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 Tumor surveillance has been proposed as a means whereby the immune system 

monitors and eliminates transformed cells before their growth. Transformed cells that survive 

the immune response are escape variants selected by nature as they have developed 

mutations in immune recognition components.  To boost immune response to these tumors, 

several types of immunotherapies are being studied but so far have had minimal success 
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when translated into patient studies.  Among proposed immunotherapeutic approaches, 

monoclonal antibody treatments have shown the best efficacy in human clinical trials. 

NK cells, cytolytic effector cells of the innate immune system, are implicated in 

tumor surveillance.   Inhibitory Ly49 receptors determine the specificity of murine NK cells 

by recognizing of MHC class I molecules expressed on the target cell.  This allows the 

transmission of inhibitory signals through intracellular signals to block NK cytotoxicity. 

Many tumors express sufficient levels of self MHC class I and are able to escape lysis by NK 

cells. 

 Our lab has been studying the inhibitory regulatory pathways in natural killer cells 

and has developed an approach for enhancing the ability of NK cells to kill tumor cells.  We 

have focused on studying the inhibitory function of the murine Ly49 receptors and provided 

evidence that blocking of negative signals on two inhibitory receptors, Ly49C and I, with a 

monoclonal antibody (5E6), allow NK cells to kill syngeneic leukemia cells more efficiently 

providing an enhanced anti-tumor effect.  To study further the effect of Ly49C/I receptor 

blockade and improve tumor rejection, we developed a transgenic model whereby the 5E6 

Fab antibody fragments are constitutively secreted to allow the sustained blockade of the 

Ly49C/I receptor. These studies detail the generation of these Tg mice and their 

characterization in relation to NK and T cell receptor development, tolerance, autoimmunity 

and tumor surveillance. In addition, we demonstrated an effect of blocking inhibitory 

receptors on NK cells to delay tumor establishment in a nascent tumor model of murine 

chronic myelogenous leukemia.   
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CHAPTER ONE 

Introduction 

  

I.   TUMOR SURVEILLANCE HYPOTHESIS  

Tumors develop when normal cells accumulate genetic mutations in cellular growth or tumor 

suppressor genes that lead to uncontrolled proliferation.  These genetic mutations can affect 

DNA integrity caused by environmental mutagens, genetic predisposition or transformation 

by viruses (1).  To protect cells from the harmful effects of DNA mutational damage, 

intracellular processes have evolved to control and repair DNA damage.  One way the 

harmful effects of DNA damage are prevented is by controlling cell cycle progression.  A 

network of protein kinases regulate the cell cycle (2) by establishing a series of checkpoints 

(1).  These checkpoints maintain genomic integrity and cell viability as they may arrest cell 

cycle progression in cases of extensive DNA damage. Defects in these pathways may result 

in genetic instability and ultimately result in tumorigenic processes (2). 

 Besides the molecular mechanism controlling tumor progression, a theory was set 

forth by Macfarlene Burnet.  He believed that genetic changes to human cells probably 

occurred somewhat frequently and since these changes had harmful consequences, additional 

mechanisms must have evolved to remove these cells.  Burnet refined a theory originally 

suggested by Paul Elrich (in 1909) and Lewis Thomas (in 1957) which implicated the 

immune system as one of these mechanisms.  Burnet described “cancer immunosurveillance” 

(IS) as the ability of the immune system to identify and destroy developing tumors (3).   

1 



2 
 Burnet crafted this theory in great detail taking into account two concepts in 

immunology noted in the literature from 1950-1960’s.  First, tumor antigens were discovered 

by E.J. Foley. He observed that chemical induced tumors possessed antigenic properties (4).  

In addition, while studying hypersensitivity, Thomas discussed “homograft rejection” as a 

way the immune system could attack “self” molecules.   Thomas went on to propose that this 

rejection was mediated by thymus-dependent processes and must be involved in natural 

defense against neoplasia.  Together, these findings led Burnet to envision a method for the 

immune system to distinguish tumor cells from normal cells and induce an effective response 

that prevented tumor progression.  He believed that IS involved a thymus-dependent 

mechanism of “homograft” rejection due to the existence of tumor antigens (5;6).    

 Burnet discussed four well-established observations regarding cancer and proposed IS 

as an explanation for these findings. The first observation noted that the incidence of cancer 

was higher in the elderly.  It was thought that age was a factor that diminished the immune 

response. This notion was supported by a vaccine study in 1947 (5;6) which showed that 

older subjects had reduced immune responses following vaccine administration compared to 

children and young adult subjects.  Burnet deduced that as people age, they mount less 

effective immune responses and therefore their ability to monitor developing tumors may 

also be impaired.  This would provide an explanation for why there was a higher incidence of 

cancers in the elderly (5;6).   

 Secondly, it was observed that patients on immunosuppressive treatments after organ 

transplants (7) or with immunodeficiencies (8) had a higher incidence of tumor development.  

In this example, as well, the ability of the immune system to patrol and eliminate developing 

 



3 
tumors was deemed defective.  Yet, if the immune system was restored, possibly IS could be 

effective in regressing tumor progression.  Burnet pointed out one such example in which an 

immunosuppressed transplant patient developed carcinoma.  Once the patient was removed 

of immunosuppressive therapy, the cancer regressed (5;6). 

 Burnet also proposed IS was the mechanism of spontaneous regression, when an 

established tumor suddenly disappears.  Burnet believed that in these rare cases, the initial 

immune response was ineffective, allowing tumor growth.  He predicted that if the immune 

response could become effective, by an unknown mechanism, the tumor mass could regress 

or be eliminated.  In an examination of over 100 cases of spontaneous regressions, it was 

noted that the commonality among the majority of patients was that they were children or 

young adults.  Presumably, they would have strong immune systems that could respond and 

“spontaneously” eliminate the tumor mass (5;6). 

 Finally, through studies analyzing post-operative tumor specimens, several 

researchers noted a correlation between patients with higher lymphoid infiltrates in the tumor 

mass and an increased rate of survival.  Burnet reviews these studies to point out that 

lymphoid cells infiltrating tumor masses indicated that IS was occurring (5;6).      

 As a result of Burnet’s claims, studies were launched to corroborate the hypothesis of 

IS and its mechanism of action.  One such study supported predictions that IS was mediated 

by cellular components of the immune system.    In this study, neuroblastoma cells were 

removed from human patients and treated in vitro with patient’s lymphocytes or serum. It 

was noted that tumor growth was only inhibited by treatment with lymphocytes, not serum 

(9) therefore supporting IS required cellular components of the immune system.    

 



4 
 To explore the validity of the hypothesis further, experiments were conducted by 

several groups using inbred strains of mice with immunodeficiencies.  As in the human 

system, mice with immunodeficiencies were predicted to have a higher incidence of tumors.  

One study tested the effects of virus inducing transformation in thymectimized mice.  

Polyvoma virus caused tumors in C3H mice but C57BL/6 (B6) mice were resistant to 

transformation.  F1 progeny of C3H x B6 mice had an intermediate phenotype and showed 

50% incidence of tumor growth after viral infection.  But when mice underwent thymectomy 

at early an age,  F1 and B6 mice had significant increases in tumor growth (5;6). 

 In a tumor study conducted by O. Stutman, using athymic nude mice the findings 

were surprisingly opposite.  When Stutman treated nude mice with 3-methylcholanthrene 

(MCA), a potent carcinogen, they did not have a higher incidence of tumor development or a 

shorter tumor latency compared to heterozygous nude controls (10).  Stutman concluded that 

the absence of an intact thymus-dependent immune system did not affect the risk of solid 

tumor formation after MCA exposure.  This study demonstrated that non-virus associated 

cancer (which are found more common in humans) are not more  frequent in an 

immunodeficient model (11).  Even with all the supporting evidence in favor of IS, the 

extensiveness of Stutman’s studies and additional studies using nude mice as a model system 

(3),  temporarily set aside the hypothesis of IS.  

 As better understanding of the immune system was established, studies in nude mice 

were re-evaluated.  It was shown that nude mice were not completely devoid of  cellular 

immunity and that it was therefore not an absolute model of immunodeficiency (12;13). In 

more recent years, the IS hypothesis has been reexamined.  Now, there is sufficient 
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supportive evidence validating the existence of tumor surveillance.  Studies that linked the 

immune response with the development of non-virus associated cancer were pivotal in 

causing the resurgence of the IS hypothesis. 

 These studies utilized genetically engineered mice to study immune components and 

molecules involved with immune effector function.  First, Interferon-γ (IFNγ) was shown to 

play a role in promoting tumor destruction and elimination.  Tumor cells were made 

insensitive to the effects of IFNγ by transfection of dominant negative IFNγ α chain receptor.  

When these IFNγ-insensitive tumors cells were implanted in vivo, they did not elicit a strong 

immune response (14).  This prompted more extensive studies using mice unresponsive to 

the effect of IFNγ.  IFNγ receptor α chain knockout (IFNγR-/-) mice and STAT1 knockout 

(STAT1-/-) mice were developed, since both molecules are required for IFNγ signaling.  

When these mice were exposed to the chemical carcinogen, MCA, the IFNγ unresponsive 

mice developed tumors earlier than controls. In addition, IFNγ unresponsive mice were 

crossed to p53 knockout mice (p53-/-).  Since p53 is a tumor suppressor, its absence results 

in spontaneous tumor development.  The double KO mice, (IFNγR-/- x p53-/-) and (STAT1-

/- x p53-/-) mice, formed tumors more rapidly than controls.  Thus, it was concluded that 

IFNγ plays a critical role in providing the host with a mechanism to eliminate tumors arising 

from chemical or genetic mutations (15).  In addition, studies were conducted in RAG2 

knockout mice (RAG-/-).  These mice, having a defect in recombination-activating gene 2, 

do not produce B or T cells and exhibit tumor development more rapidly than wild type 

controls following MCA exposure.  When RAG-/- mice were crossed to STAT1-/- mice, the 

effect on tumors after MCA exposure was additive.  These double knockout mice developed 
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more spontaneous tumor growth than RAG-/- mice.  This indicated that IFNγ did not only aid 

T and B cells to mount an immune response to spontaneous tumors, but also may act in a T/B 

cell independent manner (16). 

 Another series of studies that provided credibility to the IS hypothesis examined the 

role of perforin dependent cytotoxicity in the elimination of chemically induced and virus 

induced tumors.  Perforin knockout mice (PKO) were challenged with established tumor 

lines, MCA exposure and Moloney murine sarcoma and leukemia virus (MoMSV).  By 

assessing tumor development, it was demonstrated that perforin played a role in the 

elimination of a variety of established tumor lines and MCA induced tumors (17).  

Additional studies confirmed the finding that perforin was critical for IS of spontaneous 

developing tumors as PKO mice exhibited enhanced spontaneous tumor formation (18).   

 When tumors were induced in PKO and B6 mice with the virus, MoMSV, all mice 

developed tumors at a similar rate and kinetics.  In B6 mice, tumor size was the largest 

between day 10 and12, and the tumor decreased in size by day 20.  Interestingly, in PKO 

mice, the size of tumor was larger and the regression of tumors was slower than compared to 

B6 controls.  This finding was interpreted to suggest that perforin-dependent effector cells 

may not be effective in the early innate response to viral induced tumors but may be more 

effective in adaptive phase of tumor rejection.  Experiments where CD8+ cells were depleted 

confirmed that adaptive immune responses were responsible for the observed tumor 

regression (17).   These results suggest that perforin-dependent cells of the innate and 

adaptive immune system are not equivalent in their response to viral induced tumors and may 

have differential response to tumors. 
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 Taken together, these studies buttressed the concept of IS because they demonstrated 

that the immune system was patrolling and eliminating spontaneously occurring and virus-

associated tumors.  This research also indicated that IS entailed a complex response derived 

from the innate and adaptive immune system, involving multiple cell types and cytokines, a 

extension of Burnet’s original hypothesis.  T cells and natural killer (NK) cells have been 

implicated as main effector cell types in IS due to their known ability to secrete of IFNγ and 

lyse targets in a perforin-dependent manner.    

 

II. NATURAL KILLER CELLS 

A.  Description 

The discovery of NK cells forced researchers to revisit initial studies regarding the IS 

hypothesis.  NK cells exhibited natural cytotoxicity or an innate ability to lyse tumor targets 

without prior sensitization (19).  Since their discovery, the base of knowledge regarding NK 

function, regulation and specificity for targets has grown (which will be discussed in this 

section). 

 NK cells have the morphological appearance of large granular lymphocytes. NK cells 

were found to circulate in peripheral blood and reside in the spleen by assessing NK activity 

using functional lytic assays (19-23).  However, NK activity is low in bone marrow (BM), 

where NK cells originate.  And NK activity is absent in other lymphoid tissues such as the 

lymph nodes.   NK cells are also found in the lung specifically within the interstitial 

compartment of the lung (19) shown by immunofluorescent staining (24).  After NK cells 
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mature in the BM, they move into the periphery in response to cytokines or chemokines (19-

23). 

 NK cells originate from a T/NK common progenitor cell.  This developmental link 

accounts for many commonalities seen between NK cells and T cells in regards to their 

cytolytic mechanisms.  NK cells and CTLs use exocytosis of granules containing apoptosis-

inducing proteins and interactions between Fas-FasL and other death receptors to lyse target 

cells (25;26).  Yet, NK cells differ from T cells in their regulation of cytotoxicity.  NK cells, 

unlike T cells, are part of the innate immune system and do not express antigen specific TCR 

type receptors and do not require prior sensitization to function.  The mechanism by which 

they initiate cytotoxicity is thought to be different than T cells. Recent visual microscopy 

data supports this prediction.  By observing effector: target coupling events, it was noted that 

CTL are decisive in their action to lyse a target cell.  NK cells are more tentative and appear 

to undergo a series of checkpoints before they kill (27). By studying cell surface receptors, it 

has been shown that T cells and NK cells are regulated by their receptors-ligand interactions 

(see NK regulation).   

 NK cells can be distinguished from T cells by surface expression markers.  Murine 

NK cells are CD3 negative and express CD16 (FcRIII) and CD49a (detected by DX5 mAb) 

(28).  NK cells in some strains are NK1.1 positive (19).  Human NK cells are also CD3 

negative and express CD16 and CD56 (19;29).  A type of T cell, the NKT cell has aspects of 

both T and NK cell types.  NKT cells are defined by their shared expression of 

NK1.1+CD3+.  They are mostly CD8+ or CD4+ and have a limited TCR repertoire and 

exhibit specificity to glycolipid antigen (30). 
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B.  NK Functions 

1.  Tumor Surveillance  

NK cells were first identified for their ability to spontaneously lyse tumor targets.  

Specifically, lymphoid cells from many inbred strains of mice were found to have 

cytotoxicity against various syngeneic and allogeneic tumors. Effector cells responsible for 

this action were characterized by two investigators simultaneously.  Kiessling and 

Herberman observed remarkably fast lysis of tumor targets, such as Moloney Leukemia cell 

(YAC-1), by splenocytes.  Visual evaluation of this cell of interest revealed morphology 

similar to other lymphocytes.  Depletion of B and T cells from splenocytes did not abrogate 

cytotoxicity; instead it was enhanced, possibly due to the enrichment of the responsible cell 

type.   Studies in athymic and nude mice confirmed that natural cytotoxicity was mediated in 

a T- independent fashion.  And it was noted that natural cytoxicity was not present until mice 

were of 3 weeks of age.  Because of these findings, it was thought that the natural cytoxicity 

was attributed to an undefined immune cell, distinct from other known immune effectors  

(20;21;31;32).  This was an important finding because natural cytoxicity had significant 

implications for controlling in vivo tumor growth and cancer (33).  Kiessling described these 

cells as spontaneous or ‘natural killer’ cells (22;23).  

 To better understand the effectiveness of NK lysis of tumors in vivo, several studies 

utilized a mutant strain of mouse with an NK deficiency, the beige mouse.  Mice 

homozygous for the beige (bg/bg) defect exhibited impairment of NK activity.  In vitro, 

splenocytes from bg/bg mice displayed severely reduced cytotoxicity compared to 
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heterozygous beige (bg/+) mice (34).   In vivo, when mice were challenged with sub-

cutaneous injections of tumor cells derived from chemically and virally induced tumors, 

bg/bg mice developed tumors faster and died earlier compared to their bg/+ controls (34).  

Additionally, tumor growth in beige mice was investigated using an NK sensitive and 

insensitive tumor line, where sensitivity was determined by in vitro experiments.  In this 

study, the NK sensitive tumors grew faster in bg/bg mice compared bg/+ controls while no 

difference in growth was observed using the NK insensitive line (35).  In a study by Haliotis, 

bg/bg and bg/+ mice were challenged with several types of tumors such as spontaneous 

tumors, chemically, virally and irradiation induced tumors.  NK defective bg/bg mice died 

with spontaneous tumors and tumors induced by the chemical carcinogen, benzo [alpha] 

pyrene (BP) earlier than normal mice or bg/+ mice, supporting the role of NK cells in IS.  

But when tumors were induced by other chemical carcinogens such as 

dimethylbenzanthracene (DMBA), irradiation or virally induced tumors, there was not a 

statistical difference between bg/bg and bg +/-mice.  This suggested that NK cells may be 

effective in the surveillance of certain types of tumors (36).     

 

2.  Hybrid Resistance 

The ability of NK cells to acutely reject MHC-mismatched bone marrow cells (BMC) was 

observed prior to the “discovery” of NK cells.  It was generally assumed that total body 

irradiation resulted in total immunosuppression (37).  Gustavo Cudkowicz made an 

observation that challenged this notion and the established laws of transplantation which 

were based on the idea that all parental histocompatibility antigens were expressed by F1 
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progeny and should have allowed for tolerance to parental strains grafts.  Cudkowicz 

observed that irradiated F1 hybrid progeny mice could often reject BMC from either parent, 

implying that histocompatibility antigens were not co-inherited in F1 hybrids.  This finding, 

termed “hybrid resistance” (HR), was very controversial at the time but a retrospective view 

of the literature revealed that other researchers observed similar findings (38). 

 Studies were initiated to understand the immune mechanism responsible for hybrid 

resistance.  Rejection of parental BM grafts by F1 mice was thought to be due to the absence 

of hybrid or hematopoietic histocompatibility antigens (Hh).  It was hypothesized that these 

Hh antigens required homozyosity and therefore were not co-dominantly expressed in F1 

mice.  Genetic analysis mapped Hh antigens to an H2 gene locus (38).  In addition, 

Cudkowicz predicted that cellular immunity was involved in HR because anti-parental strain 

antibodies were not detected in F1 mice (38).  But interestingly, parental BMC rejection by 

F1 mice was not affected by thymectomy (37;39).   

 Cudkowicz and Bennett defined several characteristics of the effector cells of HR.  

HR was not affected by varying doses of irradiation (37;39).  Infant mice between 15-20 days 

old could not reject parental BMC, but at day 22 mice become resistant to parental BM grafts 

(37;39). It was determined that the effector cells had a radiosensitive hematopoietic 

precursor.  HR was weakened in mice pretreated with sub-lethal dose of irradiation, to 

deplete hematopoietic precursors, 1-2 weeks prior to bone marrow transplantation (BMT) 

with parental BMC (38).  In addition, Bennett showed that 89Sr, a bone seeking isotope, was 

able to abrogate HR in a dose dependent manner (40).  This suggested that a BM dependent 

cell was required for HR.  The timing of rejection supported the prediction that HR was 
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performed by the innate immune system. At different time points after primary BMT, host 

splenocytes were transferred into syngeneic secondary recipients.  By assessing engraftment 

in secondary recipients, it was determined that primary rejection began no sooner than 12 

hours and was completed within 24-36 hours, too short a time to implicate adaptive 

immunity (40).     

 After the discovery of NK cells by Herberman and Kiessling, it became apparent that 

NK cells had many similarities to the effector cell involved in HR (41).   The development of 

anti-NK antibodies and the use of the NK-defective beige mouse strain allowed for further 

studies that showed reduction or elimination of NK activity weakened or abrogated acute BM 

graft rejection.   Therefore, it was established that NK cells were the main effector cell 

involved in HR (38). 

 

3.  Additional NK functions 

After the discovery of NK cells by in vitro cytotoxicity assay results, their role in tumor 

clearance and rejection of MHC mismatched BMC became apparent.  As more research 

regarding their function has been conducted, their role in immune activities has been 

expanded.   It is thought that NK cells play a role during pregnancy since these cells have 

been found in high numbers at the maternal-fetal interface, specifically decidualized human 

uterus.  Investigators predict that NK cells may participate in the allorecognition mechanisms 

during pregnancy (42).  NK cells also play a role in regulating immune responses of other 

immune cell types through secretion of cytokines.  Through this process, NK cells have been 

implicated in autoimmunity and tissue inflammation (43) by immune modulation of T cell or 
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B cell dependent processes (44).  NK cells also play a role in eliminating virus-infected cells.   

NK cells respond to virus-induced interferon α/β (IFN-α  and β) which allows them to 

participate in innate defense against viral infections. The role of NK cells in viral infections 

was supported by observations that patients with impaired NK cells were more susceptible to 

severe infectious diseases (45;46). 

 

C.  NK regulation 

1.  Missing Self Hypothesis 

NK cells and T cells vary in their regulation and specificity for target cells.  T cell activation 

relies on TCR recognition of antigenic peptides in the context of MHC class I molecules.  

Klas Kärre suggested that NK cells can recognize and lyse targets because they express 

reduced levels of ‘self’ MHC class I molecules.  This meant that NK cells do not kill targets 

because they express foreign antigens but instead respond to the lack of ‘self’ MHC 

molecules. Using H2 class I-deficient tumor variants, the hypothesis was formally tested.  

Tumor challenges in B6 mice showed that H2 deficient tumor variants were rejected while 

parental H2 positive tumors were not.  The nature of the rejection was consistent with known 

characteristics of NK cells as rejection did not require prior immunization and was 

independent of T cell activity.  Experiments using NK depleting antibody treatment 

confirmed rejection of H2 deficient tumors was mediated by NK cells.  In addition, restoring 

H2 expression on tumor variants by transfection re-established their resistance to NK 

mediated lysis (47).  
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 The missing self hypothesis also provided an explanation for HR, as an alternative to 

the Hh hypothesis.  F1 hybrids (H2 b/d) reject parental BM grafts (H2b/b) because the graft 

fails to express one H2 allele of the host.  This causes NK cells to eliminate the graft since it 

does not display all self MHC molecules of host (47).  

 The missing self hypothesis states that there is an inverse correlation between MHC 

class I levels and target lysis by NK cells.  The significance of NK regulation in this manner 

suggests that NK cells and T cells may have complementary roles in the elimination of 

harmful cells.  Adapting to immune selective pressures, transformed or virus infected cells 

can evade T cells by downregulating MHC class I molecules since T cell identification of 

targets requires MHC class I expression.  In turn, these cells may become sensitive to NK 

cell mediated lysis.   

 

2.  NK Receptors 

NK cell activity is controlled by a diverse set of cell surface receptors.  The function of these 

receptors is contingent on environmental factors, such as the nature of the target and 

cytokines (48).  Each cell can express multiple activating and inhibitory receptors and 

cytotoxicity depends on a balance of these signals (48-53). In most cases,  it is thought that 

the inhibitory signal dominates to prevent autoreactive effects (51;53).  Some of these 

receptors that will be discussed in this section are Ly49 in mice and KIRs in human, CD94, 

NKG2 family and 2B4.  

 

a. Inhibitory MHC class I specific receptors: 
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The discovery of NK receptors specific for MHC class I molecules gave further credence to 

the missing self hypothesis as the mechanism by which NK cells identify their targets.  Many 

of these receptors are encoded by a cluster of genes, called the NK gene complex (NKC), 

found on chromosome 6 in mice and chromosome 12 in humans.  These genes are 

preferentially expressed in NK cells (48;54). 

