly reduced 

in the periphery (121, 122, 124), likely due to enhanced negative selection in the bone 

marrow. These mice also have increased peritoneal B1 cell numbers and elevated serum 

Ig, including serum autoAbs (114). B cells overexpressing human CD19 have low surface 

IgM and augmented proliferation following mitogenic stimulation as well as elevated T-

dependent Ab production. CD19-transgenic B cells are hyperresponsive to BCR and 

CD40 ligation, displaying exaggerated phosphorylation of signaling molecules relative 

to wild-type mice (121, 123). Despite altering B cell receptor signaling thresholds, CD19 

likely functions independently of B cell receptor engagement, as alterations in CD19 

expression affects all B cell subsets equally (121, 122). In addition to functioning as a 

scaffold for the “processive” amplification of Src family kinase activity, predominantly 

Lyn kinase, CD19 engagement augments calcium responses at least in part by 

sequestering Lyn from CD22, a negative regulator of B cell signaling (116, 128). CD19 is 
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therefore a critical universal regulator of signaling thresholds during B cell development 

and function.  

1.2.3.2. CD19 as a Tumor-Associated Target for Immunotherapy 

CD19 is expressed on the surface of most B cell populations and is critical for B 

cell function, making it an ideal target for immunotherapy of malignant B cells. Indeed, 

CD19 is expressed on more than 90% of leukemias and lymphomas of B cell origin (50, 

129) and was one of the first target molecules for mAb-linked immunotoxin therapies 

(130-133). Several studies have demonstrated therapeutic efficacy of CD19 mAbs in 

xenotransplant models using human leukemias (134) and lymphomas (135-137). In 

particular, the CD19 mAb XmAb5574 is a humanized anti-hCD19 mAb that has been 

optimized for enhanced FcγR binding affinity and efficiently depletes most circulating B 

cells and lymphoid tissue B cells in a mouse xenograft model, though it did not affect 

serum Ab levels in a monkey xenograft model (138, 139). Another CD19 mAb, HB12, 

which has been humanized and optimized to increase affinity for human FcγRs, 

depletes most circulating and lymphoid tissue B cells in huCD19 transgenic mice; this 

process is dependent on macrophages and independent of complement (67, 140, 141). 

The mechanisms by which endogenous and malignant B cells are depleted 

following CD19 mAb treatment have been studied extensively in wild-type and huCD19 

transgenic mice. A single dose of CD19 mAb (IgG2a) depletes more than 90% of B cells 

from the blood, spleen, and lymph nodes within a week of CD19 mAb treatment, and B 



 

29 

cell numbers begin to recover in the circulation fifteen weeks after treatment. The 

peritoneal cavity again serves as a protective barrier for B cells during CD19 mAb 

treatment such that peritoneal B cells are only reduced by 60-70%, with B1a cells 

showing a particular resilience to depletion. Unlike CD20 mAbs, CD19 mAb treatment 

has significant effects on the humoral immune responses. CD19 mAb depletes both 

short-lived plasmablasts and some long-lived plasma cells as well as serum IgM, IgG, 

and IgA during homeostasis. Further, CD19 mAb treatment impairs primary and 

secondary Ab responses to T cell-independent and -dependent antigens and ablates 

autoAb development in huCD19 transgenic mice (109, 140). Further, CD19 mAb therapy 

prevents chronic renal allograft rejection by ablating allograft-reactive IgG development, 

which leads to renal injury and complement deposition, and also inhibits graft-specific 

Ab production following acute heart transplant (109). Additionally, unlike CD20 mAb, 

the efficacy of different CD19 mAbs is comparable among different isotypes, likely 

owing to the relatively elevated expression of CD19 on the B cell surface. CD19 mAbs of 

the IgG2, IgG2a, and IgG2b isotypes have similar rates of B cell depletion, though CD19 

IgA mAbs do not deplete B cells in vivo (140). Macrophages and FcγR expression are 

both key components for CD19 mAb-dependent B cell depletion in vivo in a mechanism 

very similar to CD20 mAb. As such, mice depleted of macrophages following clodronate 

injection do not efficiently deplete endogenous or malignant B cells (17, 140). Similarly, 

mice treated with poly(I:C), which enhances macrophage FcγR expression, have 
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enhanced malignant B cell depletion (17), and mice with FcγR deficiencies do not 

deplete endogenous B cells following CD19 mAb treatment (140). CD19 mAb thus 

depletes endogenous and malignant B cells through mAb-dependent cell phagocytosis 

by macrophages. 

CD19 and CD20 immunotherapies are effective tools for the treatment of human 

conditions that derive from or are enhanced by B cells and their effector products. Both 

mAbs effectively deplete circulating immature and mature B cells, while CD19 mAb 

treatment also reduces pre-B, plasmablast, and plasma cell populations. That CD19 mAb 

depletes pre-B cells indicates that this mAb may have a more durable therapeutic effect 

for some diseases versus CD20 mAb. Further, the role of the humoral immune response 

in different conditions would have to be carefully considered, as Ab-secreting cells are 

significantly reduced by CD19 mAb therapy. As both CD19 and CD20 mAbs deplete B 

cells through a mAb-dependent cell phagocytosis mechanism that requires 

macrophages, treatments that augment macrophage phagocytosis are a potential means 

to augment the efficacy of these immunotherapies. Intriguingly, the combination of low 

doses of both CD19 and CD20 mAb depletes more B cells in the spleen and lymph nodes 

than either mAb alone (140), indicating that these mAbs have additive effects that may 

prove important for clinical treatment regimens. B cell depletion by CD19 and CD20 

mAbs is therefore a powerful clinical option with potential avenues for improving 

therapeutic efficacy. 
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2. Materials and Methods 

2.1. Study Design 

These studies are comprised of controlled laboratory experiments using mice and 

publicly available human data. All data, including outliers, were included in the 

presented experiments. Unless otherwise noted, all experiments were performed at least 

twice with multiple samples to ensure reproducibility. 

2.2. Mice 

B6 mice were from the National Cancer Institute-Frederick Laboratory 

(Frederick, MD). P14 mice with the lymphocytic choriomeningitis virus (LCMV) gp33-

H-2Db–specific TCR [B6.Cg-Tcratm1Mom Tg(TcrLCMV)327Sdz] (142) were from 

Taconic Farms (Hudson, NY). PWK/PhJ (PWK), A/J, WSB/EiJ (WSB), NZO/H1LtJ (NZO), 

129S1/SvImJ (129), NOD/ShiLtJ (NOD), and B6129SF1/J (B6 x 129 F1, F1), and B6.Cg-

Tg(IghMyc)22Bri/J (Eµ-cMyc transgenic) hemizygous mice were obtained from The 

Jackson Laboratory (Bar Harbor, ME). Mice with selective mycn-deficient macrophages 

were generated by crossing mice expressing Cre recombinase under the lysozyme 2 gene 

promoter (B6.129P2-Lyzstm1 (cre)Ifo/J, LysmCre/+) to mice with floxed mycn alleles 

(B6.129-Mycntm1Psk/J, MycnF/F) to generate experimental mycn-deficient mice 

(LysmCre/+MycnF/F). LysmCre/+ had been backcrossed onto the B6 background for more 

than six generations and were provided by M.D. Gunn (Department of Medicine, Duke 

University, Durham, NC, USA). MycnF/F mice had been backcrossed onto the B6 
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background for seven generations and were provided by A. Balmain (Helen Diller 

Family Comprehensive Cancer Center, University of California San Francisco, San 

Francisco, CA, USA). Consomic mice were generated by serially back-crossing mice with 

the F1 genotype from 11.5 to 13 Mbp on Chromosome 12 to B6 mice. Consomic mice 

were identified by sequencing (Duke Cancer Center DNA Analysis Facility) informative 

single nucleotide polymorphisms (SNPs) between B6 and 129 mice using genomic DNA 

primers specific for species-specific SNPs identified by the Mouse Genome Browser 

(Ensembl, ensembl.org/Mus_musculus/Info/Index) and the Mouse Genomes Project 

(Wellcome Sanger, www.sanger.ac.uk/cgi-bin/modelorgs/mousegenomes/snps.pl). Mice 

that had the B6 genotype on Chromosome 12 at the N4, N5, and N6 generations were 

used as wild-type controls. 

All mice were housed in a specific pathogen-free barrier facility and were used at 

8-10 weeks of age unless otherwise specified. Mice used in LCMV studies were housed 

in isolator cages. All studies were approved by the Animal Care and Use Committees of 

Duke University Medical Center, Emory University, and the Atlanta VA Medical Center 

and performed in accordance with the recommendations in the Guide for the Care and 

Use of Laboratory Animals of the National Institutes of Health. 

2.3. Immunotherapy 

To induce in vivo B cell and lymphoma depletion, sterile and endotoxin-free 

CD20 mAb (MB20-11, IgG2c; 250 µg, unless otherwise noted) or isotype-matched control 
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mAb were injected in 200 ml phosphate-buffered saline (PBS) through lateral tail veins 

or intraperitoneally (106). For acute B cell-depletion studies, mice were injected once 

with control or CD20 mAb two weeks before analysis. For chronic B cell–depletion 

studies, mice aged six months were depleted of B cells by repeated injections with 

control or CD20 mAb once a month for six months and analyzed two weeks following 

the final injection. For migration studies, 107 B cell–depleted splenocytes labeled with 

CellTracker Orange CMRA (Invitrogen Life Technologies, Carlsbad, CA) were injected 

through the lateral tail veins of mice that had received either control or CD20 mAb one 

week prior; mice were then analyzed two days following cell transfer. 

2.4. LCMV Infection 

Mice were infected with 2 x 105 plaque-forming units (PFU) LCMV Armstrong 

53b prepared as described (143) through intraperitoneal injection. Mice were infected 

with LCMV one week after treatment with control or CD20 mAb and then analyzed one 

week post-infection. For LCMV-specific CD8+ T cell studies, P14 CD8+ T cells (1 x 105) 

were transferred through lateral tail veins 6 days after treatment with control or CD20 

mAb. Mice were then infected with LCMV one day later and evaluated one week post-

infection. To quantify LCMV-specific T cell responses, T cells were stimulated with GP33–

41 (CD8+ T cells) and GP61–80 (CD4+ T cells) peptides (10 mg/ml; AnaSpec, Fremont, CA) in 

the presence of brefeldin A for five hours before cell surface and intracellular cytokine 

staining. 
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2.5. Lymphoma Culture and Adoptive Transfer  

Spontaneous monoclonal lymphomas isolated from the lymph nodes of 

individual Eµ-cMyc transgenic mice were cultured in complete medium [RPMI 1640 

(Cellgro, Herndon, VA), 15% FBS (Sigma-Aldrich), 100 U/ml penicillin, 100 µg/ml 

streptomycin, 2 mM L-glutamine (Cellgro), and 55 µM 2-mercaptoethanol (Invitrogen, 

Carlsbad, CA)] for up to one week before freezing in aliquots. Viable cells were 

quantified by trypan blue staining using a hemocytometer.  Thawed lymphoma cells 

were cultured for 24-48 hours in complete medium prior to injection of 1 x 105 viable 

cells in 250 µl PBS under the dorsal skin of recipient wild-type mice. Mice were injected 

one day later with 250 µg purified MB20-11 or unreactive mouse control IgG2c mAbs in 

200 µl through lateral tail veins to induce in vivo lymphoma depletion.  

Mice were monitored daily for behavioral and morphologic changes. Tumor size 

was measured weekly with a calibrated micrometer, and tumor volumes were 

calculated as follows: tumor volume = [(greatest transverse diameter)2 x greatest 

longitudinal diameter] / 2 (108). Mice exhibiting distress or with lymphoma volumes 

that exceeded 2.0 cm3 were euthanized, with the date recorded as death from disease. 

For tumor studies, the primary endpoint for survival following tumor transfer was 

defined as 60 days, as most mice that developed lymphomas succumbed to disease by 

day 60, while other mice had normal lifespans without obvious symptoms or disease 

and were considered lymphoma-free (108). 
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Lymphoma sensitivity to CD20 immunotherapy was determined by calculating 

the increase in the area under the curve (AUC) from 60-d Kaplan-Meier survival plots as 

follows: sensitivity = [(AUC for CD20 mAb-treated mice) - (AUC for control mAb)] / 

(AUC for control mAb) X 100. Lymphomas obtained from mice used to determine the 

sensitivity of primary lymphomas to CD20 immunotherapy were collected and referred 

to as secondary lymphomas, which were then evaluated for sensitivity to CD20 

immunotherapy in the same manner as primary lymphoma cells. This process was 

repeated for several generations to generate lymphoma families derived from single 

primary lymphomas. 

2.6. Genome-Wide Linkage Analysis 

Tail DNA was collected from 235 N1 mice that had been injected with the 

spontaneous primary B cell lymphoma BL3750 and CD20 mAb the next day as described 

above (108). Mice were then monitored for survival until day 60. Tail DNA was isolated 

and sequenced using the Illumina (San Diego, California) GoldenGate genotyping assay 

for the 377 genome-wide Mouse LD Linkage Panel (Duke University Genotyping 

Facility and David H. Murdock Research Institute). Genetic map positions were 

identified using the NCBI SNP database (build 37.1). Mouse genotypes at each locus 

were then correlated with the number of days each mouse survived and analyzed for the 

presence of a significant relationship using J/QTL software from The Jackson Laboratory 

(Bar Harbor, ME, USA, http://churchill.jax.org/software/jqtl.shtml). The phenotypes of all 
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four sequence datasets were not normally distributed. Thus, data were fit to a non-

parametric phenotype distribution. Data analysis parameters were as follows: genotype 

probability calculated step-wise by 2.0 cM; genotyping error rate of 0.001; Haldane 

mapping function; and fixed step-width type. Significance thresholds for the number of 

days of survival were established using 100,000 permutations with separate 

permutations for Chromosome X using all informative markers. The degree of 

variability in survival attributed to the identified QTL was determined using the Fit QTL 

function. LOD scores and plots were generated using J/QTL. For high-resolution 

mapping of mice with genotype cross-overs, informative SNPs for B6 and 129 mice were 

identified and sequenced as described earlier to determine the genotype of each mouse 

at a given locus. 

2.7. Retroviral Construct Generation and Infection 

BL3750Ctrl and BL3750Gal1 lymphomas were generated by retroviral transfection of 

primary BL3750 lymphoma cells with the pMX-IRES-GFP plasmid (144) with or without 

mouse Lgals1 cDNA inserted. Briefly, mouse Lgals1 cDNA was amplified from primary 

splenic CD19+ B cell RNA by polymerase chain reaction (PCR) and was introduced to the 

pMX-IRES-GFP plasmid downstream of the 5’ long terminal repeat sequence using 

BamHI and NotI sites, leaving eGFP downstream of the internal ribosome entry site. 

Phoenix-Eco cells (ATCC, Rockville, MD) were then transduced with either control GFP 

or Gal1-GFP expression plasmids, and virus was collected 3 days later for retroviral 
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infection of BL3750 cells. GFP+ BL3750 cells were sorted by FACS four times to ensure 

homogeneity and the stability of plasmid expression between the BL3750Ctrl and 

BL3750Gal1 cells. Mice were given BL3750Ctrl or BL3750Gal1 lymphoma cells (1 x 105) in 250 

µl PBS under the dorsal skin and were injected one day later with 250 µg MB20-11 or 

unreactive mouse control IgG2c mAbs in 200 µl through lateral tail veins. Serum was 

obtained at day 45 for Gal-1 measurements, and lymphoma size was measured weekly. 

2.8. Macrophage Phagocytosis Assay 

Peritoneal macrophages were collected by lavage four days after intraperitoneal 

thioglycollate injection and were allowed to adhere to tissue culture dishes overnight. 

BL3750Ctrl and BL3750Gal1 tumors were labeled with CellTrace Violet (Invitrogen-

Molecular Probes) according to the manufacturer’s protocol and were coated with 

control isotype, MB20-11, or MB19-18 (IgG2c) mAb for 20 min on ice. Tumors were then 

added to macrophage cultures at a 1:1 ratio for a final concentration of 2 x 106 cells per 

mL, and cultures were incubated for 3, 6, or 24 hours. Control co-cultures were 

incubated at 4 oC for the duration of the experiment. Non-adherent cells were collected, 

and adherent cells were then removed using trypsin-EDTA and were stained for 

immunofluorescence analysis. 