 

i. Inhibitory Ly49 and KIRs 

By genomic sequencing of the B6 mouse strain, the Ly49 family was one of the first to be 

identified and has been found to contain at least 16 full-length genes and pseudogenes (Ly49a 

to Ly49q) (53).  The Ly49 family of receptors is highly related and share greater than 80% 

amino acid identity.  These receptors are C-type lectin transmembrane proteins found as 

disulfide linked homodimers.  Diversity among the gene family is established by alternative 

splicing and allelic polymorphism (50;53).  Analysis of other inbred strains of mice has 

revealed further variation among this receptor family (55;56). 

 Ly49 receptors are expressed randomly (57).  In addition, NK cells can express 

multiple inhibitory receptors but “at least one” inhibitory receptor is present for each self 

MHC class I allele.  And, NK cells can co-express inhibitory receptors for non-self MHC 

class I, the purpose of which is not well understood (58).  Ly49 receptors are expressed on 

overlapping sub-populations of NK cells and with overlapping specificity, in which more 

than one receptor sees the same MHC ligand.  Ly49A was one of the first described NK 

inhibitory receptors (48-53).  It is expressed on 10-20% of NK cells in most inbred strains 

and binds the MHC class I molecules, H2Dd, Dk.  The Ly49A ligand specificity and 
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inhibitory function was demonstrated in functional assays that showed Ly49A+ NK cells 

were unable to lyse H2Dd or Dk+ target cells (59).  Another inhibitory Ly49 receptor, 

Ly49G2, found on 50% of NK cells and binds H2Dd, H2Ld.  In functional studies, inhibition 

of lysis of H2-Dd+ targets was blocked by use of a monoclonal antibody (mAb) specific for 

Ly49G2, named 4D11 (60).   

 The 5E6 mAb stained a subset of NK cells, later determined to be Ly49C+ and 

Ly49I+ cells.  Initial studies described the function and specificity of the 5E6+ subset in BM 

rejection.  The 5E6 mAb was developed by immunizing 129/J mice (H2b) with intrasplenic 

injections of purified B6 NK cells, for the purpose of identifying new NK receptors in the B6 

strain of mice. Flow cytometry showed that the 5E6 mAb stained approximately 40-50% of 

B6 NK cells.  Functional assays determined that the 5E6+ subset of NK cells was inhibited 

by H2b, and this subset was involved in the rejection of H2d BM (in vivo) and lysis of H2d 

tumor targets (in vitro) (61;62).  Later studies showed that the 5E6 mAb cross-reacted with 

two Ly49 receptors, Ly49C and Ly49I (63).  Ly49C was shown to bind H2d, H2k, H2b, H2s 

(64).  And in vitro binding studies showed that Ly49I interacts with H2b, H2k, H2q, H2r and 

H2v (65).  Functional assays show strong inhibition of Ly49I by H2Kb (64). 

 In humans, killer cell immunoglobulin-like receptors (KIRs) are encoded by the 

NKC.  These receptors can be considered functionally similar to Ly49 receptors since both 

families have paired activating and inhibitory activities and interact with MHC class I 

molecules.  But structurally, they are divergent as KIRs are part of the immunoglobulin (Ig) 

superfamily and found as monomers.  Individual KIR receptors are named in accordance 

with the number of extracellular Ig domains they contain.  For example, KIR3D has three Ig 
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domains in the extracellular region and binds HLA-A and HLA-B.  KIR2D has two Ig 

domains in the extracellular region and sees HLA-C.  Like Ly49 receptors, there is great 

diversity among KIR receptor expression due to alternative splicing and allelic 

polymorphism (50).  

 

ii. Inhibitory Ly49 receptors on T cells 

In recent years, several transgenic (Tg) mice have been developed to express Ly49 inhibitory 

receptors on all NK and T cells.  In nature, inhibitory NK receptors have been found to be 

expressed on a small subset of T cells including NKT cells, CD8+ αβ T cells, CD4+ αβ T 

cells and γδ T cells (66).  Ly49 expression on T cells may be increased after viral infection 

(67).  In general, the function of Ly49 receptors on T cells is not well understood.  To better 

elucidate the role of Ly49 on T cell function, Ly49 inhibitory receptor Tg mice have been 

studied.   

 In one set of studies by W. Held’s group, the Ly49A transgene was regulated by 

MHC class I promoter and these mice showed MHC class I-specific inhibition of NK cells by 

preventing rejection of H2d BM grafts and inhibiting T cell proliferation (68).  To further 

study Ly49+T cell responses, a Ly49A Tg line developed by C. Sentman expressing the 

receptor transgene using the CD2 promoter, was bred to αβ TCR Tg mice (69;70). In these 

mice, Ly49A+ T cells showed reduced responsiveness to target cells expressing H2Dd 

(Ly49A ligand) unless Ly49A was blocked by mAb or an excess of antigenic peptide was 

provided.  This indicated that Ly49 inhibitory function on T cells is similar to its function on 

NK cells, but the inhibitory signal can be overcome by a strong activating signal through the 
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TCR (71).  These results led to a separate study by P. Duplay, which assessed what factors 

attributed to T cell activation in the presence of inhibitory Ly49 engagement using Ly49A 

and Ly49C transfected cells.  Based on in vitro assays, it was predicted that strength of 

inhibition by NK inhibitory receptors correlated with surface receptor density and affinity for 

encountered ligand (72).   This claim was supported by plasmon resonance analysis which 

shows that H2Dd and Ly49A interactions are the strongest among the inhibitory Ly49-ligand 

combinations studied (73), with KD values similar to TCR-MHC interactions (74). 

 To demonstrate the significance of Ly49 inhibitory receptor activity on T cells, 

Ly49A was compared to CTLA-4, known to downregulate T cell activity (75).  CTLA-4 

knockout (CTLA-4 -/-) mice develop lymphoproliferative disorder due to the lack of a 

negative regulator of T cell activity (76).  When CTLA-4-/- mice, in Dd background, were 

bred to Ly49A Tg mice, Ly49A engagement on T cells rescued these mice from the 

lymphoproliferative phenotype found in the original CTLA-4-/- mice.  This study suggested 

that Ly49A compensated for lack of inhibitory signals on T cells and prevented activation 

and expansion of the potentially harmful T cells.  

  Similar to the murine system, inhibitory KIRs may be negative regulators of certain 

T cells since their engagement has been shown to impair T cell activation by affecting 

cytoskeleton reorganization (77).  To study human lymphocyte activation in vivo, Tg mice 

were created that overexpressed the KIR receptor, KIR2DL3 or CD158b, which recognizes 

HLA-Cw3.  CD158b KIR expression was functional on NK cells in these mice since the Tg 

mice were unable to reject BM grafts expressing HLA-Cw3.  In regards to T cell activity, 
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these findings mirrored results of the Ly49A Tg mice (70) where inhibitory receptor 

expression could modulate but not prevent T cell activation (50;66;77).   

 Ly49A may be a powerful regulator of T cell activity in the presence of its MHC 

class I ligand, but studies in Ly49I Tg mice suggest that not all Ly49 receptors have such an 

impact in T cell activation.  Ly49I Tg mice (in FVB background) did not exhibit defects in T 

cell activation or proliferation.  In these Tg mice, the Ly49I receptor, driven by a Thy-1 

promoter, was functional since these mice were unable to reject of H2b BM (78;79).  Yet, 

when T cell receptor repertoires and activation was studied, no significant changes were 

noted from controls.  Even though Ly49 receptors have great genetic and structural 

similarities, this finding suggests that individual Ly49 receptors interact differently with 

molecules affecting T cell activity (80).   The crystal structures of Ly49A and Ly49I were 

compared and revealed that spatial arrangement of the Ly49I dimer differed from the Ly49A 

dimer.  The Ly49I dimer shows a more open spatial configuration.  This further implies that 

there may be fundamental differences in the manner in which Ly49A and Ly49I interacts 

with their cognate ligands (81). 

 In mice and in humans, these inhibitory receptors are mostly found on CD8+ T cells 

and rarely found on CD4+ T cells.  Inhibitory receptor expressing T cells do accumulate with 

age and infection.  Initially, it was believed that these cells have a memory phenotype 

because Ly49+ T cells also expressed some markers that are associated with memory cells 

(66;82). More recent data suggests that these cells do not function as memory cells in 

response to infection (67).  The earlier thought was that inhibitory receptors may function on 

memory T cells to help maintain a senescent state until a significant activating signal is 
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provided. Now the data is shifting to a notion that these cells are present in a transitional 

capacity until true memory cells develop (67). 

 

iii. Influence of Ly49 receptors on Tolerance 

Immunological tolerance is vital to prevent autoreactivity.  The mechanisms involved in 

developing and maintaining NK tolerance are not well established.  It is believed that 

inhibitory NK receptors play a crucial role in NK tolerance.  Even though NK cell receptors 

are germline encoded, Ly49 and KIR receptors expression varies among different inbred 

strains and between individuals.   There is evidence that NK receptor expression adapts to the 

environment according to MHC class I expression (83-85).    β2m knockout mice (β2m-/-) 

have an increased surface expression of Ly49 on their NK cells compared to B6 controls 

(84;86).  In more detailed studies, it was observed that Ly49-MHC ligand interactions 

influenced the Ly49 receptor repertoire in mice double Tg for Ly49A and Ly49C, developed 

by C. Sentman (69;70).  Expression of other Ly49 receptors (Ly49G2, Ly49A and Ly49D) 

was evaluated in Ly49A, C and C/A Tg mice in the presence and absence of their cognate 

ligands.  When the ligand for the Ly49 transgene was present (Ly49ATg in H2d background 

and Ly49C Tg in H2b background), other Ly49 receptor expression was down-modulated.  

When ligands were not present for the Tg Ly49A or C (Ly49C Tg in H2d background), 

receptor expression was comparable to controls.  And when both transgenes were expressed 

in a H2b/d background, the expression of Ly49G2, Ly49A and Ly49D was further reduced 

(87).   Ly49 receptor alteration may be a process required to maintain a balance between 

activating and inhibitory signals.  MHC class I may help NK cells calibrate receptor 
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expression as a way to limit the generation of hypoactive NK cells with excess inhibitory 

receptors (88).  

 The influence of host MHC class I molecules on NK cell function is also 

demonstrated by the generation of BM chimeras.  For example, by creating B6 to β2mo 

radiation chimeras, it was apparent that B6 NK cells became tolerant to class I deficient β2mo 

BMC (89).  In addition, HR can be abrogated by transfer of BMC into irradiated mice (H2b/k 

into H2b mice). These chimeras accept H2b but reject a third-party H2d BMC (38).  The D8 

Tg mice express a transgene for MHC Dd in the B6 background (90;91). NK cells of these 

mice reject B6 but not D8 tumor cells or BMC grafts. However, when chimeras were made 

using BMC from B6 mouse into D8 host (B6>D8), these mice accepted B6 and D8 BM 

grafts (38).   When spleen cells from these mice were sorted for Dd+ and Dd- cells and 

cultured in vitro, Dd+ cells could lyse Dd- but not Dd+ target cells.  This suggested that Dd+ 

cells were not tolerant to Dd- targets unless they were in a mixed population (Dd+ and Dd- 

cells) (90;91).   Additional studies have examined NK cell activity in fully MHC-mismatched 

chimeras.  In experiments using BALB/c to B6 long term BMC chimeras, these mice 

accepted BALB/c and B6 BM grafts but rejected β2m-/- BM.  As previously reported, NK 

tolerance was reversed when NK cells from chimeras were cultured in IL-2, but in vivo 

administration of high doses of IL-2 did not alter NK tolerance (92).  A more striking result 

was observed when B6 to TAP-1º BMC chimeras were generated in our lab.  In these 

chimeric mice, the Ly49 receptor repertoire was not altered on B6 NK cells but these 

chimeras were tolerant to TAP-1º and BALB/c (a third party) BM grafts.  To study the effect 

of host environment on NK tolerance, secondary TAP-1º chimeras were made by transferring 
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B6 to TAP-1º chimeric BM into irradiated B6 or TAP-1º host (B6>TAP→B6 or 

B6>TAP→TAP).  When challenged with TAP-1º BMC, these secondary chimeras rejected 

BM based on the previous host environment (unpublished data).  NK cells from chimeric 

mice (such as B6 >TAP chimera) were tolerized to new host environment (such as TAP).  All 

together these studies support the idea that the host MHC class I environment dictates NK 

tolerance.  

 In addition, NK receptors influence tolerance mechanisms of T cells.  Ly49A Tg mice 

experience a severe inflammatory disorder in which the mice die within the first few weeks 

of age (69).  By assessing TCR specificities, it was determined that certain Vβ T cell clones 

normally deleted in normal mice, were present in the Ly49A Tg mice.  Proper T cell 

development relies on signaling between TCR and MHC molecules. This finding suggested 

that Ly49 receptors could participate in T cell development, maybe by attenuating TCR 

signaling threshold.  Therefore, an alteration of Ly49 expression on T cells may affect T cell 

tolerance mechanisms (69).   

  

iv. Inhibitory NKG2 Family and CD94  

Similar to the Ly49 receptors, the NKG2 family of receptors is c-type lectin proteins.  They 

require dimerization with CD94 for cell surface expression (29;50;53;88).  CD94 is an 

invariant common subunit that has limited allelic polymorphism. NKG2/CD94 receptors 

were first identified in humans but are highly conserved in the murine system. These 

heterodimers bind non-classical MHC class I molecules, HLA-E or the HLA-E related 

molecule, Qa-1 in mice.  These molecules are nonpolymorphic and present peptides from 
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classical MHC class I or HLA leader peptides (50;53;88).  Therefore, CD94/NKG2 receptors 

allow NK cells to indirectly examine the state of MHC class I expression on target cells (53) 

 

v. Inhibitory Receptor Signaling 

Inhibitory receptor signaling has been more extensively studied with regards to KIRs.  Since 

both mouse and human inhibitory receptors contain immuno-receptor tyrosine based 

inhibitory motifs (ITIMs) in their cytoplasmic domains, it is thought that their signaling 

mechanisms are similar (52).  These ITIM motifs become phosphorylated once the receptor 

is engaged by its ligand.  The phosphorylated ITIMs then recruit tyrosine phosphatases, 

(SH)-containing tyrosine phosphatase (SHP)-1 and SHP-2.  Phosphatases are thought to de-

phosphorylate substrates required for NK cell activation.  Substrates for SHP-1 and SHP-2 

are not well described, but may include molecules such as Syk, ZAP 70, phosolipase Cγ, 

SLP-76, vav and Rac (48;50;51;93).  It is believed that the block in NK activation, initiated 

by inhibitory receptor engagement, occurs early in the signaling cascade since inositol-1,4,5-

triphoshate production and calcium flux are not detected (51).   

 

b. Non-MHC Specific Inhibitory Receptors: Example of 2B4 

Over the past several years, there has been much debate regarding the function of the 2B4 

(CD244) receptor.  It differs from other inhibitory NK receptors because its signaling is not 

mediated by MHC class I and its does not contain intracellular ITIM motifs.  Instead 2B4 

interacts with CD48 ligand (94) and contains immuno-receptor tyrosine-based switch motifs, 

ITSMs, intracellular tyrosine phosphorylation sites.  There are two alterative spliced isoforms 
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of murine 2B4.  Each form was transfected into the rat NK cell line, RNK-16, and a series of 

functional lytic assays revealed that 2B4L and 2B4S had contrasting functions.  2B4S was 

thought to be activating and contains one ITSM and 2B4L was thought to be inhibitory 

containing 4 ITSMs (similar to human form of 2B4) (95).   2B4L is predominantly expressed 

on B6 NK cells (96).  Originally, functional studies using anti-2B4 mAb, showed that the 

lytic activity and IFNγ secretion was enhanced.  This data was interpreted identifying 2B4 as 

an activating receptor (97;98).  Recently, the role of murine 2B4 was investigated using 2B4 

knockout (2B4-/-) by in vivo experiments.  These studies showed that 2B4-CD48 interactions 

inhibited lysis and IFNγ production by NK cells (98).   This was confirmed by in vitro 

studies testing lytic activity of B6 or 2B4-/- NK cells on CD48(+/-) variants of the P815 

tumor cell line (96).  

 

3.  NK Activating Receptors 

NK activation allows for the release of cytokines to modulate immune responses and the 

initiation of cytotoxic mechanisms (19).  It is believed that NK target lysis is determined by 

ligand cross linking of activating receptors and the lack (or reduction) of inhibitory receptor 

engagement.  The majority of information regarding NK receptors relates to inhibitory 

receptors and ligands.  But, recently, there has been progress to elucidate the role of NK 

activating receptors and their ligands in BM rejection, clearance of transformed cells and 

viral-infected cells.   

 Activating receptors, such as Ly49D and Ly49H, are similar to the inhibitory Ly49 

receptors except they lack ITIMs for cytoplasmic signaling.   Instead, these receptors contain 
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a positively charged amino acid residue in the transmembrane region allowing association 

with the DNAX-activating protein of 12 kDa (DAP12) molecule.  DAP12 is an adaptor 

molecule that transduces the activating signals through cytoplasmic immuno-receptor 

tyrosine-based activation motifs (ITAMs) (53;99).  NKG2D associates with DAP10 adaptor 

molecule which transmits an activating signal through a YxxM cytoplasmic motif (100).   It 

differs from other NKG2 family members because it does not require CD94 for expression 

but is actually expressed as a homodimer (101) 

 

a. Activating MHC class I specific receptors: 

As previously discussed, the missing self hypothesis provided explanation for how HR 

occurred.  It also helped explain why D8 mice (B6 mice Tg for Dd) can reject B6 (H2b) BM, 

as the B6 graft fails to express an H2-Dd allele of the host.  But, the missing self hypothesis 

did not explain why B6 mice rejected D8 BMC (102-104).  The expectation was that B6 

mice would accept D8 BMC because H2b/d F1 hybrid BMC are accepted by the B6 parental 

host (105) .  The rejection of D8 BM by B6 mice was reversed in the presence of an anti-

Ly49A/D antibody (4E5 mAb) (106) and in vitro, anti-Ly49D mAb blocked lysis of H2d Con 

A lymphoblasts by B6 NK cells.  These results implicated Ly49D+ cells as the effectors of 

rejection of Dd+ cells.   To properly test lytic ability of Ly49D+ cells, B6 NK cells were 

selected that did not express inhibitory receptors, Ly49A, C, G2 and I.  A small subset of NK 

cells, Ly49D+ and Ly49A/C/G2/I- was isolated by flow cytometric sorting.  These Ly49D+ 

cells, not affected by inhibitory Ly49 receptor signaling, were able to lyse D8 target cells. 
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Thus, it was concluded that this small subset of NK cells was responsible for B6 host 

rejection of D8 BM (107).  

 Ly49D has also been found to recognize a molecule termed Hm1-C4 on Chinese 

hamster ovary (CHO) cells.  In fact, CHO cell lysis could be inhibited by blocking the 

function of Ly49D on B6 NK cells with the 4E4 mAb.  Interestingly, Hm1-C4 structurally 

resembles classical MHC class I molecules (108).  Hm1-C4 is an example of how activating 

NK receptors detect MHC class I “like” molecules.  

 

b. Activating receptors recognizing MHC-like molecules: 

Other activating receptors have also been found to recognize the MHC class I like molecules.  

Ly49H binds to m157, a viral glycoprotein of mouse cytomegalovirus (MCMV) (109).  This 

finding followed another pivotal discovery made by studying genetic resistance to MCMV.  

B6 mice are resistance to MCMV (Cmv1r) but other inbred strains, such as BALB/c and 

DBA/2 are susceptible to MCMV (Cmv1s) infection.  MCMV susceptibility was genetically 

mapped to the cmv1 locus found on murine chromosome 6 at the NKC (110;111).   The 

relationship between the NKC and MCMV resistance was revealed in studies by S. Vidal, 

using the recombinant inbred strain BXD-8.  BXD-8 mice derived from B6 (Cmv1r) and 

DBA2 (Cmv1s), are highly susceptible to MCMV infection but contain a B6 haplotype at 

Cmv1. Analysis of expression patterns of the NKC indicated a deletion of Ly49H in BXD-8 

mice.  As this was the only alteration among the two strains, it was believed to account for 

MCMV resistance. This conclusion was supported by additional studies that showed 

blocking Ly49H or depleting Ly49H+ cells in B6 mice induced susceptibility to MCMV 
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infection (112-114).  Moreover, Ly49H- susceptible strains could be made resistant with Tg 

expression of Ly49H (115).   

 L. Lanier initiated experiments to identify the ligand for Ly49H.  Since it was shown 

that Ly49H conferred MCMV resistance and that other Ly49 receptors bound MHC class I 

molecules, it was speculated that Ly49H probably recognized a ‘self’ MHC class I molecule 

presenting a viral peptide or ‘self’ MHC molecule altered by viral infection.  To test this 

hypothesis, an innovative experimental design was implemented.  T cell hybridoma cells 

were transfected with Ly49H and DAP12, required for activation signaling.  NFAT-green 

fluorescent protein (GFP) was used as a reporter for cell activation, therefore cross-linking 

Ly49H with mAb allowed the cells to fluoresce.  To determine the interaction between 

Ly49H and MHC, CMV uninfected and infected β2M-/- fibroblasts were used to test the 

Ly49H reporter system.  Most Ly49 receptors bind fully assembled MHC class I molecules 

but Ly49H did not need MHC expression to distinguish infected and uninfected cells.  This 

supported a previous finding which showed that regardless of MHC expression, NK cells 

could respond to MCMV infected cells.  Therefore, a Ly49H-MHC direct interaction did not 

mediate lysis of infected cells.  Investigators considered that Ly49H was reacting to viral 

encoded proteins and exposed Ly49H reporter cells to a panel of MCMV deletion mutants.  

By this approach, m157 was identified as the ligand for Ly49H.  By structural analysis, m157 

was shown to be a  MHC-like protein (109). 

 Another activating receptor that has been found to bind MHC-like molecules is the 

NKG2D activating receptor.  The molecule, human MHC class I chain related protein A 

(MICA), was known to be an antigen for human γδ T cells and it was commonly found on 
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epithelial tumors cells.  T cells clones were able to lyse MICA transfected cells unless a 

soluble form of MICA protein was used to block T cell binding to cell bound MICA. These 

observations implied that MICA was involved in T cell activation.  Investigators were 

interested in determining whether MICA interacted with TCR or other surface receptors on 

the effector cells.  Several primary cell types and cell lines were evaluated for binding ability 

to MICA.  It was assumed that cell types that bound soluble MICA expressed a MICA 

specific receptor.  In attempts to identify the MICA specific receptor, expression patterns 

were compared between cell lines staining positive with soluble MICA protein and cells that 

did not bind MICA protein.  DNA subtraction-hybridization was used for this analysis and 

revealed NKG2D as a candidate receptor. Immunoprecipitation of MICA transfected cells 

with NKG2D mAb confirmed the MICA-NKG2D association.  Functionally, it was shown 

that NKG2D engagement by MICA receptor mAb could induce redirected lysis of Fc 

receptor (FcR)-bearing P815 cells. The summary of these findings stated that activating 

function of NKG2D is dependent on engagement by MICA (116). 

 MICA homologs have not been found in the murine system.  But to identify the 

murine ligands for NKG2D, florescent-labeled tetramers of the extracellular domain of 

NKG2D were used on a panel of primary cells and tumor lines.  Several cell lines stained for 

NKG2D binding including the J774 macrophage cell line.  A cDNA expression library of 

J774 was used to identify potential NKG2D ligands.  Positive clones were able to trigger NK 

cytotoxicity and IFNγ release.  Upon further analysis, two molecules, H60 and retinoic acid 

early transcript (Rae1) were identified.  These molecules are distant relatives of MHC class I 

(101).  When H60 or Rae1 were expressed on NK resistant tumor cells by transfection, these 
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cells become sensitive to NK killing in a NKG2D dependent fashion (101;117).   Rae I is 

upregulated on many tumor cells and is not expressed on normal cells.  H60 expression may 

be induced by cellular stress since H60 mRNA has been detected Con A+ LPS activated 

lymphoblasts but not in unstimulated splenocytes (100).    