2.9. Cell Isolation and Immunofluorescence Analysis 

Single-cell suspensions were generated by gentle dissection of spleen, peripheral 

lymph nodes (axial, brachial, and inguinal), or lymphoma, and erythrocytes were 
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hypotonically lysed. Viable single-cell suspensions (1 x 106 per sample) were first stained 

with Fc block (Clone 93, Biolegend, San Diego, CA), and LIVE/DEAD Fixable Dead Cell 

Stain Kit (Invitrogen Life Technologies) in PBS according to the manufacturer’s 

protocols. For cell surface staining, cell suspensions were stained using predetermined 

optimal concentrations of mAb in FACS buffer (2% FCS in PBS) on ice for 30 minutes or 

with MHC-II tetramers for 2 hours at 37 ˚C. Treg visualization was carried out using the 

Foxp3/Transcription Factor Staining Buffer Set (eBioscience, San Diego, CA) according to 

the manufacturer’s instructions. Intracellular cytokine staining was performed using the 

Cytofix/Cytoperm kit (BD Biosciences) according to the manufacturer’s instructions. 

Cells were washed between all staining steps in FACS buffer and were resuspended in 

PBS containing 1.5% paraformaldehyde after staining and kept in the dark at 4 ˚C until 

analysis. 

Immunofluorescence staining of single live unstained cells was analyzed using a 

FACSCanto II flow cytometer (BD Biosciences, San Jose, CA), with background staining 

levels determined using isotype- and fluorochrome-matched control mAbs. Dead cells 

were excluded from data analysis by staining with LIVE/DEAD Fixable Dead Cell Stain 

Kit, and cells with the forward and side light scatter properties of leukocytes, including 

lymphocytes and macrophages, or tumors were analyzed. Background staining was 

assessed using nonreactive, isotype-matched control mAbs and was subtracted from 

shown mean fluorescence intensity (MFI) values. 
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For intracellular T cell cytokine staining, spleen lymphocytes were isolated and 

depleted of B cells using CD19 mAb-coated magnetic beads (Invitrogen Life 

Technologies). The remaining non–B cells were cultured in vitro with plate-bound 

functional-grade CD3ε (145-2C11, 1 mg/ml, Ebioscience) and CD28 (37.51, 10 mg/ml, 

Ebioscience) mAbs for 3.5 hours in the presence of the secretion inhibitor brefeldin A (5 

mg/ml; BD Biosciences) to identify T cells that were actively producing cytokines in vivo.  

CD20 expression was visualized using the CD20 mAb MB20-11 conjugated to 

Pacific Blue by succinimidyl ester (Invitrogen, Carlsbad, CA). Other mAbs conjugated to 

FITC, PE, PE-Cy5, PE-Cy7, APC, or biotin included in these studies are as follows: L-

selectin (CD62L; clone LAM1-116) mAb was as described (145); CD19 (6D5), CD21/35 

(7E9), B220 (RA3-6B2), CD25 (PC61), CD127 (A7R34), killer cell lectin-like receptor G1 

(KLRG1, MAFA, 2F1), F4/80 (BM8), streptavidin, and isotype control mAbs from 

Biolegend; CD5 (53-7.3), CD23 (B3B4), IgM (II/41), and Foxp3 (FJK-16s) mAbs from 

Ebioscience (San Diego, CA); CD24 (M1/69) CD4 (H129.19), CD8 (53-6.7), CD44 (IM7), 

IFN-γ (XMG1.2), Ly6C (AL-21), PSGL1 (2PH1), and TNF-α (MP6-XT22) from BD 

Pharmingen (San Jose, CA); and IgD (11-26C) from Southern Biotechnology Associates 

(Birmingham, AL). The MHC-I tetramers, DbGP33–41 (GP33), used to identify LCMV-

specific CD8+ T cells were generated as described (146). The MHC-II tetramer I-AbGP66–77 

(GP66; National Institutes of Health Tetramer Facility) was used to identify LCMV-

specific CD4+ T cells. 
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2.10. Transcript Expression Measurement 

Quantitative and relative transcript levels were measured following total RNA 

extraction using TRIzol (Invitrogen-Molecular Probes) from either purified spleen 

lymphocytes to determine viral RNA levels, lymphomas to determine lgals1 expression, 

or peritoneal resident or Thioglycollate-elicited macrophages for mycn expression. 

Relative transcript levels were quantified by GeneChip analysis (Affymetrix Mouse 

Genome 430 2.0 GeneChips; Affymetrix, Santa Clara, CA). All quality parameters for the 

arrays were confirmed to be in the range recommended by the manufacturer. Relative 

transcript data are shown as Lgals1 transcript levels relative to internal housekeeping 

transcripts.  

Quantitative transcript levels were determined using cDNA generated from 250 

µg RNA and a mixed-priming strategy with random hexamer primers (Promega, 

Madison, WI) and Oligo dT(12-18) primers (Invitrogen). Transcripts were measured by 

quantitative real-time (qRT)-PCR amplification of triplicate samples using the SYBR 

Green detection reagent and the iCycler iQ system (Bio-Rad, Hercules, CA). Transcripts 

were amplified using gapdh primers (147), LCMV glycoprotein-specific primers (148), 

Lgals1 primers (forward, CGCCAGCAACCTGAATC; reverse, 

GTCCCATCTTCCTTGGTGTTA), or mycn primers (forward, 

CTCCGGAGAGGATACCTTGA; reverse, ACGCACAGTGATCGTGAAAG). Cycle 

conditions were as follows: one denaturation cycle of 95˚C for 2 min followed by forty 
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cycles of 95˚C for 30 s, 60˚C for 30 s, and 72˚C for 30 s. The specificity of qRT-PCR 

products was confirmed by melting curve analyses and by sequencing (Duke Cancer 

Center DNA Analysis Facility) cloned cDNA PCR products using the StrataClone PCR 

Cloning Kit (Agilent Technologies, Santa Clara California). Quantitative transcript data 

for LCMV virus RNA and mycn expression are shown as threshold values (2-ΔΔCt) 

determined by normalizing RNA transcript levels to gapdh expression within both 

sample groups and then normalizing to the indicated control group. Quantitative 

transcript data for lymphoma studies are shown as Lgals1 transcript levels relative to 

gapdh.  

2.11. Enzyme-linked Immunosorbent Assay 

Gal-1 protein secretion by individual lymphomas was measured in triplicate 

after culture at 1 x 106 cells/mL for 24 hours.  Quantification of gal-1 in the culture 

supernatant fluid was performed using the Mouse Galectin-1 DuoSet ELISA kit (R&D 

Systems, Minneapolis, MN). 

2.12. Bioinformatics Analysis 

Human LGALS1 microarray data were from GEO Accession GSE2350. Control 

non-malignant human B cell subpopulations were obtained from routine 

tonsillectomies. Leukemia and lymphoma samples were obtained as follows: BL, lymph 

node biopsies; CLL, peripheral blood cells (1) or peripheral blood CD19+ cells DLBCL 

lymph node biopsies (1) or lymph node biopsy CD19+ cells (2); FL, lymph node biopsies; 
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HCL, bone marrow biopsies or peripheral blood cells; MCL, lymph node biopsy CD19+ 

cells. 

FcγRI, FcγRIII, and FcγRIV sequences were as published for B6 and NOD mice 

(112). FcγRI sequence for 129 mice were as published (GenBank Accession number 

AAD34940.1). 129 homology to B6 and NOD mouse FcγRIII and FcγRIV were 

determined by identifying SNPs in coding sequence using the Mouse Genomes Project 

(Wellcome Sanger). Protein domains were identified using Uniprot (www.uniprot.org). 

Identity-by-descent plot was generated using the Mouse Phylogeny Viewer 

(msub.csbio.unc.edu). Homology between human and mouse mycn sequence was 

identified using Vista Browser (http://pipeline.lbl.gov/). Human mycn polymorphisms 

were identified using data from the International HapMap Project 

(http://hapmap.ncbi.nlm.nih.gov/) and 1000 Genomes Project 

(http://www.1000genomes.org/).   

2.13. Statistical Analysis 

Data are shown as individual data points or as mean (± SEM). Significant 

differences in mouse survival were calculated using the log-rank test. The F-test was 

used to measure the equality of variances between two samples, and significant 

differences in sample means were determined using the unpaired two-tailed Student’s t 

test with Welch’s correction for unequal variances where appropriate. Correlations 

between lymphoma sensitivity and CD20, Lgals1, or Gal-1 expression were determined 
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by calculating Spearman’s correlation coefficient (ρ), with statistically significant linear 

regressions indicated by regression lines where appropriate and P values calculated by a 

Gaussian approximation. Comparative statistical analysis and the generation of Kaplan-

Meier cumulative survival plots were performed with Prism software (version 5; 

GraphPad Software, San Diego, CA). Human microarray data were analyzed using the 

Kruskal-Wallis one-way ANOVA with Dunn’s Multiple Comparison test for performing 

post hoc multiple pair-wise comparisons. 
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3. The role of B cells in the Homeostasis and Effec tor 
Response of the Cellular Immune System  

The following text was modestly adapted from its original manuscript, 

“Acute and Chronic B Cell Depletion Disrupts CD4+ and CD8+ T Cell 

Homeostasis and Expansion During Acute Viral Infection in Mice,” published in 

The Journal of Immunology (193: 746-756) in 2014 (149). 

3.1. Introduction 

B cells have many functions during homeostasis and immune responses, 

including Ab production, organizing lymphoid tissue organogenesis, antigen 

presentation, and cytokine production, all of which can modulate cellular and 

innate immune responses (8). The Ab-independent role of B cells during cellular 

immune responses has received recent attention due to the clinical 

demonstration that therapeutic B cell depletion results in disease remission in 

select autoimmune diseases. Even though patients undergoing B cell depletion 

therapies frequently remain B cell insufficient for 8-18 months, their autoAb titers 

may not decrease after treatment (150). Thus, B cells must contribute to 

autoimmune pathogenesis via mechanisms in addition to autoAb production, 

but the cellular effects of acute or chronic B cell depletion on the human or 
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mouse immune systems remain inadequately characterized, particularly during 

cellular immune responses. 

The effect of short-term and chronic B cell depletion on T cell homeostasis 

and immune responses to LCMV infection was assessed in this study using naïve 

mice with intact immune systems and a potent mAb specific for mouse CD20 (71, 

106). As CD20 is downregulated early during plasma cell differentiation, long-

lived plasma cells are not depleted by CD20 mAb, and serum Ig levels remain 

stable after CD20 mAb-induced B cell depletion (105), allowing for the dissection 

of the relationship between B and T cells at homeostasis and during viral 

infection independent of Ab production.  

3.2. Results 

3.2.1. Acute B cell depletion by CD20 mAb reduces T  cell numbers 

Studies examining the effects of CD20 mAb-induced B cell depletion on T 

cell numbers and function have generated variable findings (18, 27, 34, 106, 151-

153). Therefore, the effect of short-term B cell depletion on spleen and lymph 

node T cell frequencies and numbers was compared in littermate groups of 2-

month-old and 4-month-old fully mature mice where B and T cell numbers are 

stable. Tissue lymphocyte subsets were analyzed two weeks after a single dose of 

control or CD20 mAb treatment to optimally evaluate the effect of B cell 
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depletion on T cell homeostasis. In all mice, spleen and lymph node B220+ B cell 

numbers were reduced by >99% in littermates given CD20 mAb relative to 

control mAb (Fig. 1A). Consequently, the frequencies of CD4+ and CD8+ T cells 

among lymphocytes were increased. However, total spleen and lymph node 

CD4+ and CD8+ T cell numbers in 2-month-old B cell-depleted mice were 

overlapping with control mAb-treated mice, but mean values were decreased by 

44-53% (Fig. 1B-C), although variability was observed between individual mice 

and groups of littermate mice in four independent experiments. Mean CD4+ and 

CD8+ T cell numbers in 4-month-old mice given CD20 mAb were similarly 

reduced by 35-40% and 54-62% in the spleen and lymph nodes, respectively, with 

a range of variability between mice and littermate groups between different 

experiments. Treg cell frequencies within spleens and lymph nodes did not 

change following B cell depletion, although total Treg cell numbers were 

significantly reduced (2-month-old, 55-57%; 4-month-old, 47-61%; Fig. 1D). The 

migration of adoptively transferred CD4+ and CD8+ T cells into blood, the spleen, 

and lymph nodes was not significantly affected by the absence of B cells, as 

transferred dye-labeled cells migrated normally into tissues (P>0.05, Fig. 1E-F). 

However, when endogenous T cell numbers were reduced in CD20 mAb-treated 

mice, transferred T cell numbers were reduced similarly. Thus, B cell depletion 
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significantly reduced overall CD4+ and CD8+ T cell and Treg cell homeostasis in 

2- and 4-month-old naïve mice relative to control mAb-treated littermates. 
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Figure 1. B cell depletion alters T cell homeostasis. 
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Figure 1. B cell depletion alters T cell homeostasis. (A-D) Naïve 2- or 4-month-old mice 

were treated with control (closed circles) or CD20 (open circles) mAb, with viable single 

spleen and lymph node lymphocytes assessed 14 days later by immunofluorescence 

staining with flow cytometry analysis. Representative panels show (A) B220+ vs. 

LIVE/DEAD (L/D) spleen B cell staining (left panels) and absolute B cell numbers (right 

panels), (B) CD4+ T cell numbers, (C) CD8+ T cell numbers, and (D) CD25 vs. intracellular 

Foxp3 staining for CD4+ T cells (left panels) and Foxp3+CD25+CD4+ Treg cell numbers 

(right panels) following B cell depletion. Pooled results from 4 independent experiments 

are indicated in graphs (n = 10-21 mice per group with means indicated by horizontal 

bars). (E-F) CD4+ and CD8+ T cell migration is not profoundly impacted by B cell 

depletion. Dye-labeled B cell-depleted splenocytes were adoptively transferred into 

naïve 2-month-old mice given control or CD20 mAb 7 days earlier. Absolute numbers of 

total endogenous and adoptively transferred dye+ (E) CD4+ and (F) CD8+ T cells within 

the blood, spleen, and lymph nodes were assessed 2 days later by immunofluorescence 

staining with flow cytometry analysis. Percentage differences in T cell numbers for 

CD20 mAb-treated relative to control mAb-treated mice are shown, where graphs show 

results from individual mice (n = 5 mice per group with means indicated by horizontal 

bars). (A-F) Mean cell frequencies (± SEM) within the indicated dot plot gates are shown. 

Significant differences between sample means are indicated: *, P < 0.05; **, P < 0.01; ***, P 

< 0.001. 
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3.2.2. Acute B cell depletion reduces both naïve an d activated T cell 
numbers 

The effect of B cell depletion on spleen T cell subsets with naïve 

CD44loCD62Lhi and activated CD44hiCD62Llo phenotypes was quantified relative 

to all CD4+ or CD8+ lymphocytes. The frequencies of activated CD4+ and CD8+ T 

cells were reduced by 30-38% in 2-month-old mice treated with CD20 mAb in 

comparison with control mAb-treated littermates (Fig. 2A-B). The numbers of 

activated CD4+ and CD8+ T cells were reduced by 52-68% and 47-66% in 2- and 4-

month-old mice, respectively. B cell depletion reduced total naïve CD4+ and CD8+ 

T cell numbers by 40-50% in 2-month-old mice and by 35-37% in 4-month-old 

mice. Thus, mean numbers of naïve and activated CD4+ and CD8+ T cells were 

decreased in CD20 mAb-treated mice relative to littermate controls. 

As cytokine production is an integral component of the effector T cell 

immune response, the effects of B cell depletion on T cell cytokine production 

were quantified. IFN-γ- and TNF-α-expressing CD4+ and CD8+ T cell 

frequencies were not profoundly altered in either 2- or 4-month-old mice after 

CD20 mAb treatment for two weeks (Fig. 2C-D). However, mean IFN-γ- and 

TNF-α-expressing CD4+ T cell numbers were reduced by 58-61% and 51-54%, 

respectively, in B cell-depleted 2- and 4-month-old mice, while mean IFN-γ- and 
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TNF-α-expressing CD8+ T cell numbers were reduced by 51-59% and 36-49%, 

respectively. Thus, B cell depletion significantly reduced the total numbers of 

cytokine-producing CD4+ and CD8+ T cells relative to control mAb-treated 

littermates. 
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Figure 2. B cell depletion alters naïve and memory T cell homeostasis. 
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Figure 2. B cell depletion alters naïve and memory T cell homeostasis. Naïve 2- 

or 4-month-old mice were treated with control (closed circles) or CD20 mAb 

(open circles). Viable, single spleen lymphocytes were isolated 14 days later (A-

D) and depleted of B cells using CD19 mAb-coated magnetic beads (C-D). The 

remaining non-B cells were cultured for 3.5 hours with plate-bound CD3/CD28 

mAbs before cell surface CD4/CD8 labeling and intracellular cytokine staining 

with flow cytometry analysis. Representative panels show CD44 vs. CD62L 

staining (left panels) and cell numbers (right panels) for (A) CD4+ and (B) CD8+ T 

cells. Representative panels show IFN-γ and TNF-α expression (left panels) and 

cell numbers (right panels) for (C) CD4+ and (D) CD8+ T cells. (A-D) Mean cell 

frequencies (± SEM) within the indicated dot plot gates are shown. Graphs show 

results from individual mice pooled from 3-4 independent experiments (n = 15-21 

mice per group) with means indicated by horizontal bars. Significant differences 

between sample means are indicated: **, P < 0.01; ***, P < 0.001. 
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3.2.3. Chronic B cell depletion reduces activated C D4+ T cell numbers 

Whether the effects of B cell depletion on T cell homeostasis observed in 

young mice were age-associated was assessed using naïve 6-month-old mice 

with fully-mature immune systems that were then treated monthly with CD20 

mAb for six months. Spleen and lymph node B220+ B cell numbers were 

decreased by more than 98% after chronic B cell depletion (Fig. 3A). Spleen CD4+ 

T cell numbers were decreased by 51% in CD20 mAb-treated mice, including a 

56% decrease in Treg cell numbers. Mean lymph node CD4+ T cell and Treg cell 

numbers were reduced by 48% and 63%, respectively. Spleen and lymph node 

CD8+ T cell numbers were affected less by chronic B cell depletion. 

Chronic B cell depletion significantly reduced activated CD44hiCD62Llo 

CD4+ and CD8+ T cell frequencies by 40% and 48%, respectively (Fig. 3B). 

Activated CD4+ and CD8+ T cell numbers were also decreased by 70% and 44%, 

respectively, while total CD8+ and naïve CD44loCD62Lhi CD4+ T cell numbers did 

not change significantly with chronic B cell depletion. Consistent with these 

changes, mean IFN-γ-producing CD4+ T cell frequencies were decreased by 50% 

in B cell-depleted mice, but mean TNF-α-producing CD4+ T cell and IFN-γ- and 

TNF-α-producing CD8+ T cell frequencies were not changed significantly (Fig. 

3C-D). Additionally, the numbers of IFN-γ- and TNF-α-producing CD4+ T cells 
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were reduced by 70% and 40%, respectively, following B cell depletion, while the 

numbers of IFN-γ+ and TNF-α+ CD8+ T cells were unaffected. Thus, as occurred 

with acute B cell depletion, chronic B cell depletion in older mice significantly 

reduced the proportion and number of activated CD4+ and CD8+ T cells, and only 

reduced cytokine-producing CD4+ T cell numbers relative to their control mAb-

treated littermates. 
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Figure 3. Chronic B cell depletion alters T cell homeostasis and cytokine 

production. 
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Figure 3. Chronic B cell depletion alters T cell homeostasis and cytokine 

production. Naïve 6-month-old mice (n = 4-6 mice per group) were treated with 

control (closed circles) or CD20 mAb (open circles) monthly for 6 months before 

spleen and lymph node (LN) lymphocyte isolation and analysis as in Fig. 1-2. (A) 

Chronic B cell depletion reduces CD4+ T cell and Treg cell numbers. 

Representative B220+ B cell depletion vs. LIVE/DEAD (L/D) cell staining, as well 

as B cell, CD4+ and CD8+ T cell, and Treg cell numbers are shown. (B) Chronic B 

cell depletion reduces CD4+ and CD8+ T cell activation. Representative panels 

show CD44 vs. CD62L staining (left panels) for CD4+ and CD8+ T cells and cell 

numbers (right panels). (C-D) Chronic B cell depletion impairs IFN-γ and TNF-α 

expression by CD4+ and CD8+ T cells. Representative panels show IFN-γ and 

TNF-α expression (left panels) and cell numbers (right panels) for (C) CD4+ and 

(D) CD8+ T cells. (A-D) Mean cell frequencies (± SEM) within the indicated dot 

plot gates are shown. Graphs show results from individual mice (n = 4-6 mice per 

group) with means indicated by horizontal bars. Significant differences between 

sample means are indicated: *, P < 0.05; **, P < 0.01; ***, P < 0.001. 
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3.2.4. B cell depletion impairs virus clearance in LCMV-infected mice 

To understand whether reduced CD4+ and CD8+ T cell homeostasis in B 

cell-depleted mice affected cellular immune responses, 4-month-old mice were 

given CD20 or control mAb one week before infection with LCMV Armstrong. 

Spleen CD4+ and CD8+ T cell numbers were assessed one week after infection. In 

control mAb-treated mice, LCMV infection reduced mean CD4+ T cell numbers 

by 33% relative to uninfected mice (Fig. 4A). Prior CD20 mAb treatment 

significantly reduced CD4+ T cell numbers in virus-infected mice relative to 

infected control mAb-treated mice (23%). Treg cell numbers were comparably 

reduced during LCMV infection in B cell depleted mice (30%, Fig. 4B). In contrast 

to CD4+ T cells, LCMV infection induced a ~3-fold expansion in CD8+ T cell 

numbers following control mAb treatment relative to naïve mice. However, 

virus-induced CD8+ T cell expansion was profoundly inhibited following B cell 

depletion (42% decrease, Fig. 4A). Thus, B cell depletion reduced total CD8+ T 

cell numbers generated in response to acute virus infection.  

The effect of reduced T cell numbers in B cell-depleted mice on in vivo 

viral clearance was assessed by quantifying relative LCMV RNA levels as 

described (148). Spleen viral RNA levels were 48-fold higher in B cell-depleted 

mice relative to control mAb-treated mice one week after infection (Fig. 4C). 
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Accordingly, the numbers of activated CD44hiCD62L- CD4+ T cells were reduced 

by 54-60% in the spleen and lymph nodes, while naïve CD4+ T cell numbers were 

less affected by B cell depletion following viral infection (Fig. 4D). Similarly, 

CD4+ effector (Ly6C+PSGL1+), pre-memory (Ly6C-PSGL1+), and T follicular helper 

(Ly6C-PSGL1-) cell numbers were reduced by 69%-84% in the spleen, with 

comparable reductions in the numbers of pre-memory (62%) and T follicular 

helper (68%) CD4+ T cells within the lymph nodes of B cell-depleted mice 

infected with LCMV (Fig. 4E, (154). While naïve CD8+ T cell numbers were 

normal following virus infection in B cell-depleted mice, the numbers of 

activated CD44hiCD62L- spleen and lymph node CD8+ T cells were reduced by 

51-52%, (Fig. 4F). CD8+ KLRG1+ effector T cell numbers were also reduced by 64-

74% in the spleen and lymph nodes of B cell-depleted mice that were infected 

with LCMV (Fig. 4G, (155)). Thus, B cells were needed for the optimal generation 

of CD4+ and CD8+ T cells with an activated phenotype and the expansion of 

effector cell subsets following infection. 
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Figure 4. B cell depletion impairs T cell expansion, memory conversion, and 

virus clearance during LCMV infection. 
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Figure 4. B cell depletion impairs T cell expansion, memory conversion, and 

virus clearance during LCMV infection. Naïve 4- month-old mice were given 

control (closed bars) or CD20 mAb (open bars) 7 days prior to treatment with 

PBS or infection with LCMV. Splenocytes harvested 7 days later were assessed 

by immunofluorescence staining with flow cytometry analysis of viable, single 

lymphocytes. Representative panels show (A) B220 vs. CD4 staining (left panels) 

and B cell, CD4+, and CD8+ T cell numbers (right panels) and (B) CD25 vs. 

intracellular Foxp3 staining for CD4+ T cells (left panels) and Treg cell numbers 

(right panels). (C) B cell depletion reduces LCMV viral clearance. Spleens from 

control and CD20 mAb-treated mice infected with LCMV were harvested 7 days 

post-infection, with viral RNA levels quantified by RT-PCR. Bar graph values 

represent mean (± SEM) relative LCMV RNA expression levels shown pooled 

from 3 independent experiments (n = 12 mice per group). (D-G) B cell depletion 

impairs LCMV-driven T cell activation and effector subset conversion. 

Representative panels show CD44 vs. CD62L staining (left panels) for spleen (D) 

CD4+ and (F) CD8+ T cells, with cell numbers for the spleen and lymph nodes 

shown (right panels). (E) Representative panels show PSGL1 vs. Ly6C staining 

(left panels) for spleen and lymph node CD4+ cells, with activated CD4+ T cell 

conversion to effector (Eff, Ly6C+PSGL1+), pre-memory (Pre-M, Ly6C-PSGL1+), 
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and T follicular helper (Tfh, Ly6C-PSGL1-) numbers shown (right panels). (G) 

Representative dot plots show CD127 vs. KLRG1 staining (left panels) for spleen 

and lymph node CD8+ T cells, with KLRG1+ effector cell numbers shown (right 

panels). (A, B, D, F) Graphs show mean (± SEM) numbers of the indicated cell 

types from mice treated with control or CD20 mAb pooled from 4-5 independent 

experiments (n = 21-26 mice per group). (E, G) Graphs show results from 

individual mice (n = 5 mice per group), with means indicated by horizontal bars. 

(A-G) Mean (± SEM) cell frequencies within the indicated dot plot gates are 

shown. Significant differences between sample means are indicated: *, P < 0.05; **, 

P < 0.01; ***, P < 0.001. 
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3.2.5. B cell depletion impairs T cell cytokine res ponses to LCMV 
infection 

B cell-depletion significantly reduced the frequencies (47-50%) and the 

numbers (51-53%) of spleen IFN-γ- and TNF-α-expressing CD4+ T cells in 

infected mice (Fig. 5A). While the relative frequencies of IFN-γ- and TNF-α-

expressing CD8+ T cells were not altered in B cell-depleted and infected mice, 

IFN-γ- and TNF-α-expressing CD8+ T cell numbers were reduced by 35% and 

44%, respectively (Fig. 5B). Thus, B cell depletion impaired CD4+ T cell cytokine 

production during immune responses to LCMV, but did not reduce the relative 

frequencies of CD8+ T cells producing cytokines despite their overall reduced 

numbers in B cell-depleted mice. 
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Figure 5. B cell depletion impairs T cell cytokine production during LCMV 

infection. 



 

65 

Figure 5. B cell depletion impairs T cell cytokine production during LCMV 

infection. Naïve 4-month-old mice (were given control (closed bars) or CD20 

mAb (open bars) 7 days before infection with LCMV or treatment with PBS as in 

Fig. 4. Seven days post-infection, spleen lymphocytes were harvested, depleted 

of B cells with CD19 magnetic beads, and stimulated using plate-bound CD3 and 

CD28 mAbs as in Fig. 2. Intracellular cytokine production was assessed by 

immunofluorescence staining with flow cytometry analysis and is shown pooled 

from 4-5 independent experiments (n = 21-26 mice per group). Flow cytometry 

dot plots show representative (A) CD4+ or (B) CD8+ T cell cytokine staining (left 

panels), with mean (± SEM) cell frequencies shown for the indicated gates. Bar 

graphs represent mean (± SEM) numbers of the indicated cell types (right 

panels). Significant differences between sample means are indicated: *, P < 0.05; **, 

P < 0.01; ***, P < 0.001. 
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3.2.6. B cell depletion impairs antigen-specific T cell responses 

Consistent with reduced T cell numbers in B cell-depleted mice after 

LCMV infection, CD20 mAb treatment reduced mean spleen LCMV peptide-

specific CD4+ (GP66+) and CD8+ (GP33+) T cell numbers by 67% (Fig. 6A). B cell-

depletion significantly reduced the numbers of activated GP66-specific 

CD44hiCD62L- CD4+ T cells (87-91%) and the numbers of effector (58-71%), pre-

memory (90-94%), and T follicular helper (84-91%) CD4+ T cell subsets in the 

spleen and lymph nodes following LCMV infection (Fig. 6B). Virus-specific CD4+ 

and CD8+ T cell cytokine production was therefore assessed using B cell-depleted 

splenocytes from LCMV-infected mice that were restimulated with LCMV 

peptides in vitro for 5 hours. B cell depletion reduced both virus-specific IFN-γ+ 

and TNF-α+ CD4+ T cell frequencies (56-62%) and numbers (72-75%) in infected 

mice (Fig. 6C). By contrast, the frequencies of GP33-specific IFN-γ+ and TNF-α+ 

CD8+ T cells were not changed, but mean numbers of GP33-specific CD8+ T cells 

expressing IFN-γ+ and TNF-α+ were reduced (52-63%) in B cell-depleted LCMV-

infected mice (Fig. 6D). Thus, B cell depletion reduced the numbers of antigen-

specific CD4+ and CD8+ T cells responding to viral infection. 

Impaired LCMV clearance following B cell depletion may occur as a direct 

consequence of reduced T cell numbers or may result from reduced CD8+ T cell 
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function. To address this, naïve TCR transgenic CD8+ T cells that recognize the 

dominant LCMV epitope GP33-41 (154) were adoptively transferred into control 

or B-cell depleted mice prior to infection. B cells were not required for antigen-

driven CD8+ T cell expansion, activation, or cytokine production in the spleen 

(Fig. 6E). However, effector KLRG1+ CD8+ T cell generation was reduced by 50% 

in the absence of B cells. In lymph nodes, B cell depletion significantly inhibited 

GP33+ CD8+ T cell expansion (63%), activation (67%), and KLRG1+ effector cell 

development (68%). Thus, B cell depletion impaired the induction of antigen-

specific CD4+ and CD8+ T cells following viral infection predominantly by 

reducing total antigen-specific T cell numbers, although KLRG1+ effector cell 

generation was impaired. 
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Figure 6. B cell depletion impairs antigen-specific T cell function. 
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Figure 6. B cell depletion impairs antigen-specific T cell function. (A-D) B cell 

depletion impairs virus peptide-specific CD4+ and CD8+ T cell function. Naïve 4-

month-old mice were given control (closed bars) or CD20 mAb (open bars) 7 

days before infection with LCMV or treatment with PBS as in Fig. 4-5. Spleen and 

lymph node lymphocytes were harvested 7 days post-infection. (A) B cell 

depletion reduces LCMV GP66 tetramer+ CD4+ T cell and GP33 tetramer+ CD8+ T 

cell numbers. Representative panels LCMV-specific tetramer staining (left 

panels) and cell numbers (right panels). (B) Representative panels show CD44 vs. 

CD62L and PSGL1 vs. Ly6C staining (top panels) for LCMV-specific GP66+ CD4+ 

T cells from the spleen and lymph nodes, with activated (CD44hiCD62Llo), 

effector (Ly6C+PSGL1+), pre-memory (Ly6C-PSGL1+), and T follicular helper (Tfh, 

Ly6C-PSGL1-) GP66+ CD4+ T cell numbers shown (bottom panels). (C-D) B cell 

depletion reduces the frequencies and numbers of cytokine expressing LCMV-

specific CD4+ (C) and CD8+ (D) T cells. Following B cell depletion using CD19 

magnetic beads, T cells were stimulated with LCMV Armstrong GP61-80 or GP33-41 

viral peptides for 5 hours, with intracellular IFN-γ or TNF-α expression 

quantified by immunofluorescence staining. Flow cytometry dot plots show 

representative CD4 or CD8 expression vs. cytokine staining. (E) B cell depletion 

impairs virus-specific CD8+ T cell effector development. Naïve 4-month-old mice 
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were given control (closed bars) or CD20 mAb (open bars) 6 days before the 

adoptive transfer of naïve TCR transgenic CD8+ T cells that recognize GP33-41. 