 Intact or normal MHC class I expression acts as an indicator of the health of cells 

which prevents NK activation by engagement of NK inhibitory receptors.   Additional MHC-

like molecules, such as MICA, H60, Rae1 and m157, appear to be expressed only when the 

cell has been altered or undergone stress (101;116). Cellular stress can be induced by 

tumorigenic processes or viral infection.  The study of NK activation ligands has provided 

insight into the positive signaling mechanisms used by NK cells to identify harmful cell 

types.  These recent findings further implicate the role of NK cells in tumor surveillance. 

 Additional activating receptors have been implicated in tumor clearance but the 

identification of their ligands is still under investigation.  The natural cytotoxicity receptors, 

NKp46, NKp44 and NKp30, were discovered on human NK cells to respond in a non-MHC 

specific fashion (118).  New insights to these receptors may be critical in understanding other 

NK activation mechanisms.     

 

III. IMMUNOSELECTION OF TUMOR VARIANTS 

A.  Tumor Editing 

Recently, investigators reviewing the progress of cancer immunobiology research have 

concluded that the term “IS” is insufficient to describe the exact interactions between the 

immune system and cancerous cells (3;119;120). These interactions are more complex than 
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first recognized.  IS was thought to only exist during the early stages of cancer but now it is 

believed that the immune response persists even as the tumor progresses.   Not only does the 

immune system protect the host from harmful transformed cells, but it is thought that the 

immune response actually sculpts or shapes the immunogenicity of tumors (119;120).  This 

concept came from observations that tumor cells grown in immunocompromised hosts are 

easily rejected when transplanted into immunocompetent hosts.  Tumors induced by MCA in 

RAG-/- mice are cleared when transplanted into wild type controls.  Similar results were 

observed when tumors were induced in PKO mice and transferred into controls (16;121).    

This implies that tumors adapt to the immune environment.  They become more 

immunogenic in an immunodeficient host and more resistant in the presence of a fit immune 

system (120).   Therefore, the preferred term to describe the interactions of the immune 

system and tumor cells is “tumor immunoediting.”  This term not only describes the efforts 

of the immune system to monitor and eliminate transformed cells, but it includes how the 

immune system influences tumors in evolving immune escape variants.  Tumors undergoing 

immunoediting are subject to mutagenesis permitted by the genetic instability within the 

tumor cells and selection by the immune response.  The tumor cells that survive an immune 

response are naturally selected as they likely developed alterations or deletions in molecules 

important for immune regulation or recognition (120;122;123).  These tumor variants can go 

on to evade immune responses and progress into cancerous masses. 

 The interactions between the host response and cancer cells can be categorized into 

three stages:  elimination, equilibrium and escape (119;120).  Elimination is the stage of the 

immune response proposed by the IS hypothesis.  Evidence of its existence is the relative 
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infrequent incidences of cancer in immunocompetent individuals.  The idea of tumor 

equilibrium can be described as a balance reached between the host immune response and 

tumor cell variant growth that has survived the elimination phase.  At this point, the tumor 

may be contained but may not be not fully eradicated.  Similarly, patients in cancer remission 

may have a balance between the immune response and the cancer, following anti-cancer 

treatments.  Whether the tumor persists depends on new variants that arise that are resistant 

to the host immune response (119;120). 

 

B. Tumor escape 

Examples of how the shift from equilibrium to escape can occur are demonstrated in some 

transplant recipients.  Two kidney transplant patients, receiving allografts from the same 

donor, developed metastatic melanoma 1-2 years post transplant.  After reviewing the 

donor’s medical history, it was discovered that the donor had undergone treatment for 

melanoma several years prior but was considered tumor free at the time of his death.  It is 

thought that since the recipients were on immunosuppressive therapies to prevent allograft 

rejection, the tumor could escape their limited immune response and progress (119).  

Additional examples such as these have also been reported in the literature in liver transplant 

patients (124;125).     

 Tumor escape variants breach host immune defenses.  There are several identified 

mechanisms and probably many other unidentified mechanisms by which tumors escape 

immune detection (120;126).  One way tumor cells avoid immune recognition is by causing 

immunosuppression.  The T cell subpopulation defined by the markers CD4 and CD25 
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regulates or suppresses the immune response.  Evidence has shown these cells maintain T 

cell homoeostasis and prevent autoreactivity.   T regulatory cells secrete immunosuppressive 

cytokines such as TGFβ and IL-10.  It is believed that tumor cells stimulate T regulatory cells 

as many cancer patients appear to have a higher number of T regulatory cells in peripheral 

blood than healthy persons (120).  Depleting or blocking T regulatory cell function, in vivo, 

can improve tumor surveillance (126). 

 Tumors can secrete immunosuppressive soluble factors to limit the immune response.  

Some examples of these cytokines and soluble factors include IL-6, IL-10, TGFβ, vascular 

endothelial growth factor (VEGF) and prostaglandins.  IL-6 inhibits T cell differentiation and 

stimulates IL-4 to drive a TH2 response.  The TH1 response is more effective against tumors 

shown by studies that associated TH1 reduction with increased cancer risk (127;128).  IL-6 

also disrupts IFNγ signaling by upregulating IFNγ signaling inhibitors.  IL-10 inhibits 

expression of co-stimulatory molecules and inhibits TH1 responses.  In experimental systems, 

many transformed cell lines have been shown to secrete IL-10.  In patients with B cell 

lymphomas, high IL-10 serum concentration is predictive of a poor clinical outcome.  TGFβ 

levels are also found to be higher in cancer patients than healthy cohorts.   Serum TGFβ 

levels correlate with the levels of tumor present in patients with colorectal cancer.  In lung, 

breast, prostate and gastric cancers, TGFβ levels are also predictive of a poor clinical 

outcome.  TGFβ suppresses the immune response by limiting T cell proliferation and it 

affects the lytic ability of T and NK cells by inhibiting expression of perforin (129).   

 VEGF is known to induce the development of new blood vessels or angiogenesis.  It 

can also suppress the immune response by affecting T cell development (130) and inhibiting 
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dendritic cell (DC) differentiation and maturation (131).  Prostaglandins participate in many 

physiological processes and are widely expressed in many tissues.  DCs and macrophages 

can make prostaglandins, specifically E2 (PGE2).  This factor can act as an 

immunosuppressive agent by inhibiting receptors on T cells involved in response to 

lipopolysaccharide (LPS), IL-2 and IL-12 (132).  It also affects NK activity by suppressing 

NK cell synthesis of IFNγ (133).  Prostaglandin synthesis requires catalysis by the enzyme, 

Cyclooxygenase-2 (Cox-2).  Recently, inhibitors of Cox-2 enzyme have been shown to 

reduce tumor growth and suppress metastases and are now being developed as a cancer drug 

therapy (134). 

 Tumor variants can also disrupt signaling pathways required by the immune system.  

IFNγ is needed by the immune system for effective elimination of primary tumors.  As 

previously discussed, when tumors become insensitive to the effects of IFNγ, they become 

more resistant to the immune response (14-16).   This can occur when tumors develop 

mutations in key intracellular signaling molecules such as JAK and STAT proteins (135).   In 

addition, the death receptor signaling pathway is vital for tumor clearance.  Receptors 

required for initiating apoptosis are FAS, TNF, and TRAIL.  Interactions with their ligands 

leads to the activation of caspases and cleavage of specific cellular substrates (136). 

Mutations or deletions in the genes encoding these signaling proteins can affect death 

receptor killing mechanisms and favor tumor escape and tumor survival.  In several types of 

cancers, it has been seen that tumors downregulate Fas or express FasL to evade immune 

mediated apoptosis (123;137;138).  Tumors can also become resistant to death receptor 
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signaling by expressing anti-apoptotic molecules or inhibitors of the death pathway that halt 

the intracellular signaling pathways leading to apoptosis (120;123). 

 Through acquiring mutations in co-stimulatory molecules, some tumors can evade the 

immune response.  Tumors that lack expression of B7-1 and B7-2, co-stimulatory molecules, 

can not only  prevent T cell activation but also induced anergy in T cells that recognize tumor 

antigens (123).   

 The most common defect seen in human tumor cells is an alteration of MHC 

expression (123;139).  As previously discussed, T cells are very effective in eliminating 

harmful cells but require antigen processing and presentation by MHC molecules.  Viruses 

and transformed cells have evolved ways to disrupt the biochemical pathways allowing 

proper antigen presentation (120).  Epstein-Barr virus (EBV), Herpes simplex virus and 

cytomegalovirus (CMV) express proteins that upset intracellular processes of proteasomal 

degradation and peptide translocation, which inhibits MHC expression of antigenic peptides.   

Many laboratory cell lines and tumors found in patients have deletion mutations in genes 

required for antigen processing and presentation such as β2m, TAP1 and 2, low molecular 

weight protein (LMP) subunits (120;123).  In addition, tumor cells can have deletions that 

result in the loss of MHC class I expression.  

 Tumor cells lacking MHC class I expression should become very sensitive to NK 

mediated lysis.  Though this is well-established in vitro, it is puzzling why a high percent of 

cancer patients have expansion of MHC negative tumors.   It is expected that these tumors 

would be eliminated by NK cells.  In vivo, NK cells may have a part in elimination of some 

MHC deficient variants but the surviving cells may have additional mutations that evade the 
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NK cell response.  As MHC class I expression inhibits NK activation, the lack of MHC class 

I should enable NK cell activation in the presence of an activation signal.  In addition, 

ligands for activating receptors can be downregulated.  Some stress-induced activating 

ligands such as MICA have been identified.  But, tumor cells can downregulate activating 

ligands to avoid NK activation as seen in colorectal cancer patients.  In addition, soluble MIC 

proteins are found in serum of these patients.  Soluble MIC can bind to NKG2D to 

internalize these receptors, preventing NK lysis of tumor cells (140).  In addition, more 

evidence suggests that NK cells interact with other immune cells such as DCs to achieve 

optimal expansion and activation (141).   If these cells are not available or have been 

disabled by the tumor cells, NK cells may be less effective (123).  Tumor variants surviving a 

NK mediated response may have modulated levels of MHC class I.  Tumors may have a 

selective loss of MHC in which a reduction of MHC expression evades T cell responses but a 

preservation of sufficient expression engages NK inhibitory receptors.  In these cases,  

tumors could escape immune surveillance (139).   

 Recently, it has been discovered that tumor cells engage NK inhibitory receptors by 

expressing HLA-G, a non-classical MHC class I antigen.  HLA-G is the ligand for inhibitory 

NKG2A/CD94 receptors.  HLA-G was originally identified in first trimester placental blood 

vessels and found to protect fetal tissue from NK cell attack.  Studies evaluating NK resistant 

cell lines and ex vivo melanoma biopsy samples, have revealed the expression of HLA-G on 

transformed cells (142).  Leukemia (143) and renal cell carcinomas (144) are some of the 

human cancers that have been shown to express HLA-G.  HLA-G can be expressed in a 
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membrane bound form or a soluble form (145).  The soluble form of HLA-G can be involved 

in tumor evasion as it can bind and inactivate to NK cells without tumor cell contact.      

 

IV. IMMUNOTHERAPIES 

Presently, the course of treatment for most cancer patients with solid tumors is surgery, to 

remove solid tumor mass, followed by chemotherapy and radiation.  Patients with 

hematopoietic malignancies rely mainly on chemotherapy and radiation (though some 

receive BMTs). Chemotherapy drugs inhibit cell growth and division by affecting important 

cellular components such as DNA or the cytoskeleton or they can act as anti-metabolites.  

The nature of the drugs, to kill all dividing cells, does not exclude normal dividing cells of 

the immune system, the digestive tract (mouth, stomach, intestines, esophagus), reproductive 

system (sexual organs), and hair follicles (146). These broad and systemic targets of 

chemotherapy cause damage to many normal tissues resulting in clinical adverse effects.   

 Although toxic, chemotherapy, presently, appears to be the most potent weapon 

against cancer.  Due to the great progress in understanding the immune response to cancer, 

more specific targets for cancer therapies are being identified.  Pre-clinical investigations of 

immune modulating therapies have been promising.  Yet, translating these approaches into 

the human system has been challenging.   

 

A.  Cytokine therapies 

In 1893, William Coley was one of the first to modulate the immune response using bacterial 

toxins.  This stimulated the immune system in a nonspecific manner resulting in an 
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enhancement of anti-tumor effects (147).  Bacterial adjuvants have been shown to increase 

the production of pro-inflammatory cytokines and drive TH1 responses (148).  The goal of 

cytokine therapies is to restore or enhance the immune status that has been diminished by 

tumor immunosuppression (149).   A number of cytokines have been observed to have anti-

tumor effects.  Potent immunomodulators, IFNα and IL-2 appear to be the most consistent in 

their effects as demonstrated in animal and clinical studies (150).   

 IFNα is the first cytokine to be produced by recombinant technology.  It has been 

used for treatment of infectious diseases, solid and hematologic malignant diseases.  Results 

from clinical trials indicate that IFNα treatment increases overall survival of melanoma, 

multiple myeloma and chronic myeloid leukemia (CML) patients (151;152).   

  IFNα demonstrates a reduction in cancer cell growth by a mechanism not fully 

understood.  Immunologically, IFNα is thought to enhance CTL and  natural killer cell 

activity and upregulate tumor antigens and MHC class I and class II antigens (152).   Similar 

to other proteins used for therapy, IFNα is administered intramuscularly, subcutaneously or 

intravenously and not orally to avoid proteolytic degradation.  It has a serum half life of 

several hours and is not measurable in serum after 24 hours.  Therefore to improve efficacy, 

high doses of IFNα  are given but high doses are not tolerated by approximately 40% of 

patients (151;152).  Recently, due to the process of pegylation, combining a polyethylene 

glycol moiety to a biologic protein, the half life of IFNα has been greatly increased.  

Clinical trials tested its improved efficacy are ongoing (153).

  IL-2 is a T cell growth factor and activates T cells and NK cells.  In a number of 

murine tumor models, IL-2 has been shown to be effective in enhancing anti-tumor activity 
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(154).  The use of IL-2 to improve tumor clearance in patients has been dampened by modest 

response rates and problems with toxicity.  Only high-doses of IL-2  appear to exhibit a 

benefit to patients with metastatic melanoma and renal cell carcinoma (155;156).  However, 

high dose IL-2 causes acute toxicity that is reversed with reduction or cessation of therapy.  

But more promising, low dose IL-2 in combination with chemotherapies, or other cytokine 

treatments such as  IFNα or TNF appear to have additive anti-tumor benefits (157-159). 

 Data from animal studies indicate that IL-2 has contrasting roles.  IL-2 knockout mice 

develop lymphoproliferative disorders and therefore it is believed that IL-2 is needed to 

promote activation induced cell death and limit T cell expansion (160).  This finding may 

help explain the disappointing response rates seen in patients.  Yet, a more effective use of 

IL-2 may be ex vivo.  IL-2 shows promise as a means of generating effectors cells in vitro for 

adoptive transfer.  Lymphokine-activated killer (LAK) cells are IL-2 activated splenocytes or 

peripheral blood cells and the adoptive transfer of these cells appears to produce higher 

response rates than with interleukin-2 administration alone (161) (see cellular 

immunotherapies).   

 

B.  Vaccines 

Immunomodulatory agents have shown promising results in animal models, but human 

clinical trials have exhibited limited success. A possible explanation for this is that patients 

with malignant disease have suppressed immune responses or have become tolerant to tumor 

antigens.  To elicit a stronger antigen specific response, vaccination has been investigated.   

The goal of vaccination is to manipulate the immune system and prevent disease by priming 
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the immune system to specific antigens.  Therefore, upon re-exposure to antigens, a rapid and 

robust memory response can be initiated.   Commonly, vaccines have been used to provide 

the host with protection upon repeated exposures to an infectious agent.  But, the same 

concept could be utilized to strengthen the immune response to tumor antigens.  Vaccines are 

being developed that use allogeneic or autologous tumor antigens in the form of proteins, 

peptides or naked DNA.  In addition, tumor antigen pulsed DCs are being evaluated for their 

effectiveness in priming the immune response to tumors.  Using the vaccine approach, there 

is a potential to develop a more refined and powerful secondary response  mediated by T 

cells that will be directed towards the tumor (120).  The limitation to this approach is that the 

tumor antigen must be defined.  Though many common tumor antigens have been identified, 

the expression of tumors antigens may vary among patients which would negate the 

effectiveness of vaccination (120).  

 The success of a vaccine has been measured by the induction of an immune response. 

Studies using protein or peptide based vaccines noted activation and expansion of tumor-

reactive CD8+ T cells in a majority of melanoma or colon carcinoma and chronic 

lymphocytic leukemia patients. Recent reports evaluating clinical trials results of cancer 

vaccines have not been able to correlate the increase in immune cell activation with an 

improved clinical course for patients.   So far, the improvement in clinical response has been 

modest, with only 20% of patients benefiting from tumor vaccination.  Even the use of 

different vaccine designs has not noted better clinical response (162).  The transient nature of 

responses seen in CLL vaccine studies implies that the anti-tumor responses exhibited are 

short-lived (129).  Investigators have been trying to determine how anti-tumor specific 
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immune responses can be improved in order to see an effect clinically.  It is believed that 

combining cancer vaccines with other interventions may be more effective in achieving good 

therapeutic response (162). 

 

C.  Cellular immunotherapies 

1. Bone marrow transplantation 

BMTs are effective treatment for several hematological malignancies and 

immunodeficiencies with the goal of reconstituting a healthy immune system.   

In the 1950’s, lethally irradiated mice were rescued with BMTs from donor of the same strain 

(163).  But in humans, the first BMTs were performed before the development of 

conditioning regimens, knowledge of HLA matching and prevention of graft-versus host 

disease (GVHD) (when donor immune cells attack host tissue) and therefore were less 

successful than BMT conducted in more recent years.  As the field of BMT has advanced, the 

success of the procedure has dramatically improved.  Transplantation conditioning has 

commonly involved myeloablative therapy which consists of high dose chemotherapy and 

total body irradiation.  This therapy destroys most rapidly dividing cells and non-

proliferating lymphocytes and progenitor cells, as well as malignant cells and many 

hematopoietic cells.  This creates “hematopoietic space” which allows engraftment.  The 

harsh nature of myeloablative therapy has been associated with many side effects and 

transplant related death.  Recently, mini-transplantations have been performed that use a less-

intensive conditioning regimen of irradiation but requires more immunosuppression with this 

procedure (164;165).   
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 The source of donor BM cells used in BMT can be autologous (isolated from 

recipient) or allogeneic (related or unrelated HLA matched, or partially HLA matched 

donor). The success of the transplant can depend on where the donor cells originated. Use of 

autologous BM cells has less risk of transplant related mortality but patients have higher rates 

of relapse due to residual tumor burden.   Allogeneic BMT are limited by genetic factors in 

which only 25% of patients have sibling HLA-matched donors available (165;166).    While 

risks involved in HLA matched cases is relatively low, risk of HLA mismatched transplant is 

much greater due to GVHD.  GVHD is caused by donor T cells that recognize the recipient 

cells as foreign due to differences in MHC class I and class II antigens.   GVHD is 

particularly severe in immunosuppressed recipients. The clinical signs of GVHD include skin 

rash and jaundice due to liver damage and diarrhea due to colon damage.  Anemia, weight 

loss and immunosuppression also occur (164).   

 To prevent GVHD, T cells can be depleted from the BM graft.  Though this 

minimizes the effects of GVHD, it results in reduced engraftment (164) and increased 

relapses (167).  In T cell depleted BMT, engraftment can be improved by administration of 

higher numbers of hematopoietic stem cells demonstrated by experimental data (167).  T cell 

depletion inhibits remission in patients because the GVHD reaction provides donor T cells 

that can eliminate residual tumor in the host.  This is called graft versus leukemia (GVL) 

effect.  The higher incidence of GVHD in allogeneic BMT is associated with lower relapses 

due to GVL.    In an ideal BMT, the negative effects of GVHD are minimized while benefits 

of GVL are maximized.  In recent studies, approximately 50% patients are receiving 

deliberately MHC mismatched BM, in which one or more MHC alleles are different (168).  

 



42 
These transplants appear to be successful because they allow a GVL effect and improve BM 

graft survival.  

 As more MHC mismatched BMT are conducted, questions regarding the effects of 

NK cell alloreactivity in human BMT have been raised.  NK cells are a relevant cell type to 

study as they mediate acute BM rejection in inbred mice (38;38;41) and since NK cells are 

the first lymphocyte population to recover after BMT (169).  Because NK cell reactivity is 

governed by inhibitory receptors, in humans, the expression of KIR and KIR ligands are 

important to evaluate in patients receiving BMTs. The expression of HLA alleles dictates 

KIR specificity.  For example, individuals homozygous for group 2 HLA-C alleles will 

possess NK cells with KIR specific for group 2 HLA-C alleles.  In an autologous BMT, NK 

cells are tolerant to host tissues since inhibitory KIR receptors of donor NK cells are engaged 

by KIR specific ligands found in the host.  But, NK alloreactivity is predicted in the case of 

allogeneic HLA mismatched BMT where donor NK cells do not have KIR specific for the 

host MHC.   This can be defined as “NK mismatched”.  In a “NK matched” scenario, donor 

NK cells express KIRs that can recognize HLA class I of host (167). 

 Interestingly, studies of “NK mismatched” BMT show favorable effects in inducing 

remission of myeloid leukemia patients.  Evidence supports the notion that NK cells do not 

mediate GVHD but can provide GVL effects.  Data from retrospective studies show a 

difference in relapse rates depending on the method of T cell depletion that was used to 

remove T cells from BM grafts.  One protocol for T cell depletion utilized anti-CD2 mAb 

which is thought to have broad specificity and deplete T cells and NK cells.  Whereas 

another protocol used other T cell specific mAbs for depletion (without anti-CD2 mAb) and 
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therefore this method is thought to have a more narrow specificity and retain the presence of 

NK cells in the BM graft.  When T cell depleted BMT were conducted using narrow 

specificity T cell depleting mAbs, the rate of relapse in patients was comparable to patients 

that did not have T cell depleted grafts.  But, broad T cell specific mAbs for T cell depletion 

was associated with higher relapse rates.  This suggested that NK cells in BM graft were 

beneficial for improved BMT results, probably due to their ability to facilitate GVL (170).   

 Other studies have shown the benefit of NK cells in BMT, by studying related and 

unrelated allogeneic BMT.  In one study, investigators predicted that unrelated donor BMTs 

should display more GVL compared to related donor BMT. Related donors possess more 

“NK matched” cells with the recipient compared to unrelated donors which will have more 

“NK mismatched” cells.  This study looked at patients with hematopoietic malignancies 

receiving unrelated allogeneic BMT in which one MHC allele was mismatched compared to 

related allogeneic BMT from MHC identical donors.  All BM grafts were T cell depleted 

using anti-TCR mAb or anti-CD3 mAb, which should preserve NK cell content of the BMT.  

The rate of relapse at two years was higher in patients receiving related matched BMT (42%) 

compared to unrelated mismatched BMT (26%) (170;171).  The conclusions from this study 

were further supported by investigations conducted by L. Ruggeri and colleagues who 

evaluated the effect of KIR mismatch on transplantation outcome.  Prior to BMT, several 

leukemia patients were evaluated and predicted to have KIR epitope mismatch.  By in vitro 

functional assays, donor derived NK clones were tested for alloreactivity against recipient T 

cell lymphoblasts.  These assays revealed a potential for donor alloreactivity but no patients 

developed GVHD and donor NK alloreactive clones were not found in the patients four 
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months post transplant.  In addition, it was determined that donor derived NK clones were 

able to lyse recipient myeloid leukemia cells, but not lymphoid leukemia cells.  These results 

correlated with clinical outcomes in which no relapses were reported for the myeloid 

leukemia patients receiving unrelated mismatched BMT (167;170;172-174). 

 In addition, NK cells have been associated with the prevention of GVHD.  In murine 

studies, investigators wanted to determine if infusion of NK cells would prevent GVHD.  

Mice were conditioned with irradiation and adoptive transfer of NK cells prior to the 

allogeneic BMT.  NK cell infusion protected mice from GVHD even with administration of 

alloreactive T cells in increasing doses (up to 107 T cells).  Infusion of non-alloreactive NK 

cells did not provide protection from GVHD (173;175).  As an explanation for these findings, 

it was hypothesized that NK cells may be affecting alloreactive T cell activation by 

eliminating the APCs that present to alloreactive T cells.  This idea was supported by 

evidence from additional murine studies by L. Ruggeri (173).  H2b/d chimeras (H2b/d BMC 

into H2b irradiated host) were developed so that chimeric mice would have H2b/d APCs.  As a 

control, H2b BMCs were put into an H2b host and these mice have APCs that of the H2b 

MHC haplotype.  Both chimeras were challenged with H2d BMC.  H2b/d chimeric mice 

developed GVHD while H2b mice did not.  These results suggest that H2 b/d APCs resistant 

to NK lysis can prime T cells for GVH reactions.  Specifically, H2b/d APCs were resistant to 

lysis by donor (H2d) NK cells (since NK inhibitory receptors were engaged).  Therefore 

APCs survived and were available to prime donor (H2d) T cells causing GVHD. In the 

control experiment, H2b APCs are not protected by NK inhibitory receptor engagement and 

were lysed by donor (H2d) NK cells, therefore T cells were not primed by H2b APCs (173). 
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2.  Adoptive transfer and Purging Approaches 

The induction of GVL by NK cells is not surprising as data from numerous murine studies 

have demonstrated the anti-tumor effects of NK cells.  In trying to exploit the anti-tumor 

property of NK cells, S. A. Rosenberg was one of the first to use adoptive transfers of IL-2 

activated splenocytes (which include non-immunized T cells and NK cells) in mice with 

pulmonary metastases.  IL-2 administration plus adoptive transfer of LAKs were effective in 

reducing the size and the number of tumor nodules in these mice (176). In addition, other 

studies showed that LAK cultures derived from peripheral blood of CML patients were 

functional and able to lyse NK sensitive targets in vitro (177;178).   Taken together, these 

studies provided a rationale for clinical trials.  The initial reports of using IL-2 and LAKs in 

patients with malignancies were encouraging but with further investigations, results were 

inconclusive regarding the effect on clinical outcome.  Patients treated with IL-2 had 10-fold 

increases in circulating NK cells and these NK cells had improved lytic activity against NK 

resistant targets.  But there were minimal differences between study patients and controls in 

regards to survival or relapse (179).  Rosenberg was involved with many of the clinical trials 

testing the efficacy of IL-2 and LAKs treatment for cancer. One study enrolled 25 patients 

with various metastatic malignancies.  Patients were treated with 1.8 to 18.4 x 1010 

autologous LAK cells and up to 90 doses of interleukin-2.  Eleven of the 25 patients 

experienced regression of cancer by 50% of volume (commonly considered a complete 

response) and complete tumor regression was seen in one patient with metastatic melanoma 

which was sustained for 10 months after therapy. Partial responses (defined as by less than 
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50% reduction in tumor burden) were seen in nine patients with pulmonary or hepatic 

metastases from melanoma, colon cancer, renal-cell cancer and lung adenocarcinoma (180).  

Another study reported more modest results, with 8 patients having complete responses and 

15 patients exhibiting partial responses of 106 metastatic cancer patients receiving LAK cells 

plus interleukin-2. (181).  In a phase II trial with 35 metastatic renal cancer patients, an 

overall response rate to IL-2 and LAKs treatment was 16%.  Two patients displayed 

complete responses and remained disease free for 12 and 9 months.  Three partial responders 

experienced greater than 50% reduction of all measurable tumor, but one of these patient 

relapsed in 4 months (182).  Different cancers may have different responses to IL-2 and LAK 

treatment.  Clinical trials enrolling patients with melanoma (183), renal cell cancer, colon 

cancer (184) and Hodgkin's disease (185) only reported modest to low clinical responses.  In 

addition, studies testing LAK administration with continuous infusion of IL-2 also only 

displayed minimal clinical efficacy (186;187).  Some investigators have been optimistic by 

reporting that results from IL-2 plus LAK trials display a trend toward increased survival 

(188), while others concluded that the lack of significant clinical responses and high toxicity 

of the treatment is not justified (189).  Treatment toxicity was displayed in a majority of 

patients in these reported studies but only persisted while on IL-2 treatment. 

 The use of tumor-infiltrating lymphocytes (TIL) instead of LAKs appears to display a 

more potent response and appears to be less dependent on IL-2 stimulation.   In a murine 

pulmonary metastasis model, TILs were more effective in eliminating tumor burden than IL-

2 LAKs (190).  And when human TIL were tested in vitro, similar findings were reported 

(191).  A prospective pilot study evaluated the safety of using TIL as treatment from patients 
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with malignant gliomas.  The results indicated that TIL plus IL-2 treatment was tolerated by 

patients and some efficacy of treatment was also demonstrated (192). But as a treatment 

option, using TIL is limited to patients with solid tumors. In addition, other studies have 

showed that TIL have functional defects caused by immunosuppression in the tumor 

microenvironment (193).  Ex vivo experimental data has reported promising findings on the 

use of TIL as an immunotherapy, but more clinical trials are need to further assess its 

efficacy. 

 Ex vivo purging is another cellular immune therapy that has shown great promise.  

Allogeneic NK cells (194;195), LAKs and now even an NK cell line (NK-92) (196) have 

been studied for the ability to eliminate transformed cells from stem cell preparations prior to 

BMT.  Purging can be utilized in autologous BMT cases, where recipient BM grafts are 

thought to contain residual tumor burden following standard cancer therapies (197).  Clinical 

trials have been testing other non-cellular approaches to purging that use chemotherapeutic 

drugs, monoclonal antibodies and complement, and CD34+ cell selection to isolate healthy 

cells from the BM preparation.  Phase I trials have established the feasibility of purging 

procedures, but more advanced trials are needed to confirm if purging provides an improved 

clinical outcome (198). 

 

D.  Monoclonal Antibody Therapies 

1.  Introduction 

The majority of the immunotherapeutic approaches have displayed encouraging results in 

animal models.  Unfortunately, this has not translated into demonstrated safety and efficacy 
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in clinical trials.  Presently, the use of mAbs as a treatment for cancer is an exception.  

Antibody therapies have advanced from exhibiting impressive results in animal models to 

earning FDA approval status.   

 Antibody therapies have been designed to act directly or indirectly on the immune 

system to facilitate the elimination of tumors.  By binding tumor antigens on cancerous cells, 

antibodies initiate Fc-mediated lysis by antibody dependent cellular cytotoxicity (ADCC) or 

by complement fixation.  In addition, mAb can be used to modulate the immune response by 

interfering with receptor-ligand binding that affect tumor clearance mechanisms (199-201). 

 The current FDA approved mAb used in patients provide passive immunity to 

specific tumor antigens.  Passive immunity has been used successful for decades with 

treatments such as Rhogam (mAb to blood RhD antigen), tetanus immune globulin, and 

rabies immune globulin (202)  For cancer treatment, Rituximab (anti-CD20) is one of the 

first mAbs to be successfully used in non-Hodgkin’s lymphoma patients.  CD20 is present on 

90% of malignant B-cell lymphomas.  Rituximab has displayed impressive results in clinical 

trials with a 46-48% overall response in two Phase II studies and when combined with 

chemotherapy, 95% of patients responded to treatment with 55% of patients experiencing a 

complete response (199;200).   Alemtuzumab (anti-CD52, Campath-1) is another approved 

mAb therapy that targets a glycopeptide expressed on B and T cells.  It is effective in patients 

with chronic lymphocytic leukemia or non-Hodgkin’s lymphoma.  Phase II trials of 50 non-

Hodgkin’s lymphoma patients demonstrated a 20% overall response.   Herceptin or 

Trastuzumab binds HER2/neu tumor antigen found on breast cancer cells and has been seen 

to improve one year survival by 16% (200).   
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 These treatments appear to be effective in reducing tumor burden and are well 

tolerated by patients.  The use of  immunoglobulin (Ig) that binds cancer cells with limited 

effect on normal tissue is thought to account for the low level of side effects.  Monoclonal 

antibody therapies are targeted and extremely specific since the antibody only binds to a very 

precise epitope compared to other immunotherapy approaches that may affect multiple 

systems and regulatory pathways not yet appreciated.  

 

2.  Antibody Engineering 

Among the Ig isotypes, IgG has been used commonly in the development of cancer therapies.  

IgG is a very stable 150 kDa protein.  IgG can be broken into three subunits by enzymatic 

digestion.  Papain digestion breaks down the protein into two antigen binding fragments 

(Fab) and one non-antigen binding (Fc) subunit.  Pepsin digestion separates the Fc portion 

but retains the disulfide bond (hinge) between Fabs to form F(ab)’2 (110kDa). The genes 

encoding Ig consist of a variable and a constant region of the light chain (LC) and the heavy 

chain (HC).  The epitope binding region of Ig contain three hypervariable or 

complementarity-determining regions (CDRs) spaced between four conserved framework 

regions (200;203). 

 Antibodies are conventionally produced in vitro by hybridomas, cells derived from 

fusion of antibody producing cells and a transformed myeloma cell.   These cells grow in 

culture and secrete 10-100µg/ml of antibody.  For large scale mAb production, this method 

can become expensive and laborious due to the cost of culturing media and purification.  

Instead,  more advanced equipment can be used for large scale production such as hollow-
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fiber cell culture bioreactors.  The hybridoma cells are grown in extra-capillary spaces of 

hollow fibers where media can circulate.  Cells can stay alive and produce mAb for months.  

In addition, due to techniques in DNA cloning, recombinant mAbs can be developed in 

bacteria, yeast, plants, insect and mammalian cells by expression of mAb genes .  

Mammalian cells are ideal for making functional whole mAb since they contain all the 

cellular machinery required for correct Ig assembly, post-translational modification and 

secretion.  Growing mAb in bacteria, called phage display, is limited because the cells do not 

have the necessary machinery to assemble and glycosylate the whole mAb.  Yeast cells also 

do not have all the required machinery to make functional mAb as whole mAb made in yeast 

appear to have defects in complement mediated lysis. But, bacterial cells and yeast cells are 

acceptable for the production of recombinant mAb fragments which do not require 

specialized protein modifications (204).   

 Previously, whole Ig, F(ab)’2 and Fabs were the only tools for antibody-based 

therapies.  Through advances in antibody engineering, smaller recombinant mAb derivatives 

have been developed with effective antigen binding. These additional antibody based 

fragments can be constructed using genes encoding variable and constant domains of specific 

mAbs.  These recombinant molecules range from peptides of one CDR to multivalent 

molecules of antigen binding subunits.  The single chain Fv (scFv) molecule is composed of 

variable heavy chain and variable light chain fragments connected by a flexible peptide 

linker.  It is a small molecule of 25 kDa and can be manipulated and dimerized or made into 

a multivalent molecule (200;203;204).  Valency of antigen binding subunits affects avidity 

and the strength of antigen binding.   Therefore, dimers of scFv exhibit higher valency and 
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improved tumor targeting (205).  Antibody engineering allows investigators to customize 

mAb design to exploit the unique features of Ig. 

 Because scFv and other antibody fragments do not contain the Fc portion, their 

kinetics and effects in vivo are altered.  The Fc portion of Ig molecules is recognized by 

specialized receptors on immune cells.  As previously mentioned, binding of the Fc portion 

to Fc receptors (FcR) allows activation of ADCC and the complement pathway. Therefore 

without the Fc portion of Ig, cells bound to mAb fragments are not depleted in vivo.   In 

addition, these molecules have reduced serum half-life (206).  Yet, these small antibody 

derivatives lacking Fc regions have been found to penetrate tissue more effectively than 

whole mAb.  The pharmokinetics of radiolabelled IgG, F(ab)’2, Fab and scFv specific for the 

same tumor antigen were tested in vivo.  At various time points after systemic administration 

of the reagents, tumors were removed and radioactivity of the tissue was measured.  The 

study showed that the majority of IgG was found concentrated in regions adjacent to blood 

vessels while scFv was found distributed throughout the tumor mass.  F(ab)’2 and Fab 

appeared to have intermediate tumor penetration based on their size (207).    Small antibody 

fragments provide a greater advantage in designing mAb therapies for the elimination of 

solid tumors.  In fact, intact IgG diffusion into solid tumor masses is limited to 100µm in 1 

hour (207).  ScFv can reach their maximum tumor penetration in 0.5 hours but for whole IgG 

to reach that same level of penetration takes 48-96 hours (207).   Therefore, whole antibodies 

have limited effectiveness in patients with solid tumors.  But, a barrier for the usefulness of 

small mAb fragments as cancer treatment is in finding optimal dose to maintain antibody 

levels at an effective threshold due to their short half-life (208).   
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 It was thought that prolonging Koff rates by increasing mAb affinity for a tumor 

antigen would improve tumor retention of therapeutic Ig.  Mutants of HER2/neu antibody 

gene were made using site directed mutagenesis.  Antibody mutants were tested for improved 

binding to tumor antigens in vitro.  Results of these experiments correlated increase affinity 

to longer Koff rates.  But in vivo, high affinity variants displayed reduced tumor retention 

compared to parental antibody.  It was speculated that  higher antigen affinity may limit the 

ability of mAb to diffuse through the tumor mass (205;209).  

 Modification of antibody structure has provided interesting options to improve cancer 

therapy.  Bispecific antibodies have been developed that contain two antigen binding 

domains.  Bispecific antibodies were first utilized in vitro to target tumor antigens and 

activating receptors on effector cells to show redirected cellular cytotoxicity.  Bispecific 

antibodies facilitate the formation of cell couples between effector and target cells when in 

close proximity (210).   L.M. Weiner has been furthering the development of these molecules 

by initiating studies with dual specificity Ig for HER2/neu and human FcR.  In clinical trials, 

the antibody treatment presented some clinical responses but antibody was not well tolerated 

because it engaged FcR on circulating leukocytes resulting in massive cytokine release 

(200;208).  The use of bispecific antibodies is still promising, but more attention should be 

placed on the selection of targets in order to maximize tumor clearance and limit toxicity of 

treatment. 

 Antibodies can be conjugated or bound to radioisotopes or linked to a toxins.  Radio-

immunoconjugates bind a specific target and deliver radiation to facilitate tumor clearance.  

Presently, radio-conjugated anti-CD20 antibody, called Zevalin, has been approved by the 

 



53 
FDA for treatment of non-Hodgkin’s lymphoma.  In randomized clinical trials, Zevalin was 

well tolerated and had significantly improved response rates compared to Rituximab (211).  

Immunotoxins are mAbs linked to toxin from bacteria (diphtheria toxin or pseudomonas 

exotoxin) or plant (ricin or gelonin).  Upon antigen binding, immunotoxins are thought be 

internalized by tumor cell and cause inhibition of cellular protein synthesis pathways leading 

to apoptosis (201;211;212).  Mylotarg is an anti-CD33 immunotoxin approved by the FDA 

for treatment of acute myelogenous leukemia (212). 

 The use of mouse derived mAb in humans was found to initiate human anti-murine 

antibody response against the administered antibodies.  In addition, murine mAb were less 

effective in ADCC in humans and have a shorter half life compared with human antibodies. 

These problems were circumvented by “humanizing” mouse derived mAb.  The human 

hybridomas were developed by immortalizing antibody secreting cells with EBV infection 

but following this transformation the cells had reduced fusion rates and poor cell stability.  

Interestingly, several years ago, mice were genetically manipulated to produce a broad range 

of antigen-specific human Ig molecules.  This was accomplished by first developing Ig 

knockout mice where host antibody genes were silenced by deleting JH (joining region) for 

HC and Cκ for LC by homologous recombination.  Secondly, transgenic mice were created 

using yeast artificial chromosome containing human IgG genes and regulatory elements.  

Human Ig transgenic mice were crossed onto Ig knockout mice (Figure 1.1).  These mice 

would make human antibody upon immunization (204;213;214). The development of these 

mice was an important step in the production of human mAb for therapies.      
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 Presently, better human fusion partners, myeloma cell lines, have been developed. In 

addition, using DNA cloning techniques, humanized mAb can be genetically manipulated to 

contain only murine Fab with human Fc region. The newer humanized mAb retains only a 

minimal part of the murine Ig.  The murine CDRs of antigen binding subunits can be isolated 

and reassembled with human Ig subunits including human framework regions (215). 

 

3.  Immunomodulatory antibodies 

Presently, the success of mAb therapies has required the identification of tumor antigens.   

Since the knowledge of tumor antigens is limited, additional targets for mAb therapy for 

tumor elimination are needed.  The use of mAb to modulate the immune response is currently 

being investigated.  MAbs are being used to interfere with receptor-ligand binding 

interactions that affect tumor clearance mechanisms.  As a potential target, negative 

regulatory pathways of the immune system are being studied.  Negative regulators are 

required to help maintain tolerance to self and prevent autoimmunity.  But for the purposes of 

anti-tumor immunity, negative regulation of the immune system may limit the effectiveness 

of immune cells.     

 T cells are negatively regulated by CTLA-4, which binds to B7-1 and B7-2.  

Experiments by J.P. Allison showed that blocking CTLA-4 with mAb enhances T cell 

proliferation.  This finding led to the possibility that CTLA-4 blockade could enhance anti-

tumor immunity by T cells.  To test this hypothesis, mice were injected with B7 negative 

tumors and treated (ip) with anti-CTLA-4 or control antibodies.  Mice treated with anti-

CTLA-4 completely rejected tumors compared to control antibody groups (216;217).  
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 These studies were extended and showed similar results against colorectal carcinoma, 

renal carcinoma, lymphoma prostate, and fibrocarcoma cell lines. CTLA-4 blockade showed 

increase tumor rejection in established tumors (218) and improved T cell response to 

parasitic infection (219). CTLA-4 blockade has been combined with potential vaccine 

therapies.  GM-CSF tumor cell vaccines demonstrated improved cross-priming of host APC, 

but by itself, was not effective in the rejection of established tumors. When combined with 

anti-CTLA-4 mAb treatments, clearance of poorly immunogenic tumors was greatly 

enhanced (218).  The consequence of abrogating negative regulatory pathways of T cells can 

be autoimmunity.  The initial tumor challenges testing anti-CTLA-4 mAb in animal models 

did not display autoimmune symptoms.  But when CTLA-4 blockade was tested in murine 

models of encephalomyelitis, autoimmune disease was exacerbated (220;221). 

 But the strong anti-tumor effects of the receptor blockade rationalized the creation of 

a humanized form of anti-CTLA-4 mAb and experiments in monkeys with high doses of 

humanized anti-CTLA-4 did not show increased autoimmunity.  In addition, Phase I clinical 

trials in prostate and melanoma patients also showed no signs of autoimmunity or severe 

reactions to treatment.  Patients were evaluated for levels of prostate specific antigen which 

correlated to disease.  In this study, anti-CTLA-4 treatment appeared safe and showed 

reduced levels of tumor antigen (222). In another study, 9 previously immunized patients 

with metastatic melanoma and ovarian carcinoma also displayed no symptoms of 

autoimmunity, though transient production of auto-antibodies was reported.  Five patients 

exhibited anti-tumor effects suggested by an increase of levels of tumor necrosis factor (223).  

Additional clinical trials with melanoma patients tested the effects of anti-CTLA-4 mAb with 
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peptide vaccination for two melanoma associated antigens.  Of the 14 patients, only 2 

displayed a complete response and one patient had a partial response.  But 9 patients suffered 

high grade toxicity with symptoms of diarrhea, pulmonary infiltrates, dermatitis and colitis 

(224).  Further investigation into anti-CTLA-4 treatment is required to determine if the 

benefits of treatment justify the potential autoimmunity and toxicity causes by treatment. 

 NK cells are negatively regulated by inhibitory receptors.  In fact, inhibitory receptor 

engagement limits NK cytotoxicity as a mechanism to maintain tolerance.  But, the function 

of inhibitory receptors also provides an explanation for why NK-based adoptive 

immunotherapies are only moderately effective.  The presence of certain MHC class I ligands 

can lead to inhibition of over 50% of the NK cells.  Yet, when inhibitory receptor 

engagement by MHC class I ligands is blocked, NK cells display increased cytotoxicity to 

syngeneic targets.  This has been exhibited with the use of the 5E6 mAb that binds Ly49C 

and Ly49I receptors (Figure 1.2).  This was first demonstrated using NK cells sorted from 

(NZBxB6) F1 splenocytes.  The 5E6+NK1.1+ subset of NK cells lysed BALB/c but not B6 

con A blasts.  The resistance to lysis of B6 con A blasts was reversed when NK cells were 

treated with 5E6 mAb.  These initial studies also established that 5E6+ NK cells were 

strongly inhibited by the H2-Kb MHC haplotype as B10.D2 5E6+ NK cells were unable to 

lyse B6 (H2-Kb+) con A blasts but this inhibition was voided by 5E6 mAb treatment (64).  

Studying the potential for increased cytotoxicity by NK cells lead to the idea that blockade of 

NK inhibitory receptors may allow NK cells to provide more effective anti-tumor immunity.   

 The administration of the whole 5E6 mAb depletes NK cells that express Ly49 C/I 

receptors.  This was first recognized because splenocytes isolated from a mouse treated with 
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5E6 antibody  showed a 50% reduction of NK lytic activity (61). But, 5E6 F(ab’)2 antibody 

fragments block Ly49C/I receptor function without depleting NK cells.  Throughout these 

studies described below, where not specified, 5E6 F(ab)’2 fragments were used.    

 In vitro, the engagement of inhibitory receptors of NK cells results in reduced 

cytotoxicity.  This is demonstrated in Figure 1.3, where IL-15 activated Ly49C transgenic 

LAKs were used as effectors against MHC class I low target, YAC and YAC cells 

transfected with H2-Kb (YAC-Kb) targets.   Without 5E6 antibody treatment, YAC-Kb 

tumors were resistant to Ly49C LAKs mediated lysis presumably because Ly49C receptors 

were engaged by H2-Kb molecules.  But these effectors were functional as they lysed 

parental YAC targets very well.  When the Ly49C receptor was blocked by treatment of 5E6 

mAb, YAC-Kb lysis was restored to that of parental YAC targets.   

 In addition, 5E6+ NK cells have exhibited low cytotoxicity against two H2b tumor 

cell lines, EL-4 and C1498.  But when these 5E6+ NK cells were treated with 5E6 mAb, 

tumor lysis was significantly enhanced.  Also reported, NK receptor blockade impeded 

growth of these tumor cells in vitro.  IL-2 activated NK cells from SCID mice were pre-

incubated with 5E6 mAb or control normal mouse serum Ig or 4D11 (anti-Ly29G2) for 2-3 

hours.  NK cells were then cultured with EL-4 and C1498 or allogeneic P815 (H2d) tumor 

cells at different effector: target ratios for 48 hours.  Viable tumor growth was quantitated by 

colony formation assay where cells from co-cultures were transferred to methyl cellulose 

media.  Colony growth was enumerated after 6-7 days.  Growth of EL-4 and C1498 was 

significantly reduced following exposure to 5E6 mAb treated NK cells.   Inhibition of tumor 

growth was also reported by in vivo studies.  Mice were given a lethal tumor dose of C1498 
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leukemia cells.  Mice receiving a biweekly injection of 5E6 F(ab’)2 exhibited a fifty percent 

increase in survival compared to control mice (225).  