Mice were infected with LCMV 1 day later and evaluated 7 days after infection 

as in Fig. 4-5. Representative panels show CD44 vs. CD62L and CD127 vs. 

KLRG1 staining (top panels) for transferred LCMV-specific GP33+ CD8+ T cells 

from the spleen and lymph nodes, with numbers for total (GP33+), activated 

(CD44hiCD62L+), effector (KLRG1+), and IFN- γ + cells shown (bottom panels). (A, 

C, D) Graphs show mean (± SEM) numbers of the indicated cell types from mice 

treated with control or CD20 mAb pooled from 4-5 independent experiments (n = 

21-26 mice per group). (B, E) Graphs show results from individual mice (n = 5 

mice per group), with means indicated by horizontal bars. (A-E) Mean (± SEM) 

cell frequencies within the indicated dot plot gates are shown. Significant 

differences between sample means are indicated: *, P < 0.05; **, P < 0.01, ***, P < 

0.001. 
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3.3. Conclusions 

These collective studies demonstrate that B cells are necessary for T cell 

homeostasis and optimal anti-viral responses during acute LCMV infection. 

Acute depletion of mature B cells depletion in 2- and 4-month-old adult mice 

significantly reduced CD4+, CD8+, and Treg cell numbers in the spleen and 

lymph nodes (Fig. 1B-D). These reductions were likely a result of perturbed T cell 

homeostasis after B cell depletion, as no changes were observed in T cell 

migration (Fig. 1E-F). Activated CD4+ and CD8+ T cell numbers in adult mice 

were more significantly affected by B cell depletion than naïve CD4+ and CD8+ T 

cell numbers (Fig. 2A-B). The observed T cell reduction in B cell-depleted mice 

resulted in reductions the numbers of effector CD4+ and CD8+ T cells producing 

IFN-γ and TNF-α (Fig. 2C-D). Total, activated, and cytokine-producing CD4+ T 

cells were more dramatically affected by chronic B cell depletion in aged mice 

than CD8+ T cells, though activated CD8+ T cells were also significantly reduced 

(Fig. 3). Importantly, B cell depletion during acute LCMV infection impaired 

CD4+ and CD8+ T cell expansion and the generation of activated and effector T 

cells and CD4+ cytokine-producing cells (Figs. 4-5). LCMV-specific CD4+ and 

CD8+ T cell numbers and effector cell expansion and CD4+ T cell activation and 

cytokine production were profoundly reduced in B cell-depleted mice (Fig. 6) 
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with concomitant elevated LCMV titers in the spleen (Fig. 4C). Thus, B cells are 

critical for CD4+ and CD8+ T cell homeostasis and optimal effector responses 

during viral infection. 
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4.  Lymphoma-intrinsic mechanisms that drive 
resistance to CD20 Immunotherapy 

The following text was modestly adapted from its original manuscript, 

“Galectin-1 Expression Confers Lymphoma Resistance to CD20 

Immunotherapy,” which is currently in submission. 

4.1. Introduction 

Non-Hodgkin lymphoma (NHL) is the most commonly diagnosed 

hematologic cancer of adults in the United States, with close to 70,000 people 

diagnosed in 2013 alone (49). NHL encompasses a wide variety of heterogeneous 

malignancies, of which 80-90% derive from B lymphocytes that express cell 

surface CD20 (50). The CD20 mAb Rituximab was the first biologic approved for 

treatment of indolent NHL (72). CD20 mAbs are now used to treat a variety of 

human cancers, but there is wide variation in therapeutic efficacy between 

individual patients and among different tumor types (84). Similarly, the initial 

effectiveness of Rituximab varies widely amongst patients with the same tumors 

and typically wanes over time, despite sustained CD20 expression by malignant 

cells among the vast majority of relapsing patients (83, 84). Though Rituximab is 

widely used, the molecular mechanisms by which human NHLs gain resistance 

to CD20 mAb immunotherapy are unknown (85). A limited number of patient 
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studies have searched for the molecular basis of tumor resistance to CD20 

immunotherapy (85, 98-100, 156). However, heterogeneity between tumors, the 

predominant use of CD20 mAb in combination with other drugs, the inherent 

difficulty in quantifying therapeutic efficacy, and variable disease staging among 

patients in combination with their intrinsic genetic diversity makes these studies 

a daunting task. Because most NHL patients eventually succumb to their disease 

despite CD20 immunotherapy, understanding the molecular basis for tumor 

resistance to therapy could lead to alternative and more effective treatment 

strategies.  

Therefore, the following study examined the molecular mechanisms 

responsible for lymphoma resistance to CD20 immunotherapy in a homologous 

mouse preclinical model of lymphoma. In this model, CD20 mAb therapeutic 

efficacy can be measured precisely under conditions where the host genetic 

background and timing of tumor initiation are identical. Primary malignant cells 

of spontaneous lymphomas isolated from Eµ-cMyc transgenic mice were 

transferred into wild-type inbred mice that were then treated with mouse anti-

mouse CD20 mAb as a monotherapy (71, 108). This model allowed for the 

unbiased identification of lymphoma genetic changes that conferred either 

sensitivity or resistance to CD20 immunotherapy initially and over time through 
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the serial propagation of lymphomas, mimicking the genetic changes that occur 

during disease progression.  

4.2. Results 

4.2.1. Primary B cell lymphomas express varying lev els of surface 
CD20 

Spontaneous B cell lymphomas were obtained from Eµ-cMyc transgenic 

mice, which typically develop aggressive monoclonal Burkitt’s-like B cell 

lymphomas by six months of age (157, 158). Twenty-two primary B cell 

lymphomas were isolated, with cell surface CD20 expression visualized by 

immunofluorescence staining (71). CD20 expression varied between individual 

lymphomas, but all maintained measurable CD20 ex vivo (Fig. 7A) and generally 

shared a CD19+IgM+IgD+B220+CD5loCD21/35+CD23loCD24+ cell surface phenotype 

(Fig. 7B). 
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Figure 7. CD20 expression by mouse B cell lymphomas. 
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Figure 7. CD20 expression by mouse B cell lymphomas. (A) Representative CD20 

expression by primary B cell lymphomas isolated from Eµ-cMyc transgenic mice. Cell 

surface CD20 (open histograms) and isotype-matched control (shaded histograms) 

immunofluorescence staining were quantified by flow cytometry after brief periods of 

culture for 24-48 hours. The bar graph shows CD20 mean linear fluorescence staining 

intensities (MFI) with isotype-matched control values subtracted. (B) Representative cell 

surface phenotype of the BL3750 lymphoma. Histograms show cell surface molecule 

staining (open histograms) versus isotype-matched control mAb staining (shaded 

histograms).  
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4.2.2. Lymphoma response to CD20 immunotherapy does  not 
correlate with CD20 expression levels 

The sensitivity of each lymphoma to CD20 immunotherapy was measured 

in vivo after tumor cells were adoptively transferred into recipient syngeneic 

wild-type mice (108). Mice given lymphoma cells were treated one day later with 

either CD20 or control mAb. All mice that developed lymphomas succumbed to 

disease by day 60, while all other mice had normal lifespans without obvious 

symptoms or disease and were considered lymphoma-free. Therefore, only 60-

day survival curves are shown (Fig. 8A). CD20 mAb sensitivity was measured as 

the increase in the area under the survival curves for CD20 versus control mAb-

treated mice, and ranged between 0% to ~65% among primary lymphomas (Fig. 

8B). The BL26, BL2525, BL3217, BL3750, BL5217, BL6454, and BL7659 primary 

lymphomas were sensitive to CD20 immunotherapy, though most primary 

lymphomas (68%, n = 15 of 22) were CD20 mAb-resistant under these conditions. 

Notably, the level of CD20 expression by primary lymphomas showed no 

correlation with their sensitivity to CD20 immunotherapy (ρ = -0.12; Fig. 8C).  
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Figure 8. Lymphoma in vivo sensitivity to CD20 mAb. 
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Figure 8. Lymphoma in vivo sensitivity to CD20 mAb. Mice given 1 x 105 

primary lymphoma cells were treated with either CD20 (closed circles) or control 

(open circles) mAb one day later. (A) Kaplan-Meier survival plots of mice given 

the indicated tumor cells and CD20 or control mAb. Pooled results represent 1-3 

independent experiments (n = 4-13 total mice per group) with significant 

cumulative survival differences between groups treated with CD20 versus 

control mAb indicated. (B) Primary lymphoma sensitivity to CD20 

immunotherapy. Significant differences between sample means are indicated: **, 

P < 0.01. (C) CD20 expression (Fig. 7A) and lymphoma sensitivity to CD20 

immunotherapy (Fig. 7B) are not correlated.  



 

81 

4.2.3. CD20 immunotherapy does not select for treat ment-resistant 
lymphomas 

Following primary BL3750 lymphoma cell transfer and treatment with 

control or CD20 mAb (Fig. 8), fourteen lymphomas that developed in recipient 

syngeneic mice were collected and evaluated for CD20 expression and 

subsequent responsiveness to CD20 immunotherapy (Fig. 9A). Secondary 

BL3750 lymphomas had varying levels of CD20 expression, which did not 

correspond with their prior exposure to CD20 or control mAb in vivo (Fig. 9B). 

Most secondary lymphomas (64%, n = 9 of 14) were sensitive to CD20 

immunotherapy, but prior exposure to CD20 or control mAb in vivo had no 

influence on their subsequent sensitivity to mAb treatment (Fig. 9C-D). Similarly, 

the levels of CD20 expression of secondary lymphomas showed no correlation 

with CD20 mAb sensitivity (ρ = -0.03; Fig. 9E). Thus, neither CD20 cell surface 

density nor in vivo selection during prior CD20 mAb therapy correlated with the 

outcome of secondary lymphoma treatment.  
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Figure 9. Second-generation lymphoma sensitivity to CD20 mAb. 



 

83 

Figure 9. Second-generation lymphoma sensitivity to CD20 mAb. (A) Method for 

isolating second-generation BL3750 lymphomas from mice given primary cells described 

in Fig. 7. (B) CD20 expression by second-generation lymphomas with control mAb 

values subtracted. The gray bar indicates primary BL3750 cells; black bars are second-

generation lymphomas from CD20 mAb-treated mice; white bars are second-generation 

lymphomas from control mAb-treated mice. (C) Second-generation lymphoma 

resistance to CD20 mAb is not driven by CD20 mAb selection in vivo. Mice were given 

second-generation lymphoma cells isolated from mice previously treated with either 

control (top panels) or CD20 (bottom panels) mAbs as indicated. One day later, 

littermates were given either CD20 (closed circles) or control (open circles) mAb. 

Survival plots represent pooled results for 1-3 independent experiments (n = 5-15 mice 

per group) with significant differences between groups indicated. (D) Secondary 

lymphoma sensitivity to CD20 mAb as in Fig. 8, with prior control or CD20 mAb 

exposure indicated. Significant differences between sample means are indicated: **, P < 

0.01. (E) Second-generation lymphoma survival does not correlate with CD20 

expression. Scatter plot comparing the percent sensitivity of secondary lymphoma cells 

to immunotherapy versus CD20 MFI. 
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4.2.4. Lymphoma duration in vivo does not select for treatment-
resistance  

The effects of repeated in vivo passage and CD20 immunotherapy on 

lymphoma sensitivity to therapy was also evaluated serially over three to seven 

generations within lymphoma families derived from single primary lymphomas 

(Fig. 10A). In some instances, primary lymphomas that were initially sensitive to 

CD20 immunotherapy, such as BL3750 and BL6454, acquired resistance to CD20 

immunotherapy during subsequent generations (Fig. 10B). By contrast, other 

lymphomas from the same BL3750 family remained sensitive to CD20 

immunotherapy over six generations (Fig. 10B-C). However, lymphomas that 

were initially resistant, such as BL5239, or lymphomas that became resistant to 

CD20 immunotherapy during repeated in vivo passages never reverted to a CD20 

mAb-sensitive phenotype. Importantly, changes in CD20 expression levels had 

no correlation with the development of resistance to CD20 immunotherapy (Fig. 

10C). Thus, resistance to CD20 immunotherapy appears to reflect lymphoma-

intrinsic phenotypic changes that do not correlate with altered CD20 expression 

during in vivo progression. 
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Figure 10. CD20 immunotherapy does not select for treatment-resistant 

lymphomas. 
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Figure 10. CD20 immunotherapy does not select for treatment-resistant 

lymphomas. (A) Method for isolating and naming representative BL3750 

lymphoma family members. Primary lymphoma cells were transferred into mice 

that were then given either CD20 (closed circles) or control (open circles) mAb as 

in Figs. 7 and 8. Second-generation lymphomas were subsequently collected and 

adoptively transferred as in Fig. 9. This process was repeated for subsequent 

generations. (B) Representative changes in BL3750, BL6454, and BL5239 

lymphoma family member sensitivities to CD20 immunotherapy during 

progressive in vivo passages. Whether the transferred tumors were primary 

lymphomas or were isolated from mice treated with either control or CD20 mAb 

is indicated. Survival plots represent pooled results for 1-3 independent 

experiments (n = 4-11 total mice per group). Significant cumulative survival 

differences between groups are indicated. (C) CD20 immunotherapy during 

progressive in vivo passages does not select for CD20-deficient lymphomas. Line 

graphs compare the sensitivity of representative lymphoma cells to CD20 

immunotherapy (closed triangles) versus their CD20 expression levels (closed 

squares) over 3-7 generations for the lymphoma families shown in (B).  
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4.2.5. Lymphoma resistance to CD20 immunotherapy is  not due to 
CD20 expression, prior mAb exposure, nor duration in vivo 

The correlation of lymphoma sensitivity to CD20 immunotherapy with in vivo 

progression was evaluated further using a cohort of twenty-two primary lymphomas 

and their subsequent generations following in vivo passage, which included 167 

lymphomas comprising multiple families (Fig. 11). Where tested, members of this 

lymphoma cohort were mostly resistant to CD20 immunotherapy (red text). CD20-

negative lymphomas were never identified, and CD20 mAb resistance had no relation to 

differences in CD20 expression levels. Lymphomas that were either initially resistant or 

developed resistance to CD20 immunotherapy maintained treatment resistance through 

repeated in vivo passage. By contrast, some tumors that were initially sensitive to CD20 

immunotherapy maintained sensitivity over time (blue text) regardless of prior CD20 

(bold text) or control mAb exposure in vivo (plain text). Because lymphoma sensitivity to 

CD20 immunotherapy did not correlate with CD20 expression levels, this extensive 

lymphoma family tree was used for the unbiased identification of genetic alterations 

that contribute to CD20 mAb resistance during in vivo lymphoma progression. 
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Figure 11. Cumulative family tree for spontaneous primary lymphomas. 
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Figure 11. Cumulative family tree for spontaneous primary lymphomas. 

Lymphoma families were evaluated over multiple generations for their 

sensitivity to CD20 mAb as in Fig. 10. Lymphomas isolated from either CD20 

mAb-treated mice (bold text) or control mAb-treated mice (plain text) were either 

resistant (red) or sensitive (blue) to CD20 immunotherapy. Bracketed numbers 

indicate lymphoma sensitivity to CD20 immunotherapy. A total of 167 

lymphomas have been isolated, including: primary (n = 22); secondary (n = 34); 

tertiary (n = 45); quaternary (n = 38); quinary (n = 18); senary (n = 7); and 

septenary (n = 3) generations within families. Asterisks indicate specific 

lymphomas analyzed as in Figs. 7-12 (n = 53).  
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4.2.6. Lymphoma galectin-1 expression confers resis tance to CD20 
mAb therapy 

To identify genetic changes associated with CD20 immunotherapy 

resistance, transcript expression of twenty known immunosuppressive tumor-

associated molecules (48), including the inhibitory cytokine IL-10 (17, 159), was 

evaluated in ten primary, seven BL3750 secondary, and six late-generation 

BL3750 family lymphomas (Fig. 11). Of these genes, only galectin-1 (Lgals1) 

expression correlated with lymphoma sensitivity to CD20 immunotherapy (Fig. 

12A). In a larger quantitative screen using fifty-three lymphomas (twenty-two 

primary, seventeen BL3750 secondary, and fourteen late-generation lymphomas), 

Lgals1 transcript levels and Gal-1 protein secretion were significantly and 

inversely correlated with lymphoma sensitivity to CD20 immunotherapy (Fig. 

12B-C). Therefore, the contribution of Gal-1 expression to CD20 mAb resistance 

was examined in mechanistic studies. 

Normal and malignant B cells are depleted in mice following MB20-11 

treatment by macrophages through FcγR- and Ab-dependent cellular 

cytotoxicity/phagocytosis mechanisms, which occur independent of complement 

and cellular immunity (104, 106, 108). To evaluate the impact of lymphoma-

derived galectin-1 on CD20 mAb-dependent lymphoma clearance in vivo, 
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parental BL3750 lymphoma cells were transfected with either Gal-1 GFP 

(BL3750Gal1) or control GFP (BL3750Ctrl) expression plasmids. Genetically stable 

BL3750Gal1 and BL3750Ctrl cells expressing comparable levels of GFP and cell 

surface CD20 were isolated (Fig. 12D). BL3750Gal1 cells secreted 35-fold higher 

levels of Gal-1 relative to BL3750Ctrl or untransfected BL3750 cells (Fig. 12E), and 

all cells had equivalent growth rates during in vitro cultures. During short-term 

in vitro phagocytosis assays, macrophages readily phagocytosed CD20 mAb-

coated BL3750Ctrl tumors, while Gal-1 expression completely inhibited CD20 

mAb-dependent phagocytosis (Fig. 12F). Gal-1 expression also abrogated CD19 

mAb-dependent phagocytosis, indicating that Gal-1 broadly impairs 

macrophage-mediated mAb-dependent tumor phagocytosis.  

BL3750Ctrl cells remained sensitive to CD20 immunotherapy in vivo, while 

induced Gal-1 expression significantly reduced lymphoma sensitivity to CD20 

mAb (Fig. 12G). BL3750Gal1 and BL3750Ctrl lymphomas expanded similarly in 

control mAb-treated littermates, with equivalent median survival rates of 36.5 

and 37 days, respectively, while 50% of mice given BL3750Ctrl cells and CD20 

mAb survived 60 days (Fig. 12G). BL3750Gal1 tumors grew significantly larger in 

CD20 mAb treated mice than BL3750Ctrl cells, though high serum Gal-1 was 

observed in littermates bearing either BL3750Ctrl or BL3750Gal1 lymphomas. Thus, 
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Gal-1 expression within the tumor microenvironment by lymphoma cells 

conferred resistance to CD20 immunotherapy.   

4.2.7. Human lymphomas express elevated levels of LGALS1  

LGALS1 transcript expression patterns among human B cell leukemias 

and lymphomas was quantified using established databases (160). Different B 

cell subsets purified from non-reactive tonsils expressed relatively low levels of 

LGALS1 (Fig. 12I), whereas biopsies or blood samples from patients with either 

BL, CLL, DLBCL, HCL, or MCL had on average 4.5-fold increased levels of 

LGALS1 expression. Biopsies from patients with BL, DLBCL, and HCL expressed 

the highest levels of LGALS1 (range 5.7-7.3-fold), while other tumor subtypes 

expressed modestly elevated LGALS1 transcripts. Elevated leukemia and 

lymphoma expression of Gal-1 may therefore inhibit CD20 immunotherapy in 

humans. 
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Figure 12. Lymphoma Gal-1 expression confers CD20 mAb resistance. 
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Figure 12. Lymphoma Gal-1 expression confers CD20 mAb resistance. (A-C) 

Gal-1 expression inversely correlates with lymphoma sensitivity to CD20 

immunotherapy. Scatter plots compare lymphoma (A) normalized and (B) 

quantitative Lgals1 transcript expression and (C) Gal-1 secretion relative to CD20 

mAb sensitivity. (D) Representative GFP expression and cell surface CD20 

expression by BL3750Ctrl or BL3750Gal1 cells (open histograms) versus BL3750 cells 

(left panels, shaded histograms) or isotype-matched control mAb staining (right 

panels, shaded histograms). (E) Values represent mean (± SEM) Gal-1 secretion 

by BL3750, BL3750Ctrl, and BL3750Gal1 cells (5 experiments). (F) Gal-1 blocks CD20 

mAb-dependent phagocytosis of tumor. Peritoneal macrophages were co-

cultured for 3, 6, or 24 hours with labelled BL3750Ctrl (circles) or BL3750Gal1 cells 

(squares) previously incubated with control (open shapes), CD20 mAb (closed 

shapes), or CD19 mAb (gray shapes). Representative contour plots show F4/80 

versus labelled BL3750 tumor staining (left and middle panels) with mean 

phagocytosed tumor frequencies shown for 24 hours and phagocytosed tumor 

frequencies for 3, 6, and 24 hours  from 3 pooled experiments (right panels, n = 6-

9 mice per group).  (G-H) Gal-1 expression blocks CD20-mediated tumor 

clearance in vivo. Mice given BL3750Ctrl or BL3750Gal1 cells were treated with 

control (open shapes) or CD20 (closed shapes) mAb one day later. Lymphoma 
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volume (2 experiments, top panels) and mouse survival (2-3 experiments, n = 4-

10 mice per group, bottom panels) were monitored for 60 days post-mAb 

treatment. (H) Representative lymphomas (top panel) and serum Gal-1 (lower 

panel) was measured in naïve mice (n = 3) and littermates given lymphoma cells 

45 days after CD20 mAb treatment (2-3 experiments, 10 mice per group). (I) 

Human LGALS1 expression by naïve, centroblast (CB), centrocyte (CC) and 

memory B cell samples (open circles) in comparison with cells (closed circles) 

from patients with Burkitt’s lymphoma (BL), chronic lymphocytic leukemia 

[CLL, blood cells (1) or blood CD19+ cells (2)], diffuse large B cell lymphoma 

[DBCL, lymph node biopsy (1) or node biopsy CD19+ cells (2)], follicular 

lymphoma (FL), hairy cell leukemia (HCL) or mantle cell lymphoma (MCL). (E-I) 

Significant differences between sample means are indicated: *, P < 0.05; **, P < 

0.01, ***, P < 0.001. 
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4.3. Conclusions 

These collective results demonstrate that spontaneous primary B cell 

lymphomas can acquire resistance to CD20 immunotherapy through 

mechanisms independent of CD20 loss. First, 22 spontaneous primary B cell 

lymphomas were isolated and observed to express varying levels of surface 

CD20 (Fig. 7). These primary tumors varied significantly in their sensitivity to in 

vivo CD20 mAb therapy, though tumor sensitivity to CD20 mAb therapy did not 

correlate with CD20 density (Fig. 8). Moreover, the acquisition of primary tumor 

cell resistance to CD20 immunotherapy during multiple generations of passage 

occurred regardless of prior exposure to CD20 mAb or control mAb (Fig. 9-11). 

Thus, low level CD20 expression was sufficient for lymphoma depletion by CD20 

mAb, while genetic changes that evolved within some individual lymphomas 

resulted in intrinsic and acquired resistance to CD20 mAb therapy. The forward 

genetic screen of CD20 mAb-resistant and -sensitive lymphomas identified Gal-1 

as a significant mediator of lymphoma resistance to CD20 immunotherapy (Figs. 

12). Gal-1 was elevated in primary lymphomas that were initially resistant to 

CD20 immunotherapy and further increased in expression in lymphomas that 

acquired therapy resistance following in vivo passage. Gal-1 expression ablated 

macrophage mAb-dependent phagocytosis of tumor cells during in vitro culture 
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and in vivo CD20 mAb-dependent tumor clearance (Fig. 12). Thus, B cell 

lymphomas develop resistance to mAb immunotherapy through alterations in 

the tumor transcriptome independent of modifications in target molecule 

expression. Importantly, this study established a comprehensive tumor library 

comprised of several families derived from distinct primary lymphomas. This 

tumor library will be an invaluable tool in the characterization of the global 

lymphoma genetic network that dictates tumor responsiveness to mAb 

immunotherapy. 
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5. Host Genetic Determinants of Antibody-Dependent 
Cell Depletion In Vivo 

The following text was modestly adapted from its original manuscript, 

“Macrophage Mycn Expression Regulates In Vivo Antibody-Dependent Cell 

Depletion,” which is currently in submission. 

5.1. Introduction 

The humoral immune response is a critical component of immunity, as Ab 

specific for a diverse array of antigens can function as a natural barrier to 

microorganisms by coating foreign pathogens or cells, often clearing unwanted 

microorganisms without eliciting significant inflammation. The Ab response also 

links the innate and adaptive immune systems, as Abs are able to activate several 

innate immune cell populations, including macrophages, through receptors that 

bind the Fc portion of different Ab isotypes (FcR). The specificity of Abs for a 

single antigenic epitope along with their elicitation of innate immunity has made 

this effector protein an attractive therapeutic option for the treatment of 

malignancies that express unique or restricted antigens. The chimeric mAb 

specific for CD20, Rituximab, was the first Ab therapy approved for the 

treatment of human cancer (72), namely Non-Hodgkin lymphoma (NHL). NHL 

is a diverse group of hematologic malignancies and is the fifth most common 
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cancer in the United States. Approximately 80-90% of all NHLs are of B cell 

origin and most express CD20, a B cell-specific surface protein expressed from 

pre-B cell development until plasma cell differentiation that regulates calcium 

flux and cell-cycle progression in both human and mouse B cells (61, 63, 71). 

While Rituximab was initially used to treat indolent NHL, its usage has 

expanded to include treatment of aggressive lymphomas as well as various 

autoimmune diseases, including rheumatoid arthritis and multiple sclerosis. 

Despite the widespread practice of treating patients with Rituximab, the 

mechanisms that regulate CD20 mAb-mediated B cell depletion in humans are 

still debated. Though CD20 mAb is a primary component of NHL therapy in 

patients, the initial efficacy of this therapy for NHL patients ranges from 10-60% 

among different NHL sub-types, despite sustained CD20 expression (84). 

Similarly, many patients with CD20+ NHLs do not respond to retreatment with 

CD20 mAb upon relapse (74). Other than Fc receptor polymorphisms, molecular 

explanations for these inconsistent and typically insufficient responses remain 

poorly understood.  

In mice, CD20 mAb treatment depletes both endogenous and malignant 

mouse B cells through a mechanism that requires macrophages and FcγR 

expression (104, 106, 108). Importantly, differences in B cell depletion between B6 
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and NOD mouse strains have been shown to occur despite comparable levels of 

CD20 expression, though these differences are in part due to variations in 

macrophage numbers and FcγR Ab binding between mouse strains (112). Thus, 

variability in B cell depletion among mouse strains can be used to study host-

intrinsic factors that lead to effective CD20 mAb-dependent B cell depletion that 

may be relevant to humans. Further elucidating the specific mechanisms through 

which macrophages mediate tumor depletion following CD20 immunotherapy 

could lead to significant improvements in mAb-based therapeutics and expand 

our understanding of innate mAb-dependent effector mechanisms. Therefore, 

this study sought to identify the distinct germline components that control the 

efficacy of host CD20 mAb-dependent B cell and lymphoma depletion. 

5.2. Results  

5.2.1. Splenic B cell clearance by CD20 mAb is impa ired in 129 and 
NOD mice 

CD20 mAb effectively depletes more than 95% of splenic B cells in B6 mice 

(Fig. 13A, left panels) (71), However, low numbers of B cells remain following 

depletion, despite comparable levels of CD20 expression among depleted and 

remaining B cells (Fig. 13A, middle and right panels). To determine the variation 

among mouse strains in CD20 mAb-dependent B cell depletion, B cell numbers 
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before and following Ab treatment were enumerated in seven of the most 

common lab mouse strains. While the number of endogenous splenic B cells 

varied among the lab strains, five of the seven strains depleted >95% splenic B 

cells within one week of CD20 mAb treatment (Fig. 13B). However, 129 and 

NOD mice depleted 20-55% fewer splenic B cells following CD20 mAb treatment 

than B6 mice (Fig. 13B), indicating that B cell depletion by CD20 mAb is impaired 

in 129 and NOD mice. This effect was not due to differences in B cell CD20 

expression levels (Fig. 13A, right panel) or Ab dispersion through the body, as 

mouse weight did not correlate with the efficiency of B cell depletion (Fig. 13C). 

There are FcγR polymorphisms between B6, 129, and NOD mice that may 

contribute to some of the variation observed in CD20 mAb-dependent B cell 

clearance (Fig. 13D-F). Of note, NOD mice lack the cytoplasmic tail of FcγRI and 

thus fail to productively signal through this receptor (112), which likely explains 

part of the defect in CD20 mAb-dependent B cell depletion in NOD mice. By 

contrast, B6 and 129 mice have very similar FcγRs and have nearly identical 

weights, indicating similar Ab dispersion through the body. Thus, splenic B cell 

clearance by CD20 mAb in vivo is significantly impaired in 129 and NOD mice. 
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Figure 13. 129 and NOD mice have impaired CD20 mAb-dependent B cell 

clearance. 
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Figure 13. 129 and NOD mice have impaired CD20 mAb-dependent B cell 

clearance. (A) Left panels, representative cell surface expression of CD19 and 

CD20 is shown for B6 mice treated with either control or CD20 mAb, with gating 

on single live lymphocytes as identified by forward/side light scatter and dead 

cell exclusion. Middle panel, histogram shows representative CD20 expression 

by CD19+  B cells in B6 mice treated with control mAb (dashed line) or CD20 

mAb (solid line) relative to isotype control (shaded line). Right panel, CD20 

mean fluorescence intensity (MFI) for CD19+ B cells is shown for B6, 129, and 

NOD mouse strains treated with control (closed circles) or CD20 mAb (open 

circles). Values represent single mice pooled from 2 experiments. (B-C) Mice on 

the B6, PWK, A/J, WSB, NZO, 129, and NOD backgrounds were injected with 

either control (closed circles) or CD20 mAb (open circles) and were examined as 

in (A). Values represent single mice pooled from 2-4 experiments (n = 6-15 mice 

per group). Significant differences between sample means are indicated: ***, P < 

0.001. (C) Values represent single mice from each background that were weighed 

prior to treatment with CD20 mAb versus the number of splenic B cells 

remaining following CD20 mAb-dependent depletion as in (A). (D-F) Predicted 

amino acid sequences of FcγRI (D), FcγRIII (E), and FcγRIV (F) in B6, 129, and 

NOD mouse strains. Identical residues are indicated by closed circles. Missing 
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residues are denoted by sequence gaps. Differing residues are boxed. 