 The effectiveness of NK cells after inhibitory receptor blockade was also 

demonstrated in ex vivo purging experiments.   To mimic a purging scenario, BMC were 

spiked with a small amount of leukemia cells.  As effectors for purging, B6 SCID NK cells 

were pretreated with 5E6 F(ab)’2 or 4D11 F(ab)’2 or no antibody.   BMC preparations were 

mixed with NK cells at a 1:1 ratio (representing a NK: tumor ratio of 100:1) for 24 hours.  

Results determined by colony forming assays showed growth of C1498 cells was 

significantly decreased in both antibody treated groups.  When cells from co-cultures were 

injected into lethally irradiated mice, cells purged with 5E6 treated NK cells survived 

significantly longer than cells purged with 4D11 treated NK cells.  This suggests, for optimal 

results, that the MHC haplotype of the tumor should be considered as it determines which 

inhibitory Ly49 specific antibody treatment is needed (195).     

 These studies were extended to show that purging with allogeneic NK cells is more 

effective than purging with syngeneic NK cells.   Data from “NK matched” and “NK 

mismatched” BMT, discussed earlier, corroborate this finding (170;226).  But in addition, 

allogeneic NK cells treated with inhibitory receptor blocking antibodies demonstrated greater 

elimination of tumors compared to antibody treated syngeneic NK cells.  Specifically, B10 

(H2b) and B10.D2 (H2d) ALAK cultures were treated with 5E6 or 4D11 mAb and incubated 

with C1498 (H2b) or P815 (H2d) tumor cells.  4D11 treated B10 NK cell were more effective 

than 4D11 treated B10.D2 NK cells in purging P815, whereas, 5E6 treated B10.D2 NK cells 

were more effective than 5E6 treated B10 NK cells in purging C1498 tumors (194).  These 
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experiments indicate that blocking interactions of inhibitory receptors and their specific 

MHC class I ligand can improve tumor clearance efforts by NK cells.   

 These findings validate an interesting approach for enhancement of NK cell function.  

Tumor cells escaping NK lysis by selective expression of MHC class I may become 

susceptible to lysis with blocking antibody treatment. With further research, blockade of 

inhibitory signals may be a viable approach to be translated into humans.  KIR receptors 

blockade may provide a very specific and useful treatment for tumor cells that are resistant to 

NK mediated lysis.    
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V.  OBJECTIVES 

Project Goal 
Development of a model to further study the enhancement of the anti-tumor property of 
NK cells by blocking inhibitory Ly49 receptors in vivo. 

 

A.  Development of 5E6 Transgenic Mice 

A limitation to these previous studies of blocking negative signals on NK cells has been the 

reliance on F(ab)’2 antibody fragments for blocking Ly49C/I receptors.  The in vitro 

production and reduced in vivo serum half-life of this molecule has hindered further progress 

of these studies.  In addition, we wanted to study the effects of a sustained Ly49C/I receptor 

blockade on autoimmunity and tumor surveillance efforts by NK cells which required a 

continuous source of blocking mAb.  To address these issues, we developed a transgenic 

mouse that secretes the monovalent 5E6 Fab antibody fragments into circulation.  Chapter 3 

describes the development and characterization of these 5E6Tg mice.  We confirmed the 

presence of the transgene in several founder lines and the presence of RNA transcript for the 

transgene in the founder line used in these studies.  We showed that the transgene was 

functional as it could reverse inhibition of NK cells caused by Ly49I receptor engagement.   

 

B.  Evaluation of NK and T cell receptor expression in transgenic mice 

Ly49 receptor expression on NK cells adapts to the MHC environment in which they develop 

(84;86;87;227;228).   In addition, it has been reported that T cell expression of Ly49s affects 

T cell proliferation and TCR mediated response to antigen in some Ly49 transgenic mice 

(84;229;230).  It has been suggested that blocking Ly49-MHC interactions could alter 

activation thresholds of T cells.  For these reasons, we wanted to determine if 5E6Tg mice 
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have altered NK and T cell receptor expression. Using flow cytometry, cells from various 

lymphoid tissues were assessed.  In Chapter 3, data from these staining experiments is 

presented. 

 

C.  Functional Characterization of 5E6 Transgenic Mice  

Blocking negative regulation of immune cells can result in autoimmunity as seen in CTLA-4 

receptor blockade studies (220;223;224). We wanted to determine if sustained NK receptor 

blockade in 5E6Tg mice would result in a loss of tolerance.  We performed syngeneic BMT 

to assess if 5E6Tg mice would reject syngeneic BM grafts.  In addition, we assessed the 

effect of the transgene on rejection of tumor cells.  In vitro 51Cr release assay showed that 

activated splenocytes from transgenic did not have altered cytotolytic activity compared to 

B6 controls.  But, in vivo tumor challenges with a syngeneic B16 melanoma cell line resulted 

in enhanced tumor rejection by transgenic mice. 

 

D.  Assessment of the role of NK cells in tumor surveillance in a nascent tumor model 

Presently, studies investigating the effects of blocking negative signals on NK cells for 

enhanced tumor elimination, have utilized tumor models that are not predictive of 

physiological development of cancer.  Therefore, we wanted to study effects of inhibitory 

NK receptor blockade in a nascent tumor model.  We chose to study CML as a well 

established murine model is available and is comparable to disease in humans.  In Chapter 4, 

characteristics of murine CML are presented.  In addition, we studied the susceptibility of 
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NK lysis of tumors at different stages of murine CML.  And finally, we demonstrate that 

onset of CML can be delayed in 5E6Tg mice.   

 

   

 



63 

Mouse embryonic stem 

JH deletion CK deletion 

Breeding 

Breeding 

Breeding 

Express only human antibodies 

Express murine and human 
antibodies No murine antibodies 

Human IgK Human IgH 

Figure 1.1:  Schematic representation of the development of transgenic mice 
able to produce human antibodies in the absence of murine antibodies.  
Adapted from M. Little. Immunology Today.
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Figure 1.2:  Depiction of blocking negative signals on NK cells to enhance anti-
tumor immunity.  A NK cell in contact with a tumor cell, (A) can be inhibited 
from lysis by engagement of inhibitory receptor Ly49I by H2-Kb on tumor cell, 
but (B) when Ly49I receptor is bound by 5E6 Fab, inhibitory receptor 
interaction with H2-Kb is blocked and therefore NK cell lysis is driven by 
activating receptor engagement.  
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Figure 1.3:   5E6 antibody treatment can reverse inhibition of lysis of Ly49C+ 
LAK cells by H2-Kb .  Splenocytes from Ly49C Tg mice were cultures in IL-15 
for 5 days and used as effectors in 4 hour 51Cr release assay.  YAC and YAC  
H2-Kb were used as targets with or without 5E6 F(ab)'2 at 10µg/ml.  Graph 
shows percentage of specific lysis.  Error bars indicate standard deviations. 
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CHAPTER TWO 

Materials and Methods 

 

I.  DEVELOPMENT OF RECOMBINANT 5E6 ANTIBODY AND TRANSGENIC MICE 

A.  Cloning of the 5E6 antibody genes  

Cloning of the 5E6 antibody genes was conducted for the purpose of developing a non-

depleting recombinant antibody.  As mentioned in Chapter 1, 5E6 antibody has been 

adequately tested in vitro and in vivo for its ability to block the inhibitory action of Ly49C/I 

(194;195;231)   cDNA was made using oligo dT primers from RNA isolated from 5E6 

hybridoma cells.  cDNA was amplified using degenerate primers for murine heavy chain 

(HC) and light chain (LC) specific primers (232). The primers used were the following:  

EcoR1/ Leader murine Light Kappa Chain (5’end): GGG AAT TCA TGG GCA TTC AAG 

AAT GGA AGA ATC ATC AT;  HindIII/murine Light Kappa Chain constant region 

(3’end):  GGA AGC TTA CTG GAT GGT GGG AAG ATG GA;   EcoR1/Heavy chain FR-1 

(5’end):  GGG AAT TCG CAG GTC GAC AAG CTG CAG CGA GTC T; HindIII/Mouse 

Heavy chain construct (3’ end): GGA AGC TTA TCC TCC ACA CAC AGG AGA GCC 

AGT GGA TAG A.  The PCR product was sub-cloned into pGEM T-easy vector (Promega) 

by rapid ligation. Sequence analysis showed that conceptual translation of each gene 

fragment, (HC and LC) had high homology to other mAb sequences but diverged at the N-

terminal CDR regions. 

 

B.  Development of Fc-mutant 5E6 antibody 
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The 5E6 mAb developed by immunizing 129/J mice (H2b) with intrasplenic injections of B6 

LAKs (61), has an isotype of mIg2a and has been found to deplete the Ly49C/I subset of NK 

cells.  All studies to demonstrate blocking negative signals to enhance anti-tumor effects of 

NK cells have utilized antibody fragments of 5E6, but antibody fragments have a reduced 

half-life (233).  The goal of developing a recombinant antibody to study blocking negative 

signals required a mAb with a prolonged half life which does not deplete NK cells.  One 

approach used to develop this recombinant whole antibody involved with making alterations 

to Fc region of existing 5E6 mAb. It was reported that human and mouse IgG1 isotype do not 

bind human FcγR (234).   In order to alter the 5E6 HC constant region from IgG2a to IgG1, a 

muIgG1 vector was utilized (235),(a gift from E. Sally Ward from UT Southwestern) to fuse 

the VDJ region of 5E6 HC to the muIgG1 constant region (Hinge-CH2-CH3).  Primers were 

designed and used to amplify the IgG1 coding region using PCR creating a fragment with 

HindIII 5’ and EcoRI 3’ restriction sites to facilitate cloning in frame with existing 5E6 HC 

cDNA fragments.  The HindIII digested IgG1 and 5E6 HC fragments were ligated to 

maintain the open reading frame (ORF).  This ligated product was cloned into the pGEM T-

vector and the sequence of the construct was confirmed.  The Sal/EcoR1 digested 

5E6H/IgG1 fragment and 5E6LC fragment were cloned into Sal/EcoR1 digested eukaryotic 

expression vector (pcDNA (-) and pZeoSV2 (+)) resulting in 5E6HC pcDNA (-) and 5E6LC 

pZeoSV2 (+) (vectors from Invitrogen).  Further alteration was needed to assure that the 

antibody did not deplete.  Site directed mutagenesis was used to convert asparagine to 

alanine at residue 297 thereby removing the antibody N-carbohydrate attachment site (236). 

This resulted in converting mIgG1 mAb into a non-depleting antibody (Figure 2.1).  For the 
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production of 5E6 Fc Mutant antibody, double transfections with mutated 5E6HC pcDNA (-) 

and 5E6LC pZeoSV2 (+) were conducted by electroporation of SP2/0 cells.  Stable 

transfectants were expanded and tested for antibody production.  For more efficient in vitro 

expression of 5E6 Fc Mutant antibody, HC and LC cDNAs were cloned into a single vector, 

pBUDCE4 (Invitrogen), containing 2 promoters (pCMV for LC and pEF-1α for HC). The 

~500bp 5E6HC insert was isolated by Kpn I-Not I (Invitrogen) digestion of pcDNA vector 

and ligated with Kpn-Not digested pBUD vector using T4 ligase at 18º C overnight.  The 

ligation reaction was transformed into DH5α competent cells (Invitrogen) and plated on 

LB/Amp agar plates and incubated overnight at 37ºC.  Bacterial colonies were expanded and 

mini-prepared (Qiagen).  Restriction digestions of minipreps were conducted to identify 

recombinants.   Bacterial clones containing HC cDNA were made into large preparations and 

used in cloning of LC cDNA.  For LC cloning,  no compatible restriction sites were available 

in LC cDNA, therefore restrictions sites Sal I and Sca I were added to LC cDNA by 

amplifying pZeoSV2 (+) 5E6L plasmid using the following primers:  5E6LSAL (5’ END) 

GTC GAC GTG GGA AGA TGG AGT CAG ACA CAC,  5E6LSCA (3’ END)  AGT ACT 

GGT GGT GGC GTC TCA GGA CCT.  The PCR product was sub-cloned into pGEM T 

vector for manipulation.  Following DNA large preparation, LC cDNA insert was prepared 

by Sal I and Sca I digestion and ligated with Sal-Sca digested pBUD containing HC cDNA 

vector.  Cloning was confirmed by sequence analysis.  The final pBUD vector construct 

containing LC and HC cDNA inserts was sequenced. T7 primers were used to confirm LC 

cloning into multiple cloning site A and EF-1α primers were used to confirm HC cloning into 

multiple cloning site B.  Overall, this recombinant antibody was created and tested to show 
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binding to Ly49C/I on splenic NK cells, but was not used in further experiments due to 

problems with its in vitro production. 

 

C.  Transgenic construct  

To develop a transgenic construct for in vivo expression of 5E6 antibody fragments, pIRES 

(Clontech) was chosen due to its strong CMV promoter, presence of multiple cloning sites 

and inclusion of an internal ribosomal entry site (IRES) sequence.   Successful transgenic 

mice, described in the literature, that secrete soluble molecules or antibodies were referenced 

when vector and promoter choices were considered.    Several antibody transgenic mice have 

been developed to study questions in immunology, such as autoimmunity and anti-tumor 

effects (Table 1).  For example,  the ability of B cells and T cells to become tolerant to 

autoantibody was studied in the transgenic mice that expressed an antibody for a small 

nuclear ribonucleoprotein particles (237;238) and transgenic mice making antibody against 

mouse erythrocytes provided a model to study autoimmune hemolytic anemia (239).  The IL-

7Tg, mouse in which transgene expression was driven by the MHC class II promoter, was 

designed to study the effects of IL-7 overproduction on T cell development (240). The 

Hepatitis B virus transgenic mice secrete Hepatitis B surface antigen by hepatocytes, driven 

by an albumin promoter, to provide a model for chronic, immune mediated hepatitis (241).  

In the CTLA4Ig Tg mice, a rat insulin promoter regulated expression of the fusion protein 

which allowed enhanced allograft acceptance (242).  In addition, CTLA4-Hγ1Tg mice which 

used a mouse Ig promoter for cDNA regulation allowed the study of the effect of blocking 

CD28/B7 interactions (243-247).  Transgenic mice making IgM to ganglioside GD2, sialic 
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acid-containing glycosphingolipids, demonstrated anti-tumor responses to EL-4 and B16 

tumor cells (248).   Transgenic mice that secreted anti-CD4 (GK1.5) antibody using rat 

insulin promoter and CMV promoter provided a novel CD4-deficient model to assess the role 

of CD4 cells in co-stimulation of CTL activation (249;250). In addition, transgenic mice that 

produced anti-NK1.1 depleting antibody (by Ig promoter) were developed to study NK-B 

cells interactions (251).   In most of these examples of antibody transgenic mice, HC and LC 

cDNAs were cloned into two separate vectors.  Either, two transgenic mice were created and 

then crossed (as depicted in Figure 1.1) or both vectors were microinjected into embryos and 

founder lines were selected if they incorporated both cDNAs.  In addition, using a B cell 

specific promoter is limiting because it requires B cell development for transgene expression.  

Since, we considered assessing the effects of 5E6 mAb transgene expression on NK 

development, we required a promoter that was active earlier in mouse development.   

Moreover, instead of developing 2 transgenic constructs for each antibody gene, we decided 

to use a bicistronic vector that contained an IRES sequence. Using PCR, restriction sites 

(Xho I and Mlu I), stop codon and 6x HIS tag was added to HC (excluding Fc region) cDNA.  

The primers used for this reactions were as follows:  XHO1-HC (5’end):  CTC GAG CTT 

ACA ATG AAA TGC AGC; HC-STOP-MLU (3’ end):  ACG CGT TTA ATG GTG ATG 

GTG ATG GTG CGA TGG GGC TGT TTT GGC. PCR amplification of plasmid containing 

HC was conducted and PCR product was sub-cloned into the pGEM T-Easy Vector.  

Recombinants were identified by restriction digestion.  Meanwhile, LC cDNA insert (product 

of Sal-Not digest of 5E6LpzeoSV2) and linearized pIRES (digested with Sal-Not) were 

ligated.   After transformation into competent cells, several recombinants were identified by 
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restriction digestion.  LC–pIRES DNA was prepared by Qiagen Maxi prep and used for HC 

cloning.  HC cDNA was digested with Xho I and Mlu I and ligated with Xho-Mlu digested 

LC-pIRES vector.   External and internal primers were designed to confirm cloning success 

by sequencing the entire construct.  The primers used were as follows:  T7; T3; HC-5E6-SQ:  

GTC TCT GCA GCC AAA ACA GCC; LC-5E6-SQ:   ATC AGC CCG TTT GAT TTC 

GAC; 5E6-IRES:  CAGGTG CCT CTG CGG CCA AAA (Figure 2.2).   

 

D.  Testing transgenic construct in vitro 

The DNA construct was evaluated for its ability to make functional protein.  IL-6/SP20 cells 

(gift from W. Lai at UT Southwestern, IL-6 was transfected into SP2/0 to enhance antibody 

secretion; SP2/0 myeloma do not secrete Ig unless fused with B cell or transfected with Ig 

vectors) were transfected with 10 µg DNA by electroporation at 960µF and 300 mV.  Cells 

were rested on ice for 15 minutes before being incubated at 37º C for 2 days without 

selection media.  After two days, cells were plated in 0.4mg/ml Zeocin (Invitrogen) selection 

media in 96 well flat bottom plates and surviving clones were expanding in 24 well plate.  

After several days, supernatants were harvested, pooled together and concentrated using a 

Centricon filtration device (Millipore).  Concentrated supernatants were used to stain Ly49I 

transfected cells (BW/I) followed by secondary stain with anti-mouse IgG H+L antibody 

(Jackson) to detect bound antibody.  Cells treated with concentrated supernatants from 

transfected cells showed a shift in mean fluorescence intensity compared to untransfected 

media control (Figure 2.3).  From this experiment, it was concluded that the DNA construct 

was able to encode functional antibody. 
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E.  Preparation for transgenic injections 

The transgenic construct was digested to remove extraneous vector sequences which may 

have interfered with incorporation into the mouse genome, specifically the Neomycin and 

Ampicillin resistance genes.  The original 6088 bp vector after cloning included 421 bp HC 

sequence and 737 bp light chain sequence was digested with Sfi I (New England Biolabs) 

and Bgl II (Invitrogen) to result in a 4271 bp DNA fragment.  After digestion was complete, 

DNA was eluted  on a 0.8% agarose gel at 48 volts to achieve optimal separation of 

transgenic DNA fragment from vector sequence (Figure 2.4).  The 4271 bp band was gel 

extracted and eluted in 10 mM Tris (pH 7.3) 0.1mM EDTA (as instructed by Center for 

Immunology Transgenic Core Facility).     

 

F.  Generation of scFv construct 

ScFv molecule is a fusion protein of variable HC (VH) and variable LC (VL) regions of whole 

antibody connected by a flexible linker.  A schematic diagram of the scFv compared to Fab 

antibody fragment is shown in Figure 2.5.   To create 5E6 scFV, 5E6 mAb HC and LC 

sequence were assessed to determine the CDR and framework sequences.  The location of 

required sequences for scFv was determined by evaluating conserved antibody sequences 

found in the Kabat reference (252) and confirmed by E. Sally Ward from UT Southwestern.  

The DNA construct used to generate 5E6 scFv antibody fragment is depicted in Figure 2.6.  

PCR primers were used to modify VL cDNA, which included framework 1-4 regions, to add 

restriction sites required for cloning and to add the linker sequence.  The following primers 

were used to amplify VL DNA:  5E6scFv EcoR1-VL (5’ end):  GAA TTC CTC GAG AAG 
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ATG GAG TCA GAC ACA CTC CTG CTA TGG; 5E6scFvLinkVL (3’end): GC GGC CGC 

AGA GCC GCC GCC GCC ACC AGC GCC GCC ACC GCC CGA GCC ACC GCC TCC 

CCG TTT GAT TTC CAG CTT GGT GCC.  To prepare VH sequences for construction of 

scFv molecules HC vector (5E6H pcDNA) was amplified using the following primers:  

5E6scFvLinkVH (5’ end)GCG GCC GCT GAG GTT CAA CTA CAG CAG TCT GGG 

GCA GAG CTT GTG AA CCA;  5E6scFv Sal-VH (3’ end)  GTC GAC GGA TCC TTA 

CTT ATC GTC GTC ATC CTT GTA CTA CAG ATC CTC TTC AGA GAT GAG TTT 

CTG CTC TGC AGA GAC AGT GAC CAG AGT CCC TTG GCC.  This PCR product 

contained sequences encoding epitope tags (myc and flag) added to the 3' end of the VH 

sequence.  PCR products of both reactions were sub-cloned into a pGEM vector.  The VL 

(5E6L pZeoSV2) vector was digested with Xho I and Not I.  The VH vector was digested 

with Not and BamHI.  Triple ligation reactions were performed with XhoI-BamHI digested 

pcDNA and digested VL and VH cDNA segments.  scFv was produced as an alternative 

approach to study blocking negative signals but not used in in vivo experiments.    

 

G.  In Vitro testing of scFv DNA construct 

293T cells were transiently transfected using non-liposomal transduction (Qiagen Effectene 

reagent) with 2µg of the 5E6 scFv DNA construct. Culture supernatant from transfected cells 

was concentrated using a centrifuge filter device (Centricon by Millipore) and used to stain 

BW/I cells.  Bound antibody was detected by anti-flag antibody and by anti-mouse IgG H+L 

specific antibody (Figure 2.7).  In contrast to approach depicted in Figure 2.3, to test scFv 

DNA construct, 293T was transiently transfected, instead of developing stable transfectants, 
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for faster results.  Because of this approach, only a subset of 293T was expected to make 

scFv after transfection resulting in low concentration of scFv protein in culture supernatant.  

The staining profile depicted in Figure 2.7does not represent an entire shift in MFI but 

instead shows only a small subset of BW/I cells binding to anti-mouse Ig secondary.  

 

II. MOLECULAR TECHNIQUES 

A.  Cloning 

When compatible restriction sites were not available on cloning vectors, special PCR primers 

were designed to add restriction sites 5’ or 3’ of insert cDNA.  Primer sequence typically 

included 15-18 nucleotides of cDNA sequence in addition to restriction site and/or epitope 

tag sequence as needed.  PCR amplification was conducted on dilutions of plasmid 

containing the cDNA of interest (1-10 ng).  Standard PCR conditions were used (see PCR 

methods) with annealing temperatures chosen depending on specific primers.  PCR products 

of expected size were extracted from the gel under UV light and purified using a gel 

extraction kit from QIAGEN.  DNA was eluted in sterile H20 and stored at -20º until used.  

PCR products were sub-cloned into pGEM T-easy vector (Promega) by rapid ligation at RT 

as described by Promega T-Easy kit.  If compatible restrictions sites were available, most 

commonly directional cloning was conducted in which two different restrictions sites were 

used to extract insert DNA and to linearized recipient vector.  This approach prevented false 

positive results in which the vector ligated onto itself. Cloning procedures were conducted as 

described in (253). 
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B.  Isolation of genomic DNA  

Genomic DNA was isolated from mice tail clips to assess 5E6 mAb transgene incorporation.  

A small clip of tail was collected and digested in a buffer 100mM Tris (pH 8), 5mM EDTA, 

0.2% SDS, 200mM NaCl and 350µg Proteinase K at 55ºC for several hours or overnight.  

Digested tails were vigorously vortexed and centrifuged at full speed (14000 rpm) at 4ºC for 

10 minutes.  Supernatants were removed and DNA was precipitated by isopropanol.  

Samples were centrifuged at full speed 4ºC for 10 minutes again.  The DNA pellet was dried 

on the bench top and re-suspended in 100-200µl of sterile H2O.  DNA samples were then 

utilized as template in PCR reactions. 