Extracellular domain 1 (EC1), transactivation (Trans), and cytoplasmic (Cyto) 

domains are shown.  
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5.2.2. Distinct genetic traits in B6 and 129 mice r egulate survival 
following CD20 immunotherapy of lymphoma 

The efficiency of mAb-dependent endogenous B cell depletion could be 

attributed to differences in both the mAb-dependent immune response as well as 

responses generated by signaling through CD20 (61, 71). To understand the 

direct contributions of the host response to CD20 mAb-dependent cell depletion, 

mice were injected with the B cell lymphoma, BL3750, followed by CD20 mAb 

treatment one day later. The BL3750 lymphoma was derived from a B6 Eµ-c-myc 

transgenic mouse (108), which expresses the c-myc transgene under the control of 

the Ig heavy chain enhancer, resulting in the development of immature B cell-

like lymphoma by approximately three to five months of age. Importantly, 

BL3750 retains surface CD20 expression in vitro and sensitivity to CD20 mAb 

therapy in vivo over time. B6 and B6 x 129 F1 (F1) mice were injected with BL3750 

and then either control or CD20 mAb one day later, and mouse survival was 

followed for 60 days, as mice that developed tumors died by day 60, and mice 

that did not develop tumors did not develop tumors after 60 days. A significant 

difference in survival was observed between B6 and F1 mice following the 

adoptive transfer of BL3750 and subsequent treatment with control or CD20 

mAb therapy one day later (Fig. 14A). The BL3750 tumor grew equally well 
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within both hosts, as virtually 100% of B6 and F1 animals succumbed to tumor 

within 37 days of control Ab treatment. Approximately 75% of B6 mice survived 

tumor transfer following CD20 mAb therapy, though less than 20% of F1 mice 

treated with CD20 mAb survived (Fig. 14A).  Thus, while tumor development 

and growth rates were comparable between B6 and F1 mice, CD20 mAb-

dependent tumor clearance was significantly less efficient in mice on the 129 

background. Further, as the B6 background was progressively reintroduced to F1 

mice by back-crossing to B6 for one (N1), two (N2), and three generations (N3), 

mouse survival steadily increased following CD20 mAb treatment to levels 

comparable to B6 mice (Fig. 14B). However, it is important to note that there 

were consistently  B6  mice  that  died  as  well  as  F1  mice  that  survived  when  

given  CD20  mAb, indicating that there are pro- and anti-survival factors 

present in both the B6 and 129 backgrounds.  Therefore, genetic traits present in 

both B6 and 129 mice regulate survival following CD20 mAb-mediated tumor 

depletion. 
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Figure 14. Distinct genetic traits regulate survival following CD20 mAb-

mediated tumor depletion. 
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Figure 14. Distinct genetic traits regulate survival following CD20 mAb-

mediated tumor depletion. (A) Survival of B6 mice (left panel) treated with 

control (n = 31, dashed line) or CD20 mAb (n = 30, solid line) and B6 x 129 F1 (F1, 

right panel, dashed line) mice treated with control (n = 27, dashed line) or CD20 

mAb (n = 27, solid line). (B) Survival of N1 mice (B6 x F1, left panel) treated with 

control (n = 25) or CD20 mAb (n =4 4), N2 mice (B6 x N1, middle panel) treated 

with control (n = 36) or CD20 mAb (n = 59), and N3 mice (B6 x N2, right panel) 

treated with control (n = 22) or CD20 mAb (n = 31).  
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5.2.3. Linkage analysis reveals Chromosome 12 quant itative trait 
locus that controls lymphoma immunotherapy 

Genome-wide linkage analysis was conducted to identify quantitative 

trait loci (QTL) present in B6 and 129 mice that determine survival following 

CD20 mAb-dependent lymphoma depletion. This method was used to identify 

survival regulators present in both B6 and 129 mice in a manner that is not 

biased by the overall phenotypic model. SNPs from N1 mice treated with CD20 

mAb (Fig. 14B, left panel) were sequenced to identify the genotype of each 

mouse at 377 loci across the mouse genome. The distribution of B6 and F1 

genotypes at a given locus was then correlated with the number of days each 

mouse survived, and an LOD score was used to measure the significance of a 

given locus. Tail DNA from two independently collected cohorts of N1 animals 

were sequenced and analyzed separately for loci significantly correlating with 

the number of days each mouse survived (Fig. 15A). A locus on Chromosome 12 

(11.35 Mbp) was identified in both groups of mice in which the genotype 

distribution strongly correlated with survival. The addition of 105 mice to the 

original cohorts further confirmed the significance of the Chromosome 12 locus 

(LOD=5.07), which controlled at least 20% of the variability in survival observed 

between mouse strains (Fig. 15B), whereas the flanking SNPs at 8.97 and 25.22 
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Mbp were not significantly associated with survival. Interestingly, the linkage 

analysis demonstrated that mice with the F1 genotype at the Chromosome 12 

locus survived on average 9 days longer than mice with the B6 genotype. This is 

not surprising, given the unbiased method used to identify survival QTLs and 

the presence of multiple survival regulators present on both the B6 and 129 

backgrounds, as noted earlier (Fig. 14). The Chromosome 12 locus became even 

more significant with the addition of N2 and N3 mice treated with CD20 mAb, 

further validating the importance of this locus in survival following CD20 mAb-

dependent lymphoma depletion (Fig. 15C). Thus, a locus between 8.97 and 25.22 

Mbp on Chromosome 12 regulates lymphoma clearance by CD20 mAb. 
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Figure 15. Linkage analysis reveals Chromosome 12 locus that dictates mAb-

dependent depletion. 
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Figure 15. Linkage analysis reveals Chromosome 12 locus that dictates mAb-

dependent depletion. (A) Cumulative LOD score maps for the entire mouse genome 

(Chromosomes 1-19 and X) are shown for two independently collected and analyzed 

groups of N1 mice, cohort 1 (top panel, n = 55) and cohort 2 (bottom panel, n = 75). (B-C) 

Cumulative LOD score maps as in (A) are shown for pooled N1 mice (B, n = 235) and 

pooled N1, N2, and N3 mice (C, n = 325). (B) N1 mice and (C) N1 mice combined with 

N2 mice and N3 mice. (A-C) Genotyped markers are ordered according to chromosomal 

location versus the individual marker LOD score. Dashed lines indicate significance 

thresholds: P < 0.001. 
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5.2.4. Chromosome 12 genetic mapping reveals region  of genomic 
concordance 

The interval of 8.97-25.22 Mbp on Chromosome 12 contains over 40 genes. 

To identify the gene that regulates CD20 mAb-dependent lymphoma depletion, 

the region of genomic concordance, determined from the linkage analysis to be 

the region where mice that survived to 60 days had the F1 genotype and mice 

that did not survive to 60 days had the B6 genotype, was determined. SNPs from 

N1 mice present in the genome-wide analysis cohort (Fig. 15) with genotype 

cross-overs occurring between 8.97 and 25.22 Mbp on Chromosome 12 (Fig. 16A) 

were sequenced at 0.5-2.0 Mbp intervals from 8.97-25.22 Mbp. Based on 

sequencing analysis, 75% of sequenced N1 mice were concordant with the 

linkage analysis model within the region of 11.5-13.0 Mbp on Chromosome 12 

(Fig. 16B), meaning that in the 11.5-13.0 Mbp region, most mice that died prior to 

60 days had the B6 genotype and most mice that survived to 60 days had the F1 

genotype. The 11.5-13.0 Mbp interval contains two genes, fam49a and mycn. 
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Figure 16. Genetic mapping of Chromosome 12 reveals region of genomic 

concordance. 
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Figure 16. Genetic mapping of Chromosome 12 reveals region of genomic 

concordance. N1 mice from Fig. 15 that had genotype cross-overs flanking the 

significant SNP on Chromosome 12 were identified (n = 19). (A) The mouse 

genotype at all SNPs sequenced on Chromosome 12 from Fig. 15 are shown 

relative to the number of days each mouse survived for N1 mice with genotype 

cross-overs. Mice are ordered by the number of days each mouse survived and 

are individually identified by a Mouse Identification Number. Gray boxes 

indicate B6 genotype, and white boxes indicate F1 genotype. (B) The genotypes 

of each mouse with cross-overs from (A) from 8.97-25.22 Mbp on Chromosome 

12 were determined by sequencing strain-specific SNPs. Mice are ordered and 

indicated as in (A). Gray boxes indicate B6 genotype, white boxes indicate F1 

genotype, and ND indicates no data. (A-B) Significant QTL on Chromosome 12 is 

indicated as ***, P < 0.001. 
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5.2.5. Macrophage mycn  expression regulates mAb-dependent B cell 
depletion in vivo 

There are two sequence polymorphisms in the fam49a gene untranslated 

regions between B6 and 129 mice. While there are no sequence polymorphisms 

between B6 and 129 mice in the mycn gene, there is one deletion upstream of the 

mycn locus (9 kb upstream, approximately 100 bp) and two deletions 

downstream of the mycn locus (3 and 5.5 kb downstream, approximately 150 bp 

each), which may affect the chromosomal stability and accessibility of the mycn 

locus. As macrophages mediate CD20 mAb Ab-dependent depletion in mice 

(104, 106, 108), fam49a and mycn transcript expression were evaluated in 

peritoneal macrophages. Expression of mycn transcript is significantly elevated in 

129 macrophages approximately 3-fold relative to B6 macrophages (2.95+0.26 

fold; Fig. 17A, top left panel and bottom panel). Treatment with Thioglycollate 

results in an even greater disparity in mycn transcript levels between mouse 

strains (4.99+0.62 fold; Fig.  17A, top right panel). However, fam49a transcript 

was equivalent between B6 and 129 macrophages both with and without 

Thioglycollate elicitation. The increased amount of mycn in 129 macrophages 

indicates that higher macrophage mycn expression, conferred by changes in 
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putative mycn regulatory regions or accessibility of this locus, may result in 

enhanced CD20 mAb-dependent B cell depletion.  

To confirm that the 129 Chromosome 12 locus that contains mycn results 

in enhanced B cell depletion, consomic mice were bred by back-crossing N1 mice 

that were heterozygous at the Chromosome 12 QTL to B6 three (N4), four (N5), 

and five (N6) generations (Fig. 17B). Illumina sequencing revealed that the N5 

parent used to breed subsequent  N6  mice  was  B6  homozygous  at  every  

sequenced locus  other  than  the  significant Chromosome 12 locus (11.5-13 Mbp) 

based on genome-wide QTL analysis. N4, N5, and N6 offspring that were B6 

homozygous across the Chromosome 12 locus had results that were statistically 

indistinguishable from those of wild-type B6 mice and were thus combined. 

Consomic mice depleted approximately 30% more B cells than wild-type mice 

following low-dose CD20 mAb treatment (Fig. 17B). Thus, the 129 Chromosome 

12 QTL that contains the mycn locus leads to enhanced B cell depletion.  

To  confirm  the  role  of  macrophage  mycn  expression  in  vivo,  mice  

with macrophages conditionally deficient in mycn were generated by crossing B6 

mice with floxed mycn alleles to B6 mice expressing Cre recombinase under the 

control of the lysozyme M gene (LysmCre/+ MycnF/F, Mycn-/-). At both low and 

saturating doses of mAb treatment, mice  with  mycn-deficient  macrophages  
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depleted  about 20% fewer  B  cells  than  wild-type  mice  using  CD20 mAb (Fig. 

17C). Additionally, while consomic mice had approximately 2-fold more resident 

and Thioglycollate-elicited macrophages, mycn-deficiency resulted in 34-43% 

fewer peritoneal macrophages without or following Thioglycollate elicitation, 

respectively (Fig. 17D, left panel). Further, consomic macrophages more rapidly 

phagocytosed CD20 mAb-coated BL3750 tumors than wild-type mice, with 40% 

and 20% more phagocytosis occurring during the first three and six hours, 

respectively, of a short-term in vitro phagocytosis assay (Fig. 17E, left panel). 

Consomic macrophages also phagocytosed approximately 20% more BL3750 

tumor cells coated with CD19 mAb in this time frame, indicating that consomic 

macrophages have enhanced Ab-dependent phagocytosis that is not specific to 

CD20 mAb. In contrast to consomic macrophages, mycn-deficient macrophages 

were significantly impaired in their ability to phagocytose CD20 mAb- or CD19 

mAb-labeled BL3750 tumors, resulting in 30-50% reductions in tumor 

phagocytosis (Fig. 17E, right panel). Thus, differential mycn expression likely 

modulates in vivo mAb-dependent B cell depletion by elevating macrophage 

numbers and enhancing Ab-dependent phagocytosis. 
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Figure 17. Macrophage mycn expression regulates in vivo B cell depletion by 

CD20 mAb. 
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Figure 17. Macrophage mycn expression regulates in vivo B cell depletion by 

CD20 mAb. (A) Peritoneal macrophages were collected by lavage from untreated 

B6 and 129 (No Treatment, top left panel) or mice treated with Thioglycollate 

(Thioglycollate, top right panel). Values represent fold change relative to gapdh 

and B6 mycn transcripts shown pooled from 2 experiments (n = 6 pooled). 

Transcript expression of gapdh and mycn was visualized by agarose gel 

electrophoresis following PCR using cDNA samples and the same program as 

employed for qPCR (bottom panel). Lane 1, ladder showing 100-200 bp; lanes 3-

5, B6 mycn transcript; lanes 6-8, 129 mycn transcript; lanes 9-11, B6 gapdh 

transcript; lanes 12-14, 129 gapdh transcript. (B) Wild-type and consomic Mice 

were injected with 5 µg control (black shapes) or CD20 mAb (white shapes) and 

analyzed one week later as in Fig. 13. Values represent single mice pooled from 

3-5 experiments (n = 9-18 mice per group). (C) Mice with macrophages 

conditionally deficient in mycn (Mycn-/-) and control wild-type littermates were 

treated with 15 µg (left panel) or 25 µg (right panel) control (closed circles) or 

CD20 mAb (open shapes) and were analyzed as in Fig. 13. Values represent 

single mice pooled from 3 experiments (n = 6-13 mice per group). (D) Peritoneal 

cells from wild-type, consomic, and mycn-/- mice given either PBS (No Treatment, 

left panel) or Thioglycollate once four days prior to enumeration. Values 
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represent single mice pooled from 2-4 experiments (n = 4-14 mice per group). (E) 

Peritoneal macrophages were co-cultured for 3, 6, or 24 hours with labelled 

BL3750 cells previously incubated with control (dashed line), CD20 (white 

shapes), or CD19 mAb (gray shapes). Values represent mean (± SEM) 

phagocytosed tumor frequencies for 3, 6, and 24 hours from 2-3 pooled 

experiments (n = 3-7 mice per group). (A-E) Significant differences between 

sample means are indicated: *, P < 0.05; **, P < 0.01, ***, P < 0.001. 
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5.2.6. Several polymorphisms in the mycn locus exist in mice and 
humans 

The mycn locus is polymorphic among common lab strains as well as in humans. 

B6 and 129 parent mouse  strains  are  largely  identical-by-descent  in  the  defined  

region  of  genomic  concordance (Chromosome 12, 11.5-13 Mbp), though some 

significant sequence variations occur upstream of this locus, including the  deletions 

described earlier (Fig. 18A). Similarly, all common lab strains exhibit varying levels of 

sequence variation in the mycn locus relative to B6 mice, indicating that this region is 

polymorphic even among inbred lab mouse strains (Fig. 18B). As with lab mouse strains, 

humans have a high degree of polymorphisms occurring throughout the mycn locus, 

even in regions of high homology between mouse and human, that range from low to 

high prevalence in the population (Fig. 18C). Thus, polymorphisms in the mycn locus 

confer differential expression of mycn between B6 and 129 mice, and additional 

polymorphisms similarly exist in other strains of mice as well as among humans that 

may result in altered mycn expression and macrophage function. 
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Figure 18. Several polymorphisms exist in the human and mouse mycn loci. 
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Figure 18. Several polymorphisms exist in the human and mouse mycn loci.  

(A) B6 and 129 parent mouse strain identity-by-descent plot in region of genomic 

concordance identified in Fig. 16. Gray regions indicate genomic locations where 

parent mice are identical by descent (>99% sequence homology to ancestral 

gene), and white regions indicate genomic locations where B6 and 129 parents 

differ significantly by sequence. Black lines indicate deletions in the 129 mycn 

locus relative to the B6 mycn locus. (B) Strain polymorphisms exist amongst 

common lab mice. PWK (closed circles), A/J (open circles), WSB (open triangles), 

NZO (closed inverted triangles), 129 (closed triangles), and NOD (open squares) 

strain sequence polymorphisms relative to the B6 mouse strain are shown 

relative to location on Chromosome 12 and mouse mycn gene map. White boxes 

indicate UTRs, gray boxes indicate coding exons, and lines indicate introns. (C) 

Sequence homology of the human mycn locus (>65% sequence homology) to the 

mouse mycn locus is shown relative to location on mouse Chromosome 12 and 

mouse mycn gene map as described in (B). Circles indicate sites of 

polymorphisms in the human mycn locus. Polymorphism minor allele 

frequencies (MAF) are indicated by color, where open circles indicate a global 

MAF of 1-5%, gray circles indicate a global MAF of 5-25%, and black circles 

indicate a global MAF greater than 25%.  
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5.3. Conclusions 

These collective data demonstrate that host genetic variations in mycn 

expression in macrophages alter the outcome of Ab-dependent depletion of 

endogenous and malignant cells. First, variations in CD20 mAb-dependent B cell 

depletion were noted among several lab mouse strains, where 129 mice had 

significantly impaired mAb-dependent depletion of endogenous B cells (Fig 13) 

and primary lymphomas (Fig 14) relative to B6 mice.  An unbiased forward 

genetic screen of mice on a mixed B6 and 129 background revealed that a 1.5 

Mbp region of Chromosome 12 that contains mycn significantly altered CD20 

mAb-dependent lymphoma depletion (Fig. 15-16). Elevated mycn expression 

enhanced mAb-dependent B cell depletion and lymphoma phagocytosis and 

correlated with higher macrophage numbers (Fig. 17). Further, several 

polymorphisms exist in the mycn locus among individuals, including several at 

>25% frequencies in the population, indicating that variations in macrophage 

mycn expression might affect Ab immunotherapy in humans (Fig. 18). Notably, 

this study established and validated an unbiased forward genetics approach to 

identify the totality of factors that influence CD20 mAb therapy in vivo. 
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6. Discussion 

The studies described in Chapters 3, 4, and 5 examine the roles of B cells and 

their humoral immune product, Abs, in the immune system during homeostasis, viral 

infection, and treatment of malignancy. 