 

C.  Polymerase chain reaction 

Primers for cloning are described in Development of Recombinant 5E6 antibody and 

Transgenic Mice portion.  For genotyping of transgenic animals, primers were selected that 

would amplify vector unique sequences found in the CMV promoter region and HC region.  

Candidate primers were identified by putting the pIRES vector sequence into Primer3 

software (www-genome.wi.mit.edu/cgi-bin/primer/primer3).  Of the several primers 

suggested, primers that amplified the promoter region and giving 500bp PCR product were 

chosen.  Primers were tested on plasmid DNA to ensure a single product was amplified.  The 

following primers were chosen for genotyping:  5E6Tg CMV-HC #1 (5’ end):  CAC CAA 

AAT CAA CGG GAC TT, 5E6Tg CMV-HC #2 (3’ end)   CCC AGC TGC ATT TCA TTG 

TA.   For screening transgenic mice, transgenic vector plasmid was mixed with genomic B6 

mouse DNA as a positive control until actual PCR positive mice were identified.   B6 
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genomic DNA and reactions without template DNA were used as negative controls.  

Standard PCR reactions were conducted using hot-start Taq polymerase (Invitrogen or 

Sigma) (started at 94ºC for 3 minutes).  The PCR cycles ran for 30-35 cycles: denaturation at 

94ºC for 30 seconds, annealing at 42-55ºC (varies with primers) for 30 seconds and 

elongation at 72ºC for 90 seconds.  A final elongation step at 72ºC was continued for an 

additional 5 minutes after which the reaction was completed and held at 4ºC.  

 

D.  RT-PCR 

RNA was extracted from mouse animal tissue samples.  Tissue samples were harvested, 

weighed and placed in PBS.  Single cell suspensions were made by placing the tissue 

between two frosted microscope slides and gently rubbing slides together.   Cells were 

centrifuged at 2500 rpm for 5 minutes.  Cell pellets were resuspended at 60 mg/ml in RLT 

buffer (Qiagen) containing β-mercaptoethanol and kept at -20ºC until RNA preparations 

were conducted.  RNA preparation was done using Qiagen RNAeasy kit, per manufacturer’s 

instructions.  RNA eluted in RNAase-free water was stored at -20ºC.  cDNA was made by 

incubating 10µl of RNA with 1µl Oligo (dt) and 2µl of 10mM dNTP (Invitrogen) for 5 

minutes at 65ºC. A mixture of the following reagents was made: 2µl 10x PCR buffer and 2µl 

25mM MgCl2 (both from Promega), 1µl Random primers, 1µl MMLV Reverse transcriptase 

(RT) and 1µl RNAaseOUT (Invitrogen).   7µl of reagent mixture was added to each sample 

and incubated at 37ºC for 2-3 hours.  Samples were incubated at 65ºC for 10 minutes to 

inactivate the reaction and stored at -20ºC.  cDNA preparations were done with and without 

RT as a control.  The following HPRT primers (a gift from I. Stroynowski lab) were used to 
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assess quality of the cDNA preparation: Forward HPRT primers (7/8th Exon): GAT ACA 

GGC CAG ACT TTG TTG; Reverse HPRT primers (9th Exon)  GGT AGG CTG GCC TAT 

AGG CT.  Using HPRT primers, the samples lacking RT did not amplify a product.   For 

assessment of Tg RNA in tissues, primers were designed to distinguish between template 

DNA and spliced RNA transcript.   The forward primer corresponds to the CMV promoter 

region and the reverse primer corresponds to the HC region.  This PCR product extended 

across an intervening sequence contained in the transgenic vector.  The IVS sequence (132 

bp) was spliced out of the final transcript. Therefore, amplification of the unspliced product 

results in a PCR product of 474bp and the spliced product results in a PCR product of 342bp.  

A tissue sample resulting in both products would indicate positive expression of transgene.  

cDNA was amplified for 35 cycles using methods described in PCR section.  The following 

primers were used in RT-PCR:  IVS-HC #7: CTT GCA GAA GTT GGT CGT GA; IVS-HC 

#8: TGT AAC CAT TCG CAG GAT CA.  

 

III. CELL LINES  

Tumor cell lines were maintained in culture at 37ºC with 5-10% CO2 in the air.  The 

following cell lines were grown in RPMI media supplemented (RPMI complete) with 1mM 

sodium pyruvate, 1mN non-essential amino-acids, penicillin/streptomycin, 25mM HEPES 

and 10% fetal calf serum (Atlanta scientific):  YAC-1 (H2a), YAC-Kb (H2Kb), EL-4, BW, 

BW/I and C1498.  The following cell lines were grown in DMEM media supplemented 

(DMEM complete) with 1mM sodium pyruvate, 1mN non-essential amino-acids, 

penicillin/streptomycin and 10% fetal calf serum (Atlanta Scientific):  B16, 293T, SP2/O and 
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IL-6/SP2/O. All other tissue culture additives were obtained from Invitrogen.  For in vivo 

tumor studies, tumors were expanded and frozen in 90% FCS, 10% DMSO at -80ºC.  Prior to 

each experiment, a new vial was thawed and only maintained in culture for 4-7 days prior to 

use. 

 

IV. REAGENTS 

A.  Antibody Purification  

Hybridoma cells were grown in complete DMEM media at 37ºC until cells reached a very 

high cell density.  Culture supernatants were separated from cells and concentrated by 

ammonium sulfate precipitation.  Following overnight dialysis in PBS buffer, culture 

supernatant was filtered through a 0.45 µm filter and prepared for protein purification by 

HPLC technique (Amersham) using Hi Trap Protein G column (Amersham) and reagents 

recommended by the manufacturer. Antibody concentration and purity of samples were 

verified by Coomassie stain (Invitrogen) of non-reducing 10% Tris SDS-PAGE gel 

(BioRad). 

 

B.  Antibody Digestion 

For generation of bivalent F(ab’)2 antibody fragments, whole antibody samples in 100mM 

sodium citrate buffer were mixed with 0.2mg/ml pepsin (Sigma) at pH 3.5 and incubated at 

37°C for optimal time of incubation (determined by pilot digestion).  The reaction was 

neutralized with 1/10 volume of 3M Tris.  Effectiveness of pepsin treatment was confirmed 

by non-reducing SDS-PAGE gel and Coomassie stain.  For production of monovalent Fab 
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antibody fragments, whole antibody samples in 100mM sodium citrate buffer were mixed 

with activated papain enzyme (Sigma)  and incubated at 37°C for optimal time of incubation 

(determined by pilot digestion).  The papain slurry (at 1/10 volume) was activated by a 30 

minute incubation at RT in 50 mM sodium citrate 20 mM cysteine 2 mM EDTA buffer. 

 

V. FLOW CYTOMETRY 

A.  Preparation of peripheral blood  

Peripheral blood was drawn from tail veins and placed in Alsiever's solution (ICN).  Cells 

were centrifuged at 3000 rpm in a microcentrifuge (Sorvall MC12) for 2 minutes and 

resuspended in PBS.  Red blood cells were lysed using warm NH4Cl-Tris buffer (4g NH4Cl, 

1.58g Tris-HCl in 500 mL dI H2O, pH 7.2) for 5 minutes.  Cells were centrifuged as above 

and supernatants were aspirated.  The remaining cell pellet was used in a cell staining 

protocol. 

 

B.  Preparation of splenocytes and thymocytes 

Tissues were harvested and placed into DMEM complete media.  Single cell suspensions 

were made by placing tissue between two frosted microscope slides and gently rubbing slides 

together.  Slides were rinsed with complete DMEM media and cells were passed through a 

18g needle or 1 ml pipet-tip to remove cell clusters. Cells were passed through a nylon mesh 

filter and centrifuged at 3000 rpm.  RBCs were lysed with NH4Cl-Tris buffer.  Cells were 

centrifuged and supernatants were aspirated.   
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C.  Cell Staining Protocol 

Cells were treated with culture supernatant from the 2.4G2 hybridoma to block Fc receptors 

and placed at 4° C for 20-30 minutes.  Cells were washed with PBS + 2% FCS buffer by 

centrifuging at 3000 rpm and supernatants were aspirated.  Monoclonal antibodies were 

added to cell pellets in 100µl volume and incubated for 20-30 minutes at 4° C in the dark.  

Excess antibody was removed by washing in PBS plus 2% FCS buffer and cells were 

prepared for flow cytometry collection after filtration through nylon mesh.  Flow cytometry 

was performed using  FACscan or FACs Caliber instruments (Becton Dickinson). 

 

VI. IN VITRO ASSAYS 

A.  Chromium release assay 

Cytotoxicity assays were performed as previously described (254).  Target cells were 

radiolabeled with 200 µCi Na 51CrO4 (51Cr) for one hour at 37ºC and washed to remove 

excess label.  Effectors were plated at varying ratios to target cells and incubated for up to 4 

hours.  100µl of the supernatant was removed and the amount of 51Cr released from lysed 

cells was determined by liquid scintillation counting.  The percent specific lysis was 

calculated by the following formula: [(51Cr cpm experimental release -spontaneous 

release)/(maximum release-spontaneous release)] x 100.   Triplicate samples were used.  If 

antibody treatment was required, antibody was pre-incubated with effectors for 30 minutes 

prior to plating with targets.  

 
B.  Cellular competition assay 
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This assay was developed to detect the presence of 5E6 Fab antibody in the serum of 5E6Tg+ 

mice.  Ly49I transfected cells (BWI) were treated with serum from transgenic mice and with 

a set amount of conjugated 5E6 whole antibody as a positive control.   Although the binding 

avidity of whole antibody to Ly49I is greater than Fab, it was predicted that if Tg serum 

contained 5E6 Fab molecules, a reduction in mean fluorescence intensity (MFI) would be 

observed.  5E6 FITC (BD Pharmingen) was titered from 100ng to 1ng on 50,000 BWI cells .  

5E6 FITC concentration of 12.5 ng was chosen because it appeared to be a sufficient amount 

of antibody for staining with little excess, so that if a competing antibody was provided, a 

change in FITC staining could be detected.  Controls for the experiment were performed to 

establish background MFI levels and maximum MFI by 5E6 FITC staining.  Background 

MFI was established by treating BWI cells with B6 serum.   Maximum MFI was established 

by treating cells with B6 serum and 12.5 ng 5E6 FITC antibody.  A standard was established 

by treating cells with B6 serum, 1000ng or 100ng or 10ng 5E6 Fab plus 12.5 ng 5E6 FITC.  

Ten-fold dilutions were performed for each sample. To determine percent competition by Tg 

serum, background was subtracted from each value and then this equation was applied to 

normalize values between experiments:  [1-(sample MFI/maximum MFI)]x 100.  The assay 

was validated by use of several non-transgenic serum samples in which no decrease in MFI 

was seen.   

 

VII. GENERATION OF EFFECTORS 

A. LAKS 
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 Splenocytes from B6, B6.Ly49C Tg and BALB/c were cultured in complete DMEM, 2.25 x 

10-5M 2-ME, 1µg/ml indomethacin and 50-150ng/ml mouse recombinant IL-15(R&D) or 

500units/ml of IL-2 (Chiron).  Cells were plated at 3 x106 cells/ml in 24-well flat bottom 

plate for 5 days at 37°C in 10% CO2   

 

B.  In vivo activated effectors 

For effectors, mice were treated with 200-300 µg of polyinosinc-polycytidylic acid (poly IC) 

(ip) (Sigma or Calbiochem).  Spleens were harvested the following day.  Lymphocytes, 

suspended in 10 ml were layered above 10 ml of ficoll (Amersham Biosciences) and spun at 

9000 rpm high speed for 20 minutes (Beckman).  Buffy coat was removed and washed twice 

in complete DMEM. 

 

C.  Negative selection of NK cells 

Occasionally, experiments required LAK cultures enriched for NK cells.  This was done by 

removal of CD3+ cells from splenocytes by antibody depletion.   Cells were suspended in 

PBS+ 2%FCS at 100 x 106/ml.  CD3-biotin (BD Pharmingen) antibody were added to cells 

and incubated for 20 minutes at 4°C.  Cells were washed of excess antibody and then 

incubated with magnetic strepavidin microbeads (BD or Miltenyi Biotec) for 15 minutes at 

4°C.  Cells were passed through a MACS CS magnetic separation column from Miltenyi 

Biotec.  Cells that flowed through the column (which were depleted for CD3+ cells) were 

collected and put into culture for development of LAK cells, as previously described in 

LAKs section.    
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D.  Positive Selection of NK cells 

The surface marker DX5 was used to positively enrich for NK cells.  Splenocytes were 

suspended in PBS+ 2%FCS at 200 x 106/ml.  DX5-biotin or NK1.1-biotin (BD Pharmingen) 

antibody were added to cells and incubated for 20 minutes at 4°C.  Cells were washed of 

excess antibody and then incubated with magnetic strepavidin microbeads (BD) for 15 

minutes at 4°C.  Cells were passed through Miltenyi MACS VS or LS separation column 

(according to manufacturer instructions).  The column flow-through contains DX5- cells, 

which were discarded.  The column was removed from magnet and cells were eluted by 

plunger action. 

 

VIII. ANIMAL EXPERIMENTS 

A. Bone Marrow Transplantation 

Transplantation experiments were conducted as described (255-258).    Bone marrow cells 

(BMC) were harvested, under sterile conditions, from femur, tibia, hip and spine bones of 

donor mice.  Bones were crushed by mortar/pestle and collected in serum-free media.  Cells 

were aspirated and filtered through sterile mesh and washed in PBS before resuspension to an 

appropriate concentration for transplant. Cells were injected intravenously (iv) through tail 

veins of lethally irradiated recipient mice. Proliferation of transplanted cells was determined 

by uptake of [125I]UDR , a DNA specific precursor and thymidine analog, in the spleen 5 

days post-transplant. Percent splenic uptake was determined by comparison to [125I]UDR 

injected, noted as standard, (Splenic cpm value /standard cpm value) x 100.  Parametric and 

non-parametric statistical analyses were used to determine differences between groups.    
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B.  BCR/ABL Tumor Model 

Procedures were conducted as described (259) with modifications (Figure 2.8).  Briefly, 

donor mice were treated (ip) 4-5 days prior to BMT with 5 mg of 5-fluorouracil (Sigma).   

Approximately 1 to 1.5 donor mice were required for 1 recipient mouse. Donor mice were 

sacrificed and BMC were collected as described in BMT methods.  Live lymphocytes from 

BMC were separated by ficoll gradient centrifugation and then stimulated with cytokines (at 

final concentration of IL-6, 10 ng/ml, SCF, 70 ng/ml and IL-3, 6 ng/ml (BioSource)) in 10 ml 

complete DMEM overnight at 37°C 10% CO2 in the air.  The cells were transduced with 

retroviral supernant in the presence of polybrene (to enhance virus uptake into cells) by 

centrifugation at 2500 rpm (in Sorvall RT6000) for 90 minutes to enhance transduction 

efficiency.  Transduction was repeated with fresh viral supernatant the following day.    

Lethally irradiated recipient mice were infused with 0.2-0.5 x106 retrovirally transduced 

cells.  Low transduction efficiency (less than 1%) was sufficient for mice to develop CML-

like disease.  Mice were monitored for GFP expression of peripheral blood leukocytes to 

assess disease progression, since the vectors used contained the GFP reporter gene (Figure 

2.9). 

 

C.  Generation of Retrovirus Stocks for Transduction of Injected Cells 

Procedures were conducted as described (259) with modifications. Retroviral vectors were 

purified by buoyant density centrifugation in CsCl or by Qiagen DNA large preparation. 

293T cells were transiently transfected with 2 µg of retroviral GFP-containing vector (control 
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vector, MIGR1 or p210/GFP, shown in Figure 2.9) and 2 µg of MCV-Ecopack, an ecotropic 

single-genome packaging construct using the Qiagen Effectene transfection reagent, 

following manufacturer instructions.  The culture supernatant was harvested 2 days after 

transfection and frozen at -80°C.  Transduction efficiency was assessed by flow cytometry 

for presence of GFP expression compared to untransfected control cells.  GFP expression 

was used to correlate with viral titer. 

 

D.  Antibody treatment of mice 

For T cell depletion, 200µg of anti-CD4 mAb (GK1.5) and anti-CD8 mAb (2.43) were 

administered (ip) 2 days prior to BMT.  Control experiments showed 95% reduction of CD3+ 

cells in peripheral blood.  For NK depletion, 25µl of rabbit anti-asialo GM1 serum (Wako 

Chemicals) was administered (ip) one day prior to BMT or 200µg of anti-NK1.1 mAb 

(PK136) was administered 5 days prior to BMT.  

 

IX. STATISTICS 

Microsoft Excel was used to calculate means, standard errors and student T-tests. Values 

were considered statistical significant if p<0.05.  
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Table 2.1: Examples of soluble protein transgenic mice 

Transgenic Protein Purpose/Finding Promoter Reference 
 
Antibody to small nuclear 
ribonucleoprotein particles 

Studied peripheral B cell and T cells  
tolerance to an autoantibody Mouse Ig promoter (238;260) 

Antibody to mouse 
erythrocytes 

Provided a model for autoimmune hemolytic 
anemia Mouse Ig promoter (261) 

IL-7 cytokine Evaluated  the effects of IL-7 overproduction 
on T cell development 

MHC class II 
promoter (240) 

Hepatitis B surface antigen  Provided a model for chronic, immune 
mediated hepatitis Albumin promoter (241) 

CTLA4Ig fusion protein Demonstrated enhanced allograft acceptance Rat insulin 
promoter (242) 

CTLA4-Hγ1 Provided a model for  the study the effect of 
blocking CD28/B7 interaction Mouse Ig promoter (243-247) 

Antibody to ganglioside GD2 
sialic acid-containing 
glycosphingolipids 

Demonstrated anti-tumor responses to EL-4 
and B16 tumor cells Mouse Ig promoter (248).    

Anti-CD4 (GK1.5) antibody 
Provided a novel CD4-deficient model to 
assess the role of CD4 cells in co-stimulation 
of CTL activation 

Rat insulin 
promoter and CMV 
promoter 

(249;250). 

Anti-NK1.1 (PK136) antibody Developed to study NK-B cells interactions Mouse Ig promoter (251) 
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Figure 2.1:  5E6 antibody modifications to create non-depleting mAb. 
5E6 HC constant region IgG2a was altered to IgG1 by molecular 
cloning methods. This was followed by site directed mutagenesis 
which destroyed the N-carbohydrate attachment site by converting 
asparagine to alanine at residue 297. The resulting recombinant 
antibody has been shown to bind but not deplete Ly49C/I, in vivo. 

 

IgG2
5E6 mA

 

IgG2 IgG
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HC insert 
 (421bp) 

LC insert 
(737 bp) 

IRES (580 bp) 

Cloning site A Cloning site B 

T7 Primer HC 5E6 SQ 5E6 IRES 

LC 5E6 SQ T3 Primer 

0 bp 400 500 950 1400 1900 bp 

Figure 2.2:  5E6Tg DNA construct indicating primers used in 
sequencing.  To confirm accurate DNA cloning, a variety of primers 
were designed to allow sequencing to span genes inserted in both 
cloning sites. 
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Negative  Positive 
Control Control 

Anti-mouse IgG H + L 
Anti-Mouse IgG H+L ab 

Figure 2.3:  5E6Tg DNA construct makes functional antibody that binds 
Ly49I.  Ly49I transfected cells were treated with culture supernatant 
from control 5E6 Tg non-transfected cells (purple), 5E6 Tg transfected 
cells (pink), control supernatant spiked with 5E6 F(ab)’2 (blue) and 
bound antibody was detected by secondary anti-mouse IgG H+L Ab. 
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U
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Figure 2.4: In preparation of transgenic infections extraneous vector 
sequences were removed using Sfi I I and Bgl II restriction digestion. 
4.2 Kb corresponds to Tg fragment that was purified and used in 
transgenic injections.  3.1 kb band corresponds to remaining 
extraneous vector DNA. 
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Figure 2.5:  Schematic of (a) F(ab’)2 antibody fragment structure 
compared to (b) scFv structure.  
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Epitope MCS 

pcDNA3.1(-) pcDNA3.1(-) 
VH 

 

Figure 2.6:  DNA construct used to generate 5E6 scFv antibody 
fragment. Gene segment of VL cDNA , framework 1-4 regions, and  VH, 
framework 1-4, were cloned into pcDNA3.1(-) vector (Invitrogen). 15 
amino acid flexible linker sequence was added to 3' end of VL sequence 
by PCR.   Epitope tags (myc and flag) sequences were added to 3' end 
of VH sequence by PCR.   Resulting 5E6 scFv vector is 6.2kb size. 

pCMV IE  VL Linker 

  

BGH 
Poly A 
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Figure 2.7:  5E6 scFv DNA construct makes functional protein.  Ly49I 
transfected cells were treated with culture supernatant from non-
transfected cells (filled purple) and 5E6 Tg transfected cells (green).  
Bound antibody was detected by secondary anti-flag Ab and anti-
mouse IgG H+L ab (data not shown).  
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 Harvest BMC from  Cells are introduced to  
Host by IV tail vein injection 5-FU treated  donors 

 following irradiation 

Host 

 

48 hr 

+ transduction with  Assess infected  
 cells for GPF 

expression 
viral supernatant  

Culture in  
IL3, IL6, SCF 

Figure 2.8:  A schematic depiction of BMT used to establish murine CML. 5-
FU treated BMC from donor mice are stimulated with cytokines prior to 
retrovirally transduction with p210/GFP.  Transduced BMC are infused into 
lethally irradiated syngeneic hosts. 
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A 

5’LTR 3’ LTR 

 

     
GFP Bcr/abl IRES 

R1 R1 

B 

5’LTR 3’ LTR 

GFP IRES 

R1 

Figure 2.9:. The retroviral constructs used to transduce (A) BCR/ABL/GFP 
and (B) GFP- only genes. These constructs and retroviral packaging vector 
were used to transiently transfected 293Twhich produced retroviral 
supernatant.  Retroviral supernatant was then used to transduce BMC for 
induction of CML or GFP control mice. 

 



 

CHAPTER THREE 

Development and Characterization of 5E6 Transgenic Mice 

 

I.  Introduction 

As introduced in Chapter 1, NK cell regulation is mediated by inhibitory receptors such as 

Ly49s.  When these receptors are engaged by MHC class I ligands, NK cytotoxicity is halted.   

Also discussed in Chapter 1, there is evidence that NK cells are involved in tumor 

surveillance.  For example, beige mice, which have impaired T and NK function, are more 

susceptible to spontaneous and chemical induced tumor formation (36).  NK cells are very 

effective in the lysis of MHC class I deficient targets as predicted by the missing self 

hypothesis (47).  But, when MHC class I+ tumor cells engage inhibitory Ly49 receptors on 

NK cells, this results in a poor response by NK cells to potentially dangerous cells.  Our lab 

has shown that NK cell responses to MHC class I expressing tumor targets can be improved 

by blocking inhibitory receptors with the 5E6 mAb (194;195;225).  Specifically, an NK 

resistant tumor can become sensitive to NK lysis in the presence of 5E6 blocking mAb 

(Figure 1.3).  In addition, administration of 5E6 mAb to mice receiving lethal tumor dose of 

C1498 leukemia cells resulted in significantly improved survival compared to controls (225). 

These studies utilized F(ab)’2 antibody fragments in order to modulate NK response without 

depleting the 5E6+ subset of NK cells.  But, efforts to fabricate a sufficient supply of  F(ab)’2 

for in vivo studies has limited our progress. Therefore, we wanted to improve our model 

system to study the effects of blocking NK negative signals on tumor clearance.  We 

developed transgenic mice that constitutively make non-depleting 5E6 mAb in vivo.  This 

96 
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model also allowed us to study if a sustained blocking of the Ly49-MHC interaction affects 

NK development and tolerance mechanisms.  As discussed in Chapter 2, by using molecular 

techniques, a DNA construct was designed to express non-depleting recombinant 5E6 Fab 

mAb gene from CMVIE promoter in transgenic mice.   