6.1. The role of B cells in the Homeostasis and Effector 
Response of the Cellular Immune System 

The data shown in Chapter 3 establish that B cells are required for spleen 

and lymph node T cell homeostasis and optimal CD4+ and CD8+ T cell responses 

during acute LCMV infection. Remarkably, short-term mature B cell depletion in 

both 2- and 4-month-old mice significantly reduced both spleen and lymph node 

CD4+, CD8+, and Treg cell numbers (Fig. 1). These reductions were most likely 

due to alterations in T cell homeostasis following B cell depletion, as no overt 

changes in T cell migration to peripheral organs were observed (Fig. 1). In the 

absence of B cells, activated CD44hiCD62L- CD4+ and CD8+ T cell numbers in 2- 

and 4-month-old mice were more dramatically reduced than naïve 

CD44loCD62L+ CD4+ and CD8+ T cell numbers. As a consequence of fewer T cells 

in B cell-depleted mice, the number of effector CD4+ and CD8+ T cells producing 

IFN-γ and TNF-α was also significantly decreased (Fig. 2). Importantly, B cell-

deficiency during acute LCMV infection led to significant reductions in CD4+ and 
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CD8+ T cell numbers and the generation of activated, effector, and CD4+ cytokine-

producing cells (Figs. 4-5). Virus peptide-specific CD4+ and CD8+ T cell numbers 

and effector generation as well as CD4+ T cell activation and cytokine production 

were also dramatically reduced in mice lacking B cells (Fig. 6), while spleen 

LCMV titers were dramatically increased (Fig. 4C). Thus, B cells were essential 

for maintaining CD4+ and CD8+ T cell homeostasis and optimal T cell responses 

during viral infection. 

6.1.1. B cells Affect CD4 + T cells More Directly and Profoundly than 
CD8+ T cells 

B cell depletion in 2- and 4-month-old mice had an overall negative effect 

on both CD4+ and CD8+ T cell homeostasis and function after only two weeks 

(Fig. 1-2). Chronic B cell depletion over 6-mo in year-old mice similarly resulted 

in a 50-70% reduction in activated CD4+ and cytokine-producing T cell numbers, 

but alterations in CD8+ T cell activation were less dramatic (Fig. 3). In 

complementary studies, acute B cell depletion in mice with otherwise intact 

immune systems impairs adaptive and autoreactive CD4+ T cell responses to 

antigen challenge, whereas CD8+ T cell reactivity is less affected (27, 36). B cell 

depletion also reduces the conversion of naive CD44loCD62L+ CD4+ T cells to an 

activated phenotype in response to Listeria challenge, whereas CD8+ T cell 
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phenotypes are only modestly affected (27). A role for B cells in CD4+ T cell 

priming has also been demonstrated in mice given anti-IgM Ab since birth (23-

26) and in genetically B cell-deficient µMT mice (161). Therapeutic B cell 

depletion in mice also reduces CD4+ and CD8+ T cell tumor immunity in the B16 

melanoma model (34). Thereby, depending on mouse age, status of the immune 

system, and magnitude of the challenge, CD4+ T cell function appears to be more 

B cell-dependent than CD8+ T cell function. 

The importance of CD20 mAb-induced B cell depletion on CD4+, Treg, and 

CD8+ T cell frequencies or numbers in mice have yielded conflicting results, 

ranging from increased (152, 153), unchanged (18, 27, 106, 151) or decreased (33, 

34, 36). Variability between individual mice was also observed in the current 

studies, where the numbers of Treg, CD4+, and CD8+ T cells remaining after 

CD20 or control mAb treatment overlap (Fig. 1B-D). In previous studies, 

differences between lymphocyte subsets among littermates, measurement of 

differences in T cell frequencies versus tissue numbers, variability between ages 

of mice being studied, differences in disease responses to treatments, inherent 

variability in lymph node sizes between littermates and small sample groups are 

likely to have obscured differences between CD20 or control mAb-treated 

groups. The degree of B cell depletion due to the use of different CD20 mAbs and 
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treatment regimens is also important, as changes in cell numbers and lymphoid 

tissue architecture are less pronounced when some B cells remain. For example, 

B cell depletion by CD20 mAb is less effective in NOD mice, due in part to FcγR 

deficiencies (112). CD20 mAb treatment significantly reduces the proliferative 

capacity of CD4+ and CD8+ T cells within tissues of NOD mice, but does not affect 

Treg, CD4+, or CD8+ T cell numbers or phenotypes. Others have also 

demonstrated impaired lymph node T cell activation in congenitally B cell-

deficient NOD mice, suggesting a critical need for B cell costimulatory signals 

(162). The timing of evaluation following B cell depletion is also critical (71, 106), 

as the reductions in total CD4+ and CD8+ T cell numbers one week following 

CD20 mAb treatment are less significant than those that were observed two 

weeks after depletion (Fig. 1, ref. (27)). The global effects on T cell homeostasis 

induced by B cell depletion likely change with disease severity and also with age, 

as was observed for mice chronically depleted of B cells in this study. 

Nonetheless, reduced numbers of activated and effector cytokine-producing 

CD4+ T cells are most likely attributable to suboptimal activation in the absence 

of B cell Ag-presentation in combination with normal T cell turnover (27, 33, 34, 

163, 164). 
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6.1.2. B cell Support is Critical for T cell Functi on during Viral 
Infection 

There was a specific reduction in Ag-specific effector CD8+ cell 

development in the absence of B cells (Fig. 6E). Because CD4+ T cells are critical 

for CD8+ T cell responses to viral infection (28), the observed impact of B cell 

depletion on CD8+ T cell function may be due to B cell-induced alterations in 

CD4+ T cell expansion, function, and memory maintenance, as shown in this 

study and elsewhere (27, 33, 36). The absence of B cells may thereby also 

indirectly impact CD8+ T cell memory development, as memory CD8+ T cells 

derive from the responding Ag-specific effector CD8+ T cell pool (155) and there 

is a reduction in memory CD8+ T cell numbers following LCMV infection in the 

absence of B cells (10). The altered architecture of lymphoid tissues in B cell-

depleted mice may also affect T cell responses. In either event, the delayed 

resolution of viral infection observed in this study may primarily result from 

reduced T cell homeostasis, resulting in lower numbers of activated and 

cytokine-producing CD4+ and CD8+ T cells responding to LCMV. Indeed, T cells 

derived from B cell-deficient mice are unable to develop memory responses 

sufficient to control persistent viral infection (30), and this effect is independent 

of B cell Ab production (37, 38). B cells are also required for optimal CD4+ T cell 
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memory generation and recall responses upon secondary infection, a process 

dependent on B cell MHC-II expression (33, 36). Total and Ag-specific effector, 

pre-memory, and T follicular helper CD4+ T cell development T was also 

significantly inhibited in the current study. Thus, both primary and secondary 

responses to infection are likely to be significantly affected by B cell depletion.  

Acute B cell depletion in mice before LCMV infection resulted in 

dramatically increased virus titers (Fig. 4C), which is in accordance with 

previous studies that demonstrated worsened but not protracted LCMV 

Armstrong infection in B cell-deficient mice (10, 30). Similarly, mice depleted of B 

cells since birth with anti-IgM serum do not develop fully protective T cell 

immunity to virus-induced tumors (165, 166). B cells promote optimal T cell 

activation and function following immunization (27, 35), during viral immunity 

(29, 31-33) and in models of tumor immunity, autoimmunity and graft rejection 

(34, 109, 112, 153, 164, 166, 167). The influence of B cells on both CD4+ and CD8+ T 

cell activation thus reflects the diverse and multiple known molecular 

mechanisms through which B cells influence T cell immunity, including B cell 

contributions to Ag-presentation, costimulatory molecule expression, and 

cytokine production (8). When the immune system develops in the complete 

absence of B cells in µMT mice, multiple immune system abnormalities have 
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been identified. The absence of B cells has been shown to impair CD4+ T cell 

priming in some studies (24, 25, 35, 38, 168, 169), whereas others have reported 

that CD4+ T cell priming is not affected in µMT mice (11, 170-173). Additionally, 

thymocyte and T cell numbers and repertoire are decreased significantly in µMT 

mice (10, 174). Also, because B cells help to organize lymphoid organ 

architecture, the spleens of µMT mice are smaller in size (10), exhibit significant 

defects within the spleen DC and T cell compartments (11, 12), lack follicular 

dendritic cells and marginal zone and metallophilic macrophages (13), have 

decreased chemokine expression (12, 13), and are deficient in Peyer’s patch 

organogenesis and follicular dendritic cell networks (13, 14). Dendritic cells in 

µMT mice also skew immunity towards Th1 responses (11). B cell depletion after 

the establishment and functional maturation of lymphoid tissues as in the 

current studies may also affect non-lymphoid immune cell populations that 

influence LCMV clearance. Nonetheless, acute and chronic B cell depletion in the 

current studies appears to have primarily dampened T cell homeostasis and 

some cell-mediated immune responses in comparison with the more pleiotropic 

effects of congenital B cell deficiency or induced B cell depletion after birth. 
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6.1.3. Implications for Therapeutic B cell Depletio n in Humans 

B cell depletion reduces the pathogenesis of diverse autoimmune diseases 

in humans, where the reconstitution of B cells is often accompanied by disease 

recurrence (175, 176). A subset of human T cells has been reported to express 

CD20 (177-179), and a small subset of human T and natural killer cells has been 

reported to be depleted following CD20 mAb therapy in rheumatoid arthritis 

patients due to low level CD20 expression (176, 178). However, measurable cell 

surface CD20 expression is widely considered to be B cell-restricted in humans 

(180) as it is in mice (71, 181). CD20 mAb treatment in patients with pemphigus 

decreases autoreactive CD4+ T cell frequencies, while overall T cell numbers are 

unaffected (182). Rituximab reduces both B and T cell numbers in cerebrospinal 

fluid of multiple sclerosis patients (183). Treg cell frequencies are reported to 

increase following rituximab treatment in patients with lupus or mixed 

cryoglobulinemia vasculitis (184-186). However, Treg cell and CD4+ T cell 

numbers decreased in parallel following CD20 mAb treatment in the current 

mouse study (Fig. 1). The complexities of studying humans, particularly in those 

with disease undergoing therapy, in combination with the difficulties in 

assessing the extent of tissue B cell depletion, may thereby obfuscate studies of T 

cell alterations in patients acutely or chronically depleted of B cells. Likewise, B 
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cell depletion in mice does not result in overt in vivo monocyte activation nor 

does it measurably influence serum cytokines that could in turn modify T cell 

function (27). That B cells are also required for T cell homeostasis in naïve mice 

and for T cell activation during immune responses to pathogens provides a 

potential mechanism by which B cell depletion delays and reduces the severity of 

T cell-mediated autoimmune diseases (18, 112, 151-153, 187-189), even though 

serum Ab levels are not significantly affected by B cell depletion (105, 150).  

The effects of CD20 mAb treatment on T cell numbers in the current study 

appears to be a direct consequence of B cell depletion and is likely due to the 

previously described disruption of lymphoid tissue architecture in the absence of 

B cells (103), consequently impairing cellular immunity. Thereby, the current 

results suggest a model in which the therapeutic benefits of CD20 mAb treatment 

in autoimmune patients are, at least in part, due to dysregulated T cell 

homeostasis and impaired T cell activation, with the potential cost of rendering 

some patients more susceptible to infections, particularly when given in 

combination with immunosuppressive drugs (175). Indeed, diminished T cell 

numbers and altered responses may explain rare infections in lymphoma 

patients receiving rituximab with microorganisms generally associated with T 

cell immunosuppression such as JC-papovavirus, CMV, or parvovirus B19 (190). 
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Consequently, the impact of efficient B cell depletion on T cell responses 

observed in the current study urges caution in the broad and prolonged 

application of B cell depletion therapies in the clinic. 

6.1.4. Remaining Questions 

This study clearly demonstrated the deleterious effects that B cell 

depletion has on the primary cellular immune response in mice. A recent study 

demonstrated that MHC-II-bearing B cells are required during the primary 

immune response for CD4+ T cells to develop optimal memory to acute LCMV 

and that CD4+ T cells have a more robust recall response in the presence of B 

cells, though this latter effect was independent of B cell antigen presentation (33). 

Future studies should therefore evaluate how B cells support T cell immune 

responses independent of antigen presentation. In this regard, determining 

whether the depletion of different B cell subsets, including B10 cells, alters 

cellular immune responses to different pathogens would be important. Further, 

whether B cell depletion impacts the course and outcome of chronic viral 

infections, including LCMV Clone-13, hepatitis, or HIV, could have significant 

implications for treatment of infected individuals with B cell malignancies. 

Importantly, these data have significant implications for the outcome of 

vaccination of individuals that have previously been treated with B cell-
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depleting therapies and whether B cell depletion after vaccination affects the T 

cell repertoire. Future studies should evaluate whether B cell depletion at 

different stages of an immune response (e.g. before and after immunization) 

differentially impacts the TCR repertoire or T cell effector skewing before and 

after immunization or an immune response. 

6.2. The Role of Lymphoma Genetic Alterations in the 
Development of Resistance to CD20 Immunotherapy 

The results reported in Chapter 4 demonstrate that spontaneous primary 

B cell lymphomas can acquire resistance to CD20 immunotherapy through 

mechanisms independent of CD20 loss. Twenty-two spontaneous primary B cell 

lymphomas examined in this study expressed variable levels of CD20 (Fig. 7) 

and exhibited a wide spectrum of sensitivity to CD20 immunotherapy in vivo, 

which did not correlate with CD20 density (Fig. 8) nor in vivo passage (Figs. 9-

10). Moreover, the acquisition of primary tumor cell resistance to CD20 

immunotherapy during multiple generations of passage occurred regardless of 

whether the tumor cells were exposed to CD20 mAb or control mAb (Fig. 11). 

Therefore, only a low threshold of CD20 expression was required for lymphoma 

depletion by CD20 mAb, with the evolution of molecular changes other than 
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CD20 expression within individual lymphomas driving intrinsic and acquired 

resistance to CD20 mAb therapy. 

6.2.1. Galectin-1 in the Tumor Microenvironment Dir ectly Impairs 
Tumor Immunotherapy 

The unbiased screen of CD20 mAb-resistant and -sensitive lymphomas 

identified Gal-1 as a significant mediator of lymphoma resistance to CD20 

immunotherapy (Figs. 12). Indeed, Gal-1 was not only elevated in primary 

lymphomas that were initially resistant to CD20 immunotherapy, but Gal-1 

expression increased as lymphomas acquired therapy resistance following serial 

in vivo passage. Mechanistically, Gal-1 expression directly impaired macrophage 

mAb-dependent phagocytosis of tumor cells during short-term in vitro culture 

and in vivo CD20 mAb-dependent tumor clearance (Fig. 12). Gal-1 belongs to a 

family of well-conserved carbohydrate-binding proteins that modulate immune 

responses by inhibiting activation and enhancing cell death both in cell-intrinsic 

and -extrinsic capacities (191). Gal-1 is known to have significant 

immunosuppressive effects on human and mouse macrophages, T cells, and 

dendritic cells (192-197). Gal-1 binds N-acetyllactosamine residues on N- and O-

linked glycans on cell surface glycoproteins, including CD3, CD4, CD7, CD8, 

CD43, and CD45, and inhibits TCR-dependent T cell activation and proliferation, 
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leading to T cell apoptosis (192-195). Gal-1 expression by melanoma cell lines 

inhibits T cell-dependent tumor rejection (198). Gal-1 also skews human and 

mouse dendritic cells to an anti-inflammatory phenotype (197). Furthermore, 

Gal-1 exposure attenuates FcγR and MHC-II induction on human and mouse 

macrophages and inhibits macrophage phagocytosis (196). Thus, Gal-1 secreted 

by lymphoma cells may attach to cell surface carbohydrates through its lectin 

domain and confer immune privilege within the tumor microenvironment as 

occurs with other malignancies (191). This demonstration of a functional link 

between Gal-1 expression and lymphoma progression highlights Gal-1 as an 

important molecular target for manipulation that may have significant 

implications for enhancing cancer immunotherapy (198). 