 

II. Results 

A.  Generation of transgenic mice  

1.  Identification of transgenic lines  

As a result of the transgenic injections, 22 pups of B6 background were produced.  To 

determine which mice incorporated transgenic DNA, PCR of DNA extracted from tail clips 

was utilized.  We designed primers that amplified unique sequences of the transgenic DNA 

construct, specifically the CMV IE promoter region and the HC region.  Figure 3.1 represents 

the PCR screen of all 22 mice.  DNA from a B6 mouse was used as a negative control while 

transgenic plasmid mixed with B6 DNA provided a positive control. Approximately the same 

amount of DNA was used in all PCR reactions.  However, determination of copy number 

was not assessed as PCR was not quantitative.  In Figure 3.1, lanes without labels represent 

PCR (–) mice and mice labeled by a number were PCR(+) and backcrossed a single time to a 

B6 breeding pair.  The F1 progenies of PCR (+) founders were assessed to determine if the 

transgene was incorporated germline.  Most of these crosses resulted in progeny (described 

as F1 progeny) that did have germline transmission of the transgene as determined by PCR 

analysis (data not shown).  Figure 3.2 displays PCR results from one such founder line 

labeled 2888 and its F1 progeny compared to transgenic DNA plasmid, as positive control.      
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2.  Expression of the 5E6 transgene was predicted by increased anti-IgG staining of NK cells 
 
Of the founder lines identified as positive for transgene germline incorporation, we needed to 

determine which founder lines would be studied. Initially, we considered choosing founder 

lines based on serum antibody levels detected by ELISA.  We attempted ELISA using serum 

samples from several transgenic mice by epitope tag (His) detection and binding to soluble 

Ly49C and Ly49I.  These methods were unsuccessful in accurately detecting serum 

transgenic mAb.  Because we could not detect Tg mAb in serum, we considered the 

possibility that Tg mAb may be bound to Ly49C/I receptors on NK cells.     

 It is well established that endogenous antibody is found in serum and bound to B 

cells.  But, endogenous antibody is less commonly bound to NK and T cells.   However, the 

Tg mAb would be expected to bind Ly49C/I on NK cells and on those Ly49C/I+ T cells.  

Therefore, we predicted that these cells may be bound by mouse Ig in transgenic mice.  To 

investigate this possibility, splenocytes from F1 Tg mice were stained with anti-mouse Ig and 

analyzed by flow cytometry.  We predicted that if transgenic mice were making 5E6 

antibody, this could be detected on the surface of NK cells and not on NK cells of wild type 

mice. Spleens were harvested from PCR (+) mice and B6 mice.  After RBC lysis, cells were 

stained with rat anti-mouse Ig HC+LC specific antibody (Jackson).  Excess antibody was 

washed off, and cells were stained with CD3, NK1.1 and B220 conjugated mAb.  We 

expected a high percent of splenocytes would be double positive for anti-mouse IgG and 

B220, representing the B cells expressing surface IgM (HC).  But we did not expect many 

B220- cells to bind the anti-mouse Ig secondary antibody unless they were also bound by the 

5E6Tg antibody.   In Figure 3.3E, a depiction of the staining scheme is shown. Of the nine 
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founder lines tested, only two founder lines (2888 and 2899) demonstrated an increase of 

anti-mouse Ig levels on NK cells above background seen in wild type controls.  Results of 

staining for one such founder (2888) are represented in Figure 3.3.  Figure 3.3A shows the 

negative control where 5.77% of total splenocytes are NK1.1+, of which very few cells are 

positive for anti-mouse IgG secondary antibody (0.70%), as expected (gate depicting 5.77% 

includes 0.70%).  This background level could have been due to secondary antibody binding 

to Fc receptors on NK cells.  As a positive control, B6 splenocytes were spiked with 250 ng 

of 5E6 F(ab)’2 antibody prior to staining.  Figure 3.3B shows approximately half of the 

NK1.1+ cells (2.5 % of 5.87% NK1.1+ cells) were stained with anti-mouse IgG antibody 

indicating that 5E6 mAb fragments were bound to the cell surface thus confirming the 

validity of the assay.  Since Ly49C/I are expressed on approximately 40-50% of NK cells, 

the results of the positive control were within the expected range.  When splenocytes from 

PCR (+) mice were stained, anti-mouse IgG staining was higher than background.  Figure 

3.3C and D show the staining results of 2 mice of the 2888 founder line.  NK1.1 staining was 

5.60% and 8.79% of splenocytes and of that 22% (1.25/5.60) and 19% (1.67/8.79) of NK 

cells also stained with anti-mouse IgG.  These results suggested that this founder line may 

have produced just enough Tg antibody to decorate Ly49C/I+ NK cells in situ, even though 

the titer may have been extremely low.   

 

3.  Expression of transgenic mRNA detected in the 2888 founder line 

 While the results above were suggestive of Tg expression, we wanted to directly show that 

the 2888 founder was expressing Tg mRNA.  Therefore, we performed RT-PCR in an 
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attempt to detect expression of transgenic mRNA.  Since we used a CMVIE promoter, we 

predicted that transgene DNA would be expressed in many tissues.  In order to detect Tg 

mRNA, we harvested organs from various tissues of a homozygous mouse (determined by 

breeding results) of the 2888 founder line.  RNA was extracted from spleen, thymus, lymph 

node, liver, kidney, muscle, heart, pancreas, gut, brain and skin.  As a positive control, 293T 

cells were transiently transfected with transgenic DNA plasmid and used for RNA isolation.  

RNA was made into cDNA using oligo (dT) and random primers by reverse transcriptase 

reaction.  As described in Chapter 2, the transgenic vector contained an intervening sequence 

(IVS) which is spliced out of the final transcript.  We designed primers that spanned the IVS 

sequence to detect cDNA spliced product.  Sequencing of PCR products from cDNA of 

transfected cells confirmed the larger product of 472bp contained the IVS sequence and the 

smaller product of 340bp did not contain this sequence, representing spliced mRNA.  HPRT 

primers were used on each tissue sample to confirm the integrity of our cDNA preparations.  

Samples prepared lacking RT did not amplify a HPRT product indicating that RT was needed 

to obtain cDNA product.    Transgenic mRNA was consistently detected in liver tissue of 

transgenic mice (Figure 3.4).  Transgenic cDNA was also detected in the thymus and gut but 

these results were not easily reproducible as they required higher amplification, suggesting 

these tissues may have lower levels of transcript.  Through RT-PCR, we were able to show 

that transgenic DNA was being transcribed at low but detectable levels in liver.  However, 

tissue expression was not as broad as we expected in using the CMV promoter.  Other reports 

of transgenes regulated by the CMVIE promoter have demonstrated mRNA in a variety of 

tissues with the strongest expression in pancreas (249;262;263).    
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B.  Assessment of protein expression in transgenic mice   

1.  Serum of Tg mice does not contain detectable free 5E6 mAb 

Attempts were made to corroborate RT-PCR results with assessment of protein expression by 

measuring antibody titers in transgenic mice serum.  We predicted that Tg mAb would be 

found in the serum since other soluble protein transgenic models showed detectable protein 

titers in serum by immunohistochemistry.   For example, CTLA-4Hγ Tg mice measured 10-

50µg/ml of CTLA-4Hγ in the serum (264) and 10-40ng/ml of Hepatitis B surface antigen 

(HBsAg) was detected in the serum of HBsAg Tg mice (241).  

 An ELISA using recombinant Ly49C or Ly49I soluble protein was developed to 

detect direct binding of Tg antibody from serum samples (in collaboration with D. Margulies, 

NIH).  A standard curve was established by treating plate-bound antigen with a range of 500-

10 ng of 5E6 Fab molecules.  Bound antibody fragments were detected by alkaline 

phosphatase conjugated rabbit-anti mouse IgG H+L secondary antibody (Jackson).   

However, after several attempts, positive results of ELISA for samples from serum of 

transgenic mice were not reproducible.       

 Next, we tried using competitive binding assays to detect mAb in serum of transgenic 

mice.  We hypothesized that if transgenic serum contained 5E6 Fab, it could compete for 

binding to Ly49I in transfected cells with a labeled 5E6 mAb.  We used Ly49I transfected 

cells (BWI) cells to test mAb binding and florescence (FITC) conjugated 5E6 whole 

antibody, as the labeled mAb.  The design of the experiment required 5E6 Fab molecules to 

compete directly with conjugated whole 5E6 mAb for binding to BW/I cells (further 
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described in Chapter 2).  As data from another experiment indicated, 5E6 whole mAb binds 

better to BW/I cells than 5E6 Fab (Figure 3.5).  This figure shows that when antibody of the 

same concentration (250µg) was used, intensity of binding determined by mean fluorescence 

intensity (MFI) varied in relation to antibody structure.  Fabs exhibited lower MFI compared 

to F(ab)’2 and whole mAb.  Even with this information, we expected that if Tg serum 

contained a sufficient concentration of 5E6 Fab molecules, these antibody molecules would 

compete with 5E6 conjugated whole antibody causing a reduction in MFI as assessed by flow 

cytometry.  Control non-transgenic serum samples were tested and showed no competition 

with conjugated 5E6 mAb for binding.   For a positive control, B6 serum was spiked with 

1000, 100, and 10 ng of 5E6 Fab and mixed with 5E6 conjugated antibody and applied to 

BW/I cells to develop a standard (Figure 3.6B).  This exhibited a concentration dependent 

decrease in MFI suggesting that Fabs could compete with labeled whole 5E6 mAb for 

binding to Ly49I on BW/I cells.  When transgenic serum was used the percent of inhibition 

varied between transgenic mice samples, where some mouse samples appeared to exhibit 

competitive binding while other samples appeared similar to negative controls (Figure 3.6).  

Specifically, 2 samples from transgenic mice showed competition at levels that would predict 

there was 100 ng of antibody in the serum.  When samples were pooled, the level of 

competition was not statistically significant (p=0.09) compared to controls.  After repeating 

experiment, we concluded that serum levels of the Tg mAb were either below detectable 

limits of these assays or that no functional protein was produced. 

   The reason we may not have been able to detect free mAb in serum of transgenic 

mice may have to do with the structure of the Tg mAb.   Studies comparing recombinants of 
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Ig molecules, such as scFv, Fab, F(ab)’2 and IgG, demonstrate that smaller mAb molecules 

have faster plasma and whole body clearance (265) but are more effective in penetrating 

tumor masses (207).  5E6Tg  protein is a Fab and is a smaller molecule than used in other 

soluble protein transgenic systems (CTLA-4Hγ Tg, HBsAg Tg) in which free antibody in the 

serum was detected (241;264).  

 

2.  Presence of the 5E6 transgene  can reverse Ly49I inhibition to reject B6 BMC 

Since transgenic protein expression was not detected by ELISA or competitive binding 

assays, we investigated functional assays to detect Tg expression.  When various Ly49 

transgenic mice were produced, the function of transgenic Ly49 was tested by BMT.  

Inhibitory Ly49 expression inhibited rejection of BMC containing cognate ligands.   For 

example, Ly49A Tg mice were unable to reject H2d BMC, (68;70), and KIR2DL3 Tg mice 

could not reject BMC expressing HLA-Cw3 (77).  In addition, our lab reported that Ly49I 

expressed in H2q FVB mice (FVB.Ly49I transgenic mice) inhibited rejection of B6 BMC 

since B6 (H2b) BMC engage Ly49I inhibitory receptor signaling(79;80).  However, wild type 

FVB mice can reject B6 BMC very well (78).  The inhibition of rejection by FVB.Ly49I 

(FVB.I) mice can be reversed by the administration of Ly49I blocking antibody (78;79).  

Therefore, we thought that if 5E6Tg mAb is bound to cells expressing Ly49C or Ly49I, it 

would block inhibition caused by Ly49I-H2b interactions during B6 BMC challenge thereby 

reversing phenotype of the mice.   

 In attempts to test this, we crossed 5E6Tg mice to FVB.I mice.  F1 progeny were 

tested for presence of transgene by PCR.  If 5E6Tg mice were producing 5E6 Fab, even at 
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undetectable levels but were bound to Ly49I on NK cells, we would predict that (5E6Tg x 

FVB.I) F1 mice would now reject B6 BMC. One limitation to this experiment was that many 

T cells in the heterozygous FVB.I transgenic mice express Ly49I (Figure 3.7) (78) in contrast 

to a much smaller percent of Ly49I on T cells in B6 mice.  These T cells may also bind the 

5E6Tg antibody thereby absorbing 5E6Tg Fabs.  This could limit the effect of blocking 

negative signals on NK cells.  In order to avoid this, we conducted the BMT assay after T 

cell depletion.   

 Figure 3.8 shows the results of BMT in which B6 BM was injected into (5E6Tg x 

FVB.I) F1, (B6 x FVB.I) F1 and B6 mice.  B6 mice served as a positive control of 

engraftment.  Groups of mice were treated with antibodies to deplete NK cells (Figure 3.8C), 

or T cells (Figure 3.8B) or received no treatment (Figure 3.8A). Results in figure 3.8A of 

both FVB.I F1 mice challenges with B6 BMC supported previous observations that FVB.I 

and FVB.I F1 mice are unable to reject B6 BMC due to the inhibition caused by Ly49I 

receptor engagement by H2b of B6 BMC.  (5E6Tg x FVB.I) F1 did not reject B6 BMC, 

which shows that the presence of the 5E6Tg did not affect inhibition by Ly49I.  These results 

could have been due to the high numbers of Ly49I+ T cells in FVB.I transgenic model 

competing for small pools of circulating antibody.  Therefore, the following experiment was 

conducted. 

 In Figure 3.8B, the BMTs were repeated after all groups of mice were depleted of T 

cells.  Again, the B6 group served as a positive control for engraftment which was not altered 

by T cell depletion.  In addition, (FVB.I x B6) F1 mice were unable to reject B6 BMC even 

after T cell depletion.  But interestingly, when T cell depleted (5E6Tg x FVB.I) F1 mice 
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were challenged with B6 BMC, they were now able to reject B6 BMC with strong statistical 

significance (p<0.005).  This suggests that transgenic mice produce enough 5E6 Fab Tg 

antibodies to reverse inhibition by Ly49I following T cell depletion.  We feel that since 

(FVB.I x 5E6Tg) F1 mice have Ly49I on a majority of their T cells, the depletion of these 

cells allowed NK cells expressing Ly49I access to the 5E6 Fab Tg antibody.  T cell depletion 

was necessary to detect the effect of 5E6 Fab transgene since antibody titers are undetectable 

by other means.  Finally, BMT assays were repeated after all groups underwent NK depletion 

(Figure 3.8C).  When NK cells were not present, mice in all groups, B6, (FVB.I x B6) F1 and 

(FVB.I x 5E6Tg) F1 showed engraftment of B6 BMC. This supports previously reported 

claims that acute rejection of BM without immunization is mediated by NK cells (266;267).  

Because these experiments were conducted with a single founder line of transgenic mice, we 

can not rule out that the observed results were caused by the integration of the transgene into 

a region of the mouse genome that alters NK cell function.  

 Next, we wanted to determine if the presence of the 5E6 transgene affected the ability 

of FVB mice to reject B6 BMC.  In addition, we wanted to assess if T cell depletion affected 

FVB rejection of B6 BMC.  As previous mentioned, FVB (H2q) mice which do not express 

Ly49I on NK cells can reject allogeneic B6 BMC.  In addition, (FVB x B6) F1 mice reject 

B6 BMC by HR (38).  Therefore, we predicted that (FVB x 5E6Tg) F1 mice would reject B6 

BMC by the same HR mechanism.  Shown in Figure 3.9, additional B6 BMTs were 

conducted with (5E6Tg x FVB) F1 and (B6 x FVB) F1 mice in which each group of mice 

was treated with antibodies to deplete NK cells, T cells or received no treatment.  As 

compared to B6 mice, these mice rejected B6 BMC following T cell depletion or no 
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treatment, but without NK cells these mice could not reject B6 BMC.  All FVB F1 mice 

rejected B6 BMC, regardless of the presence of the 5E6Tg.    Since these mice do not express 

Ly49I on a majority of their NK cells, they are able to reject B6 BMC as seen in the previous 

scenario in Figure 3.8.  In addition, this experiment shows that T cell depletion of (5E6Tg x 

FVB) F1 and (B6 x FVB) F1 mice did not affect their ability to reject B6 BMC.    And 

finally, Figure 3.9C shows that (5E6Tg x FVB) F1 and (B6 x FVB) F1 rejection of B6 BMC 

is NK cell mediated, because without NK cells, these mice were unable to reject B6 BMC.  

 From the results of these experiments, we concluded that Ly49I expression in FVB.I 

mice inhibits rejection of B6 BMC.  But, the presence of the 5E6 transgene allows reversal of 

inhibition caused by Ly49I in FVB.I mice.  T cell depletion is required to show this effect, 

perhaps due to a limited level of 5E6 Fab circulating antibody.  The rejection of B6 BMC by 

(FVB.I x 5E6 Tg) F1 mice is NK dependent, and the 5E6 transgene does not affect NK 

mediated rejection by FVB F1 mice of B6 BMC.   Yet, we cannot rule out that the transgene 

integration affected NK cell function.  

 

C.  Phenotypic and functional characterization of NK and T cells of transgenic mice 
 
The BMT assays results, discussed above, functionally demonstrate the presence of 5E6Tg 

mAb and the ability to block Ly49I-MHC interactions in transgenic mice. We wanted to 

evaluate if blocking Ly49C/I interaction with MHC class I during NK and T cell 

development would alter the receptor repertoire of these cells.  As observed in class I 

deficient mice (β2M-/- or TAP-1º) and Ly49 (Ly49A, C and G2) transgenic mice, Ly49 

receptor expression on NK cells adapts to the MHC environment in which they develop 
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(84;86;87;227;268).   In addition, inhibitory Ly49 receptors can be important on T cells since 

splenic CD3+ cell expression of Ly49 increases to 30-40% in B6 mice after certain infections 

(269;270).  In addition, these inhibitory receptors appear to maintain their inhibitory function 

in T cells.  TCR-mediated activation can be impeded by Ly49 interactions with MHC class I 

(84;229;230) although this was not observed in the FVB.Ly49I transgenic mice (80).  For 

these reasons, we wanted to determine if the 5E6Tg mice have altered NK and T cell receptor 

expression.  

 

1.  Evaluation of NK receptor repertoire in Tg  mice 

As described by the receptor calibration model (discussed in Chapter 1), the ability of NK 

cells to alter their Ly49 receptor repertoire to different MHC environments may be a required 

process to maintain a balance between activating and inhibitory signals.   For example, 

Ly49A/C double transgenic mice have a reduction in expression of other inhibitory Ly49 

receptors (87) .  The interaction with MHC class I molecules provides signals to NK cells to 

help calibrate receptor expression as a way to limit development of hypoactive NK cells, 

with excessive inhibitory receptors.  In turn, we hypothesized that blocking MHC-Ly49 

interactions during NK development may alter NK receptor expression, possibly by 

upregulating the expression of other inhibitory Ly49s. 

 To determine if the 5E6Tg mice have an altered NK repertoire, splenocytes from 

transgenic mice and B6 mice were stained for NK1.1 and a panel of additional NK receptors 

and assessed by flow cytometry.  Table 3.1 shows that NK1.1+ cells from 5E6Tg mice have 

similar expression of Ly49G2, Ly49A, Ly49D, and CD94 when compared to B6 controls.  
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Ly49C/I expression was evaluated using various mAbs, 5E6, 8H7 and IF8.  We observed a 

reduction of Ly49C/I expression on splenic NK cells in 5E6Tg mice (24.07%) compared to 

B6 mice (34.68%).  Though these values were not statistically significant (p=0.06), we 

speculate that this reduction may be due to masking of the receptors by 5E6Tg antibody or by 

receptor internalization.   When splenocytes were placed in culture for 3 days with IL-2, we 

observed that receptor expression returned to levels comparable to B6 controls (data not 

shown).  

 

2.  Evaluation of T cell development by assessing T cell receptor expression in Tg mice 
    
Since a small subset of T cells in B6 mice express Ly49C/I receptors, we wanted to 

determine if the 5E6Tg antibody affected T cell receptor repertoire.  Ly49A transgenic mice 

develop severe inflammatory disorders.  Since proper T cell signaling relies on T cell and 

MHC interactions, studies in Ly49ATg mice suggests that Ly49 receptors could participate 

in T cell development by attenuating TCR signaling thresholds.  Therefore, we felt it 

necessary to explore the effects on T cell thymic development in 5E6Tg mice.   

 Thymocytes and splenocytes from transgenic mice and B6 controls were stained for 

CD3, CD4 and CD8 (Table 3.2).  In addition, we wanted to know if Ly49C/I expression 

would be altered, therefore, cells were also stained with 5E6, 8H7 and IF8 to assess 

expression of Ly49C/I (Table 2).  From staining data, CD4, CD8 and Ly49C/I expression on 

splenic CD3+ cells of the 5E6Tg mice was similar to B6 controls.  In the thymus, we 

observed a slightly higher percent of single CD4+ cells and CD8+ cells compared to controls 

(p=0.05, p=0.07), while the percent of CD4+CD8+ cells was reduced compared to controls 
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(p=0.03).  The reason for this was not fully determined.  However, since RT-PCR analysis 

indicated a low level of transgenic transcript in the thymus, localized production of 5E6 mAb 

or effects of transgene integration may alter thymic development.  

 
3. Tg mice do not exhibit autoreactivity  
    
Our phenotypic assessment of the 5E6Tg mice suggests these mice appear to have normal 

numbers and subsets of NK cells and T cells. Next, we wanted to assess if NK cell function 

in 5E6Tg mice was similar to controls.   Given that inhibitory receptor function of Ly49C/I 

in the transgenic mice is being blocked, we wanted to determine if NK cells are still tolerant 

to syngeneic cells.  Previously, we have seen that B6 mice treated with 5E6 F(ab)’2 accept B6 

BM grafts (unpublished data). Therefore, we have no reason to believe that 5E6Tg mice 

would display autoreactivity.  In Figure 3.10, we conducted a syngeneic BMT which showed 

that transgenic mice accepted B6 BM equivalent to B6 controls.  Two PCR (+) mice 

displayed less IUdR uptake in the group.  This may be attributed to poor injections during 

BMT assay. From these results, we concluded that NK cells of transgenic mice do not exhibit 

autoreactivity towards marrow stem cells. In addition, freshly isolated splenocytes from 

transgenic mice and B6 mice were activated in vivo with poly IC and used as effectors in a 

51Cr release assay.  Their ability to lyse YAC-1 cells, a NK sensitive target, and B16-F10 

cells (H2b), a NK resistant target (271) were comparable to controls (Figure 3.11).  This 

demonstrates that bulk NK cells from transgenic mice behave similar to controls in vitro and 

exhibits no autoreactivity.   