Serum Gal-1 levels increased similarly in mice given BL3750Ctrl or 

BL3750Gal1 cells and both tumors had similar growth rates despite their Gal-1 

expression differences (Fig. 12). Elevated serum Gal-1 levels are also associated 

with lymphoma burden in patients with Hodgkin’s lymphoma (199). However, 

CD20 immunotherapy remained effective in mice given BL3750Ctrl tumors, but 

not in mice given BL3750Gal1 cells. Thus, serum Gal-1 is likely to be symptomatic 

of lymphoma burden, while Gal-1 released within the tumor microenvironment 

confers lymphoma resistance to CD20 immunotherapy. While Gal-1 is 
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overexpressed by B lymphoblastic leukemia (200), Kaposi’s sarcoma (201), and 

classic Hodgkin’s lymphoma cells (202), serum Gal-1 levels also increase with 

disease severity in patients with chronic lymphocytic leukemia (203), classic 

Hodgkin’s lymphoma (199), and prostate tumors (204). Although the cellular 

source of serum Gal-1 is unknown, the current study highlights a novel role for 

lymphoma-derived Gal-1 in specifically inhibiting CD20 immunotherapy in the 

tumor microenvironment in vivo, with the acquisition of tumor Gal-1 expression 

likely to have a significant impact on tumor progression during therapy. 

Thereby, human lymphoma Gal-1 expression may provide a molecular signature 

for therapy-resistant tumors and drugs that counteract the effects of Gal-1 

expression in the tumor microenvironment may enhance lymphoma clearance in 

response to CD20 immunotherapy.  

6.2.2. Lymphoma Resistance to mAb Therapy Develops through 
Multiple Mechanisms 

FcγR polymorphisms and an absence of tumor CD20 expression reduce 

the efficacy of CD20 immunotherapy (85, 98-100, 112). In addition, the 

incomplete depletion of IL-10-producing regulatory B cells (B10 cells) by CD20 

mAb significantly impairs CD20 mAb-dependent lymphoma clearance by 

inhibiting monocyte activation in mice (17), with B10 cells also identified in 
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humans (205). Tumor IL-10 production also inhibits tumor-immunity (48), and 

most chronic lymphocytic leukemias (CLL) retain the functional capacity for IL-

10 expression (159). Because CD20 mAb-dependent lymphoma depletion relies 

on FcγR-dependent macrophage functions, it is expected that Gal-1 expression 

may also impair the function of other CD20 targeted therapeutics for CLL and 

NHL therapy (Arzerra/Ofatumumab, Genmab; Bexxar/131I-labelled 

tositumomab/Bexxar, GlaxoSmithKline). Gal-1 may also inhibit other therapies 

that rely in part on FcγR-dependent macrophage function, such as CD19 mAb for 

lymphoma (7, 140), ERBB2 for breast and gastric cancer treatment 

(Herceptin/Trastuzumab, Genentech) and EGFR for head and neck squamous 

cell carcinoma and colorectal cancer therapy (Erbitux/Cetuximab, Bristol-Myers 

Squibb) (206). Thus, the expression of Gal-1 and other immunosuppressive 

factors within the tumor microenvironment might broadly influence drugs for 

which the mechanism of action relies on FcγR-dependent macrophage function.  

6.2.3. Remaining Questions 

The extent of the lymphoma-intrinsic mechanisms that alter mAb therapy 

remains to be wholly characterized. These studies demonstrate that Gal-1 is an 

important immunoregulator within what is likely to be a large tumor-intrinsic genetic 

network that ultimately dictates lymphoma resistance to CD20 immunotherapy. The 
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contributions of lymphoma Gal-1 expression to CD20 mAb resistance is likely to have 

been missed previously due to intrinsic genetic differences between both tumors and 

patients. Lymphoma resistance to CD20 mAb therapy is likely to also be complicated by 

inherent differences between patient immune responses. This reinforces the value of the 

current pre-clinical mouse lymphoma model, where lymphoma-intrinsic genetic 

alterations conferring resistance to single drug therapies can be identified in an unbiased 

fashion independent of the differential contributions of host genetic heterogeneity and 

environmental factors inherent to all patient populations. Further interrogation of the 

mouse lymphoma family tree outlined in this study is likely to identify additional novel 

immunoregulators that contribute to therapy resistance and the immunologic privilege 

of tumors. This experimental approach can also be applied to other therapies that rely on 

FcγR- and monocyte-dependent mechanisms as well as other drugs. Once identified and 

characterized in mice, these molecular changes can be used to construct lymphoma-

intrinsic molecular/genetic networks that may predict the biological outcome of CD20 

immunotherapy for human disease. Further, the development of drugs that counteract 

factors promoting tumor progression may also enhance the in vivo efficacy of CD20 mAb 

and other cancer immunotherapies. 

Additionally, a complete understanding of Gal-1 in tumor biology remains to be 

fully interrogated, including the mechanisms by which Gal-1 expression is induced or 

enhanced within a tumor. While it is known that activated B cells express Gal-1 (207, 
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208), whether Gal-1 directly promotes malignant transformation or more generally 

promotes immune privilege (208) is not understood. Further, the molecular mechanism 

by which Gal-1 abrogates macrophage mAb-dependent phagocytosis of lymphoma is 

not completely known. Other studies have indicated that Gal-1 expression directly 

reduces macrophage FcγR expression (196), but it remains possible that Gal-1 also 

inhibits CD20 mAb-dependent lymphoma depletion by altering macrophage activation 

or survival in the tumor microenvironment. How Gal-1 specifically affects macrophage-

mediated mAb-dependent phagocytosis could be understood by determining whether 

macrophages downregulate FcγR expression, die faster, or have altered cytokine 

expression profiles in the presence of Gal-1. In the present study, Gal-1 did not impair 

CD20 mAb therapy by masking CD20 from CD20 mAb binding, as staining with the 

CD20 mAb used to deplete lymphoma cells in vivo is unobstructed (Fig. 12). However, 

Ab Fc glycans are important for FcγR binding (209), so it is possible that Gal-1 directly 

impairs FcγR binding of CD20 mAb by saturating the mAb Fc glycans. Whether Gal-1 

blocks or reduces the affinity of FcγRs binding to mAb could be determined by pre-

incubating fluorescently-labeled mAb of varying isotypes with Gal-1 and then 

evaluating whether macrophages are able to bind the fluorescently-labeled mAb 

through FcγRs as efficiently following exposure to Gal-1. Multiple mAb isotypes would 

need to be tested, as residue glycosylation varies between isotypes and may thereby be 

differentially impacted by Gal-1 binding. Additionally, the current study strongly 



 

143 

suggests that therapeutic inhibition of Gal-1 in the tumor microenvironment could 

significantly improve mAb therapy of lymphomas, particularly of those that are 

resistant to CD20 mAb treatment. Indeed, to further the clinical applicability of this 

work, future studies should examine whether the administration of Gal-1-depleting 

mAbs reverses lymphoma resistance to CD20 mAb in vivo. Determining whether Gal-1 

expression by human lymphomas directly impedes human macrophage mAb-

dependent tumor phagocytosis will be a critical first step in validating this molecule for 

clinical intervention. Future work should therefore evaluate the feasibility and efficacy 

of therapeutic Gal-1 intervention during lymphoma mAb therapy. 

6.3. The Role of Host Genetic Determinants in Determining the 
Outcome of Antibody-Dependent Cell Depletion In Vivo 

The data presented in Chapter 5 established that variations in host macrophage 

mycn expression determined the efficacy of CD20 mAb-dependent B cell and lymphoma 

depletion. Splenic B cell depletion by CD20 mAb was significantly perturbed in 129 and 

NOD mice but not among several other lab mouse strains relative to B6 mice (Fig 13). 

Similarly, CD20 mAb-dependent B cell lymphoma depletion was profoundly impaired 

in B6 x 129 F1 mice, while back-crossing F1 mice to B6 progressively increased survival 

(Fig 14), indicating that distinct genetic traits present in both the B6 and 129 

backgrounds contributed to mAb-dependent cell depletion.  Genome-wide quantitative 

linkage analysis identified a 1.5 Mbp region of Chromosome 12 that significantly 

affected lymphoma depletion by CD20 mAb (Fig. 15-16). Differential expression of one 
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gene from this region, mycn, was observed between B6 and 129 macrophages. Elevated 

mycn expression led to greater numbers of macrophages and enhanced B cell depletion 

and lymphoma phagocytosis following mAb immunotherapy (Fig. 17). The mouse mycn 

locus contains several sequence polymorphisms among different mouse strains, while 

several polymorphisms exist in the human mycn locus (Fig. 18). Thus, variations in 

macrophage mycn expression likely also affect Ab immunotherapy in humans. Notably, 

this study established and validated an unbiased forward genetics approach to identify 

the totality of lymphoma-derived factors that influence CD20 mAb therapy in vivo. 

6.3.1. Variations in macrophage mycn expression imp act CD20 mAb 
therapy 

Mycn is a basic helix-loop-helix zipper DNA-binding protein and serves as a 

ubiquitous transcription factors for many genes involved in DNA synthesis, 

proliferation, and cell cycle progression (210, 211). For this reason, mycn and other 

members of the myc protein family, which also includes c-myc, l-myc and p-myc, are 

widely studied for their roles as proto-oncogenes. In particular, mycn amplification is 

present in approximately 20% of all neuroblastomas and its expression is correlated with 

rapid tumor progression and poor outcome (212, 213). During development, mycn is 

critical for neuronal stem cell development and is required for forebrain, hindbrain, 

lung, and heart development (211, 214). Mycn forms a heterodimer with other basic 

helix-loop-helix transcript factors and weakly binds to the E-box CACGTG sequence, 

which can be found in the promoters of a variety of cell cycle- and apoptosis-regulating 
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genes. Recently, alterations in mycn expression have been shown to dramatically alter 

chromatin accessibility through differential histone H3 acetylation and methylation, 

indicating that mycn maintains active euchromatin domains in addition to its activities 

as a specific transcription factor (215, 216). Mycn expression has been observed during 

embryonic nervous tissue development and in newborn mouse brain, kidney, and 

intestine and early hematopoietic stem cells. However, mycn expression has not been 

described in terminally differentiated immune cells. This study therefore characterized a 

novel role for mycn in macrophage generation and effector function, where enhanced 

mycn expression poises macrophages for enhanced activation by direct transcription 

factor activity and/or epigenetic regulation. Intriguingly, modest alterations in mycn 

expression have significant effects on macrophage numbers and phagocytosis, which at 

least in part contributed to alterations in CD20 mAb therapy in vivo (Fig. 17). That small 

changes in mycn expression has significant consequences is consistent with previous 

studies where minor alterations in mycn expression were observed to significantly alter 

heart and lung tissue development (214, 217). There are multiple mechanisms through 

which alterations in mycn expression could lead to elevated macrophage numbers and 

activation, including enhanced proliferation and survival of macrophage precursors. 

The relevance of mycn as a specific transcription factor could be readily evaluated by 

performing chromatin immunoprecipitation and sequencing assays to determine what 

mycn binds in macrophages. It is also possible that, because mycn has been implicated 
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in euchromatin maintenance (215, 216), increased mycn expression results in 

macrophages that are more transcriptionally poised and thereby more rapidly activated. 

Whether mycn expression generally leads to enhanced transcriptional accessibility could 

be determined by comparing global histone acetylation and methylation in wild-type 

and mycn-deficient macrophages. It is important to note that mycn was not necessary 

for macrophage phagocytosis of opsonized tumor in vitro nor CD20 mAb-dependent B 

cell depletion in vivo, though phagocytosis and in vivo depletion were both severely 

blunted in its absence, indicating that additional mechanisms also regulate macrophage 

function during mAb therapy. 

6.3.2. Host genetic background factors into mAb imm unotherapy 
efficacy 

Even though mAb-based therapies have existed for more than 30 years, the 

mechanisms that regulate the activity and efficiency of many mAbs are still debated. For 

CD20 mAb, which is a primary component of NHL therapy in most patients, the initial 

efficacy ranges from 10-60% among different NHL sub-types, despite sustained CD20 

expression (84), and many patients with CD20+ NHLs do not respond to retreatment 

upon relapse (74). Polymorphisms in the activating FcγRIIa and FcγRIIIa proteins have 

been correlated with the outcome of B cell and tumor depletion following CD20 mAb 

treatment patients (98-100). Similarly, differences in B cell depletion between B6 and 

NOD mouse strains have been shown to occur despite comparable levels of CD20 

expression due in part to NOD mouse expression of truncated FcγRI and polymorphic 
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FcγRIII and FcγRIV (112). This study elaborated on these earlier findings by 

demonstrating that differences in mAb-dependent B cell and lymphoma depletion 

among common lab mouse strains can be used to identify genetic features that 

predispose individuals to different therapeutic outcomes and further elucidate the 

mechanism by which different mAb-based therapies function. Indeed, these data 

demonstrated that expression differences in mycn, which was previously not known to 

be expressed in macrophages, can dramatically influence mAb-based cell depletion at 

least in part by controlling macrophage numbers and phagocytosis. Importantly, these 

studies established a system that uses a whole-genome approach to identify the totality 

of genes and their respective polymorphic variants that regulate mAb-dependent cell 

depletion. 

6.3.3. Remaining Questions 

Much of the host genetic landscape that regulates mAb-dependent cell depletion 

remains to be characterized. These data demonstrate that mycn, which accounted for at 

least 20% of the phenotypic variation in this study, is an important component of what is 

surely a much larger network of genetic elements that cooperatively determine mAb 

immunotherapy outcome. That a previously unappreciated factor like mycn was 

identified in this unbiased forward genetic screen and demonstrated to profoundly 

impact mAb-dependent cell depletion demonstrates the power of this system to detect 

genetic elements critical for this molecular process. Importantly, this study established a 
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method and analysis pipeline that can be used to identify the factors driving the 

remaining 80% of the observed variation in mAb-dependent cell depletion. The genetic 

elements defined through these methods need not be specific to CD20 mAb therapy and 

can be applied to other treatments that function through mAb- and macrophage-

dependent mechanisms. The defined host-derived network will ultimately have to be 

considered in tandem with the ongoing tumor-intrinsic molecular processes discussed in 

Chapter 6.2 to ultimately develop a predictive model that will allow for the 

identification of patients likely to respond to mAb treatment and to also identify other 

factors that could be therapeutically manipulated to improve patient outcomes 

following mAb treatment.  

In addition to identifying other factors driving effective cell depletion following 

mAb therapy, the role of mycn in macrophage development, expansion, and function 

remains to be fully described. As mycn expression in macrophages was not previously 

described, it would be important to determine the timing and level of mycn expression 

in macrophage development and additionally whether this occurs in other immune cell 

populations. Understanding the relevant genes and regulatory regions that are directly 

targeted by mycn or are otherwise impacted by altered mycn expression should reveal 

other genetic elements necessary for macrophage development or function. It is also 

possible that research into the mechanism by which mycn is induced in macrophages 

could lead to therapies that enhance mycn expression in macrophages, though this 
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should be approached with caution as mycn is a known proto-oncogene. Further, 

defining the mechanism by which mycn expression is altered in 129 mice, likely due to 

the deletions occurring proximal to the mycn locus, could implicate new factors or 

mechanisms that regulate mycn expression, which could have significant therapeutic 

implications. 
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