  
C. 5E6Tg mice response to tumor challenge   
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From evaluation of the 5E6Tg mice, it appears that mice are phenotypically and functionally 

comparable to B6 controls except for the presence of 5E6 transgene.  Next, we wanted to 

determine if the presence of the 5E6Tg mAb had any effects in vivo in regards to a tumor 

challenge.  Previously, 5E6 F(ab)’2 treatments were shown to augment NK cell anti-tumor 

effects using the leukemia cell line, C1498 (225).  In our studies, we wanted to test the ability 

of transgenic NK cells to inhibit growth of another type of tumor, B16-F10 melanoma.  B16-

F10 (B16) melanoma cells are poorly immunogenic (271).  This cell line allows us to 

evaluate the efficacy of antibody treatment for metastatic tumors.   As discussed in Chapter 

1, in reviewing many clinical trials, melanoma is commonly studied for response to 

immunotherapies, since it appears to be resistant to conventional chemotherapies (272).  In 

addition, adoptive transfer of NK cells to the site of melanoma can contribute to tumor 

eradication (273). When mice are injected (iv) with B16 tumor cells they develop lung 

metastases.  These tumor nodules can be counted to quantitate tumor burden.  5E6Tg mice 

and B6 control mice were injected (iv) with 3x105 B16 cells.  After 17 days, mice were 

sacrificed and lungs were fixed in 10% formaldehyde.  When lung metastases were counted, 

5E6Tg mice had statistically significant reduction (p=0.017) in tumor burden compared to B6 

controls (Figure 3.12).  This effect is NK mediated since depletion of NK cells from 

transgenic mice results on the development of tumors too numerous to count, over 200 tumor 

nodules (data not shown).  From this tumor challenge, we conclude that the presence of the 

5E6Tg can augment NK mediated tumor surveillance of a metastatic tumor.  

 

III. Conclusions/Discussion 
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Augmenting NK activity for tumor clearance has broad implications for the creation of 

additional immunotherapies.  An analogous example to NK inhibitory receptor blockade is 

that of CTLA-4 receptor blockade in T cells.  But anti-CTLA-4 mAb treatment caused T cell 

autoimmunity, which is common when T cell negative regulation is altered (220;223;224).  

NK cells have not exhibited autoimmunity in vivo even when their inhibitory receptors have 

been blocked  (194;195;225).  And it appears that they have a fascinating way of developing 

or maintaining tolerance, discussed in Chapter 1. Therefore, augmenting NK activity has 

advantages and great potential since it can enhance tumor clearance and avoid harmful 

effects such as autoimmunity.    

 Previously, the concept of NK inhibitory receptor blockade for augmenting NK anti-

tumor properties was proven effective in murine leukemia models (225).  We wanted to 

evaluate further how 5E6 receptor blockade can enhance tumor clearance. Our goal was to 

better characterize the effects of NK inhibitory receptor blockade and test it in other tumor 

models.   In order to pursue these studies, we developed a transgenic model to answer 

questions regarding the effects of receptor blockade in vivo. 

 The experiments presented in this section provide evidence that a 5E6 mAb 

transgenic model was developed.  PCR and RT-PCR results show that the transgene was 

integrated into the mouse genome and was transcribed into RNA.   From additional results 

presented, it appears that the 2888 founder line makes low but functional levels of antibody 

sufficient to block Ly49C/I receptors on NK cells.  Because antibody was not detected in the 

serum of mice by competitive binding assays or ELISA, we provided functional evidence 
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that antibody was likely bound to Ly49I+ cells because FVB.I mice containing the 5E6 mAb 

transgene were now able to reject B6 BMC.  The blockade of Ly49C/I and MHC class I 

interactions did not appear to significantly alter NK or T cell development.  In addition, 

questions regarding autoimmunity were answered using the transgenic model.  If continuous 

receptor blockade occurred in these mice, it did not drive NK cells to be autoreactive since 

these mice did not reject syngeneic BMC.   If the function of inhibitory receptors for “self” 

MHC is blocked in 5E6Tg mice, the NK cells did not attack normal BMCs.  The 5E6 

transgene did not appear to induce autoimmunity in 5E6Tg mice.     

 In addition, we tested another tumor model in the transgenic mice.  Upon challenge 

with B16 metastatic tumors, there were fewer tumor nodules in 5E6Tg mice than compared 

to B6 controls.  These results support the notion that NK cells can be more effective in tumor 

surveillance of metastatic and leukemic tumors when inhibitory receptors are not engaged. 

 Overall, we expected much greater 5E6 mAb levels in mice.  It would have been 

interesting to have compared a transgenic founder line that expressed high levels of 5E6 mAb 

(if one existed) to our 2888 founder line.  If these mice had similarities in receptor repertoire 

and development of NK and T cells and maintained tolerance, we could have more 

definitively concluded that the effects of blocking Ly49I-MHC interactions only influence 

NK cytolytic activity in tumor clearance.  This is important because it would have added to 

our growing knowledge of NK development and function.  In addition, in developing 

effective immunotherapies, limiting side effects are required for the success of a reagent.  

The transgenic model differs from the antibody treatment model in that the transgene is 

presumably active throughout life. But, using the evidence accumulated from both studies, 
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2888 founder line and other studies when NK cells were treated with blocking antibody in 

adult mice, we would predict that 5E6 Fab treatment has minimal side effects. The reasons 

for this are, first, our approach utilizes mAbs which have very specific targets and secondly, 

the target is expressed mainly on NK cells which have multiple ways of maintaining 

tolerance in vivo.   To apply the approach of blocking negative signals in humans requires the 

identification of a blocking mAb that binds human inhibitory NK receptors.  The results of 

our studies do not rule out any potential side effects that may be found in clinical trials, but it 

provides greater hope of success.     
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Table 3.1:  NK receptor expression in 5E6Tg mice 
 Percent of splenic NK1.1+ cells  
NK receptor B6 5E6 Transgenic p values 
Ly49A 25.38 ± 5.31 24.30 ± 4.03 0.86 
Ly49G2 (4D11) 31.26 ± 2.82 34.61 ± 1.54 0.26 
Ly49D 20.36 ± 3.43 18.54 ± 3.85 0.71 
CD94 46.27 ± 2.17 47.73 ± 1.91 0.59 
Ly49C/I (5E6) 34.68 ± 3.69 24.07 ± 4.0 0.06 
Ly49I (8H7) 28.93 ± 2.82 24.75 ± 3.17 0.33 
Ly49C/I/H (1F8) 36.56 ± 4.0 27.71 ± 3.17 0.08 
Experiments from multiple experiments were pooled, n=6-19 mice 
P values indicate results of student t-test 
 
Table 3.2:  T cell receptor expression in 5E6Tg mice 
 Percent of CD3+ cells 
 Splenic Thymic 
T cell receptor B6 Tg P 

values 
 B6 Tg P 

values 
CD4+ 53.23 ± 3.94 48.32 ± 2.47 0.25  34.45 ± 3.17 42.35 ±2.38 0.05 
CD8+ 6.32 ± 1.95 7.48 ± 0.83 0.30  10.13 ± 0.64 14.04 ±1.70 0.07 
CD4+CD8+ 1.21 ± 0.29 2.18 ± 0.59 0.18  51.98 ± 0.644 40.44 ±3.52 0.03 
CD4-CD8- 39.22 ± 3.44 42.00 ± 2.34 0.47  3.02 ± 0.52 4.07 ±0.39 0.17 
Ly49C/I (5E6) 1.58 ± 0.45 1.33 ± 0.33 0.65  0.39 ± 0.11 0.59 ±  0.24 0.45 
Ly49I (8H7) 0.91 ± 0.22 1.12 ± 0.28 0.56  0.91 ± 0.31 1.68 ± 0.44 0.17 
Ly49C/I/H (1F8) 4.23 ± 0.9 4.49 ± 0.77 0.83  0.40 ± 0.24 0.16 ± 0.1 0.32 
Experiments from multiple experiments were pooled, n=7-18 mice, except staining with IF8 where n=3 
P values indicate results of student t-test 
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Figure 3.1:  PCR screen analysis of original founder mice. Tail DNA was 
extracted from 22 pups and screened by PCR using CMV promoter specific 
primers.  Expected PCR product was 499 bp.  Positive samples are labeled 
with a number.  Samples with negative PCR results are not labeled.   
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Figure 3.2: 5E6Tg has germline transmission indicated by presence of 
transgene detected in F1 progeny of founder 2888.  Gel displays PCR 
amplification of B6 DNA mixed with transgenic plasmid DNA as positive 
control (lane 1), B6 tail DNA (lane 2), 5E6 Tg mouse founder  (lane 3), F1 
mouse (lane 4).  PCR product 499 bp.   
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Figure 3.3:  Presence of mouse antibody bound to NK cells of transgenic mice. 
(A) B6 splenocytes stained with anti-mouse IgG secondary ab and then with 
NK1.1, 5.77% represents entire NK1.1+ population and included 0.70% (B) B6 
splenocytes spiked with 250ng of 5E6 F(ab’)2 ab, prior to staining.  2.5% of 
NK1.1+ cells are stained with anti-mouse IgG ab indicating that 5E6 ab 
fragments are bound to the cell surface, while entire NK1.1+ population was 
5.87%. This is consistent with the expected Ly49C/I subsets for NK cells. (C,D) 
5E6 Tg PCR+ Mouse (F1 progeny). NK1.1 staining was 5.60% and 8.79% of 
splenocytes. Percent of NK1.1+ cells bound by antibody is 1.28% and 1.87%  
compared to 2.5% in positive control (B).  (E)  Detection of recombinant 5E6 Ab 
bound to Ly49C/I+ cells in the transgenic mice was assayed by staining fresh 
splenocytes with antibodies for NK1.1, CD3, B220 (not shown) and anti-mouse 
IgG (H+L) specific secondary ab which should detect surface bound  5E6 
antibody. 
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Figure 3.4:  Detection of 5E6 transgenic mRNA by RT-PCR analysis. 100bp 
molecular weight ladder (Lane 1), amplification of cDNA from transient 
transfected 293T (lane 2), no DNA or RNA control, H2O control (lane 3), tail 
DNA from PCR positive mouse (lane 4), cDNA from liver of 5E6Tg mouse 
(lane 5). 472bp band corresponded to amplification of non-spliced DNA.  
340bp band results from amplification of spliced cDNA excluding vector 
specific intron or intervening sequence.   
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Figure 3.5:  Ly49I transfectants staining with 5E6 whole ab, 5E6 F(ab)’2 and 
5E6 Fab antibody fragments.  500 ng of each antibody was used to stain BW/I 
cells and then stained with secondary antibody that detects bound IgG H+L.  
Staining of Ly49I transfectants showed a slight decrease in staining with 
antibody fragments compared to whole mAb.  
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Figure 3.6 :  5E6Tg antibody is not detectable in serum of transgenic mice. 
(A) Serum from several PCR(-) and PCR(+) mice was tested for ability to 
compete for binding with conjugated 5E6 whole to BW/I cells.  Changes in 
MFI were assessed to determine percent of competition. (B) Histogram of 
standards which displays reduced MFI when 1000 ng 5E6 Fab was mixed 
with FITC conjugated 5E6 mAb. Purple filled histogram represents 5E6 FITC 
only, Pink histogram represents 5E6 FITC+ 10ng 5E6 Fab, Green histogram 
represents 5E6 FITC + 1000ng of 5E6 Fab.  Standard using 100 ng 5E6 Fab 
has intermediate MFI, not shown.  
 



121 

 

0
10
20
30
40
50
60
70
80
90

100

%
 C

D
3+

5E
6+

 c
el

ls

85.8 69.5 77.6 0.32 

FV
B

.Ix5E
6Tg 

FV
B

.I 

FV
B

.IxB
6 

FV
B

x5E
6Tg 

Figure 3.7: Mice heterozygous for Ly49I transgene express Ly49I on most 
CD3+ cells.  After RBC lysis, peripheral blood was stained with CD3 mAb and 
5E6 mAb.  Percent of double positive cells are presented. 
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Figure 3.8:  Bone marrow transplantation assay testing the effects of the 
presence of 5E6 transgene in FVB.Ly49I F1 transgenic mice (A) with no 
antibody treatment, (FVB.I x B6) and (FVB.I x 5E6tg) F1 do not reject B6 bone 
marrow.  ( B) With T cell depletion, (FVB.I x 5E6tg) F1 mice reject B6 bone 
marrow.  (C) With NK depletion, mice are unable to reject B6 bone marrow in 
all groups. 2-3x106 B6 BMC were injected (iv) into lethally irradiated recipients. 
Five days post-BMT, mice were assessed for splenic [125I]udR uptake. 
Statistically significant in a 2-tailed t-test indicated by p value or NS, for not 
statistically significant. 
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Figure3.9:   FVB F1 mice reject B6 bone marrow as a demonstration of 
hybrid resistance  (A) with no antibody treatment or ( B) With T cell 
depletion, (FVB x B6) and (FVB x 5E6tg) F1 reject B6 bone marrow. (C) 
Bone marrow rejection is NK mediated as with NK depletion, mice are 
unable to reject B6 bone marrow in all groups. 2x106 B6 BMC were injected 
(iv) into lethally irradiated recipients. Five days post-BMT, mice were 
assessed for splenic [125I]udR uptake. Statistically significant in a 2-tailed t-
test indicated by p value or NS, for not statistically significant. 
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Figure 3.10: 5E6Tg mice do not display autoreactivity to syngeneic BMCs. 
2x106 B6 BMC were injected (iv) into lethally irradiated recipients. Five days 
post-BMT, mice were assessed for splenic [125I]dU uptake.  Differences 
between the two groups is not statistically significant (NS) in two tailed t-test. 
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Figure 3.11: Activated splenocytes of transgenic mice do not display altered  
cytolytic activity. Splenocytes from 5E6 Tg mice and B6 mice were activated 
with Poly IC one day prior to being used as effectors in 1 hour 51Cr release 
assay.  YAC and B16 melanoma cells were used as targets.  Graph shows 
percentage of specific lysis.  Error bars indicate standard deviations. 
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Figure 3.12: 5E6Tg mice have improved resistance to B16 melanoma tumor 
challenge. 3x105 B16 melanoma cells were injected (iv) into 5E6Tg and B6 
mice.  17 days later lungs were harvested and tumor nodules in lung were 
counted. Data represented is pooled from 2 experiments and is statistically 
significant in a 1-tailed t-test indicated by p value of 0.017. When statistical 
significant was determined excluding the highest data point in B6 group, p= 
0.014. 
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CHAPTER FOUR 
 

Study of nascent CML tumor model to enhance NK cells role in tumor surveillance 
 

I.  Introduction 

 As discussed in Chapter 1 and 3, using two in vivo experimental models, our lab has shown 

that blocking negative signals on NK cells allows for increased tumor susceptibility to NK 

mediated lysis.  With high dose tumor challenges of C1498 leukemia or B16 melanoma cells, 

the presence of anti-Ly49C/I, 5E6 non-depleting mAb allowed significant reduction of tumor 

burden compared to controls.  To test the effects of blocking inhibitory signals further, we 

decided to utilize a nascent tumor model in which the tumor is initiated from otherwise 

normal hematopoietic progenitor cells.   

 Chronic myelogenous leukemia (CML) is a commonly studied tumor and tumor 

model in mice and humans. CML is a fatal, myeloproliferative disease characterized by the 

accumulation of predominately granulocytes in peripheral blood, BM and spleen(274).  

Patients experience leukocytosis, high white blood counts (WBCs) and symptoms such as 

fever, splenomegaly, weight loss and joint pain (275).  In humans, higher than 95% of CML 

cases are associated with a chromosomal translocation called the Philadelphia chromosome.  

The reciprocal translocation between chromosome 9 and 22 creates 2 gene products, 

BCR/ABL and ABL/BCR (275-278).  Though the functional activity of ABL/BCR is 

unknown, the BCR/ABL protein is a constitutively active tyrosine kinase with widespread 

effects due to its ability to phosphorylate a large number of substrates. BCR/ABL transforms 
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cells by transducing signals in various pathways that interfere with basic cellular processes 

such as regulation of proliferation, adherence, and apoptosis (278).   

 It has been reported that in untreated CML patients, the mean survival is only 31 

months from initial onset of symptoms.   Survival rates among treated patients varies from 1 

year to 20 years, and can depend on the stage when treatment was begun (276).  There are 

three clinical phases of CML.  In the chronic phase, there is a massive expansion of the 

myeloid cell compartment, while other hematopoietic cells are able to function and 

differentiate normally.  The accelerated phase reflects disease progression in which a greater 

appearance of immature granulocytes is detected in the blood. The blast phase is the final 

stage (lasting weeks to months) when additional oncogenic changes occur in transformed 

cells and an accumulation of immature granulocytes cells is found in the blood (279;280). 

  BCR/ABL+ cells appear to be resistant to cytotoxic drugs and radiation (275), 

therefore BMT are commonly used as a treatment option.  For patients that do not receive 

BMT due to unavailable donors, IFNα treatment is recommended (276).  In more recent 

years, a powerful new drug has been available for treatment of CML.  Imatinib mesylate 

(ST1571 or Gleevac) is a tyrosine kinase inhibitor that specifically targets BCR/ABL.  

Imatinib mesylate competes for binding with ATP at ATP-binding sites of the tyrosine kinase 

domains of BCR/ABL.  When the drug was tested in clinical trials on patients that had failed 

IFNα treatment, many patients achieved rapid (within 3 months) hematological remission 

(the normalization of the blood counts), in some trials up to 95% of patients showed 

remission (279;281).  Because of the specificity of imatinib mesylate, side effects are mild 
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and rarely require cessation of therapy (276).  The drug was approved by the FDA in 

December of 2002 as the first-line treatment for newly diagnosed CML patients (279). 

 In mice, there are several models of CML utilizing different forms of the BCR/ABL 

oncogene.  The products of BCR/ABL translocation exist in p210, p190, and p230 forms 

arising from distinct breakpoints of the translocation (259).  One well-established model of 

CML in BALB/c mice involves BMT of p210 transduced BMC into heavily irradiated 

syngeneic hosts.  BALB/c donor mice are treated with 5-FU to kill rapidly dividing cells and 

enrich for and initiate cell division of pluripotent stem cells.  5-FU treated BMC are then 

retrovirally transduced with the BCR/ABL/p210 oncogene and injected into lethally 

irradiated mice.  We have utilized this model for our studies and replicated characteristics of 

the disease as described in the literature (259;282;283).  Common features of the CML-like 

disease in mice are elevated WBCs (15,000-500,000 cells/mm3 compared to the normal 5000 

cells/mm3), accumulation of Mac-1+ and Gr-1+ cells in peripheral blood and death within 3 

weeks of initial BMT due to fulminant granulocytosis.  At autopsy, mice have splenomegaly 

with spleen weights of 0.8 -1.0 grams (259;283;284). Disease progression can be slowed but 

not halted by dilution of transduced BMC (259;283;285) or by treatment with imatinib 

mesylate (286).  

 
II. Results 
 
A.  Establishing murine CML 

 
Figure 4.1 shows several characteristics of murine CML which is similar to the chronic phase 

of CML seen in humans (283).  For detection of BCR/ABL expressing cells (in collaboration 

with R.L. Ilaria at UT Southwestern), we used, a bicistronic retroviral DNA construct 
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containing an IRES that allows for BCR/ABL/p210 and green fluorescent protein (GFP) 

(p210/GFP) to be translated from the same transcript. Cells expressing BCR/ABL will also 

be GFP+ (274).  As a control, the vector without BCR/ABL was used (GFP-only).  Both 

constructs are depicted in Figure 2.9.  Figure 4.1 shows an experiment in which a BMT was 

conducted on two groups of young adult BALB/c mice, (as described in Chapter 2) where 

one group received BMCs transduced with p210/GFP (p210+ BMC) and the second group 

received BMCs transduced with GFP only vector after irradiation.  To assess disease 

progression, eight days post-BMT peripheral blood was drawn and GFP expression was 

evaluated by flow cytometry.  At this early timepoint, mice given p210+ BMC had already 

begun to exhibit signs of CML.  50% of the live lymphocytes in their peripheral blood were 

GFP+ as compared to a very low level of GFP detected in GFP only group (Figure 4.1A).  At 

Day 16, it was confirmed that other characteristics of CML were being displayed by p210+ 

BMT mice.  Mice receiving p210+ BMC had developed grossly enlarged spleens, weighing 

an average of 0.667g (Figure 4.1).  Mice in the control group had spleen sizes similar to that 

of healthy untreated mice (0.1g).  In Figure 4.1 C-D, BM and splenocytes were assessed for 

expression of GFP.  Similar to what was seen in peripheral blood, p210+ BMT mice had 

significantly higher levels of GFP expression than controls.  Since granulocytosis is a 

hallmark of CML, we wanted to confirm that the GFP+ cells in mice receiving p210+ BMC 

were indeed granulocytes.  Peripheral blood cells at day 16 post-BMT were stained with 

CD11b (Mac-1), a marker for granulocytes.  The majority of GFP+ cells from p210+ BMT 

mice were CD11b+, whereas in control mice CD11b+ cells were not GFP positive and 

therefore reflect the phenotype of healthy mice.   
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B. Characterization of NK function in a murine CML model  

We wanted to utilize this murine tumor model to better understand the contribution of NK 

cells in tumor surveillance of CML.  Most of the reported studies assessing the role of NK 

cells in CML have been conducted in vitro with experimental target cell lines and effectors 

obtained from patients with advanced disease.  Our goal was to add to the knowledge about 

NK cells and their response to CML, using primary target and effector cells from mice. 

 There is strong evidence that NK cells can preferentially kill BCR/ABL+ targets.  The 

human tumor cell line, K562, commonly used as an NK sensitive cell line, is BCR/ABL+ 

and was derived from a CML patient.  In addition, NK resistant leukemic cell lines can be 

made sensitive to human NK cells from CD34+ cord blood cells when transfected  to express 

BCR/ABL (287). 

 NK cells have been implicated in participating in IS of CML because they play a role 

in GVL in CML patients after autologous BMT (177;288).  However, the number of NK 

cells progressively decreases with advanced CML.  NK cells isolated from CML patients 

display impaired lytic capacity.  However,  treatment with NK activating cytokines (IL-2 or 

IL-15 or interferon) can restore NK function. Because of these reported effects on NK cells 

in the CML patients, it has been suggested NK cells could play a role in tumor surveillance 

of CML(177;177;178;288;288;289).   In addition, tumor cells may be escaping IS because 

aspects of the disease weaken NK cell function.  

 In support of this idea, it has been found that NK differentiation is altered in CML 

patients.  Upon further study, it was shown these changes to NK cells were directly attributed 
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to presence of BCR/ABL and the predominance of surrounding myeloid cells (288).  In 

addition, transformation of NK-92, a human NK cell line, with BCR/ABL showed decreased 

ability to lyse K562 targets and an increased ability to acquire inhibitory KIR receptors 

(290). 

 Evidence from these studies has suggested that BCR/ABL expression on targets or 

NK cells affects NK cytotoxicity directly.  We wanted to test an alternative hypothesis to 

explain the reduced ability of NK cells in IS of CML.  We wanted to determine if 

BCR/ABL+ tumor cells underwent changes that made them less susceptible to NK lysis as 

the disease progressed.   

 It has been thought that CML is a disease of stem cells but more recent evidence has 

shown that BCR/ABL can transform cells downstream from the pluripotent hematopoietic 

stem cell.  BCR/ABL mRNA transcripts are absent from CD34+ Lin- progenitor cells but are 

found in cells of the myeloid lineage (291;292).  We considered that NK cells may be 

effective in IS during the early stages of CML by killing these early myeloid CML precursors 

before they become leukemic granulocytes. 

 To investigate this hypothesis, we tested NK cytotoxicity against primary cells 

categorized as late stage CML targets and CML precursors.  BM and splenocytes from mice 

demonstrating symptoms of CML were used as targets in a 51Cr release assays.  Cells used as 

targets were taken from a sacrificed mouse 23 days after BMT with p210+BMC.  This mouse 

had a spleen weight of 0.6 grams and GFP expression in the BM (42%) and splenocytes 

(37%).  BMC and splenocytes from a healthy untreated mouse were used as controls and 

YAC cells were used as a positive control for killing.  Effectors cells were taken from a 
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healthy syngeneic mouse that was stimulated in vivo by administration of poly IC one day 

prior to the assay.  The lytic capacity of poly IC activated splenocytes is believed to be 

mostly mediated by NK cells (293).  Targets and effector cells were co-cultured for one hour.  

The results of this experiment showed that effector splenocytes, containing activated NK 

cells, were functional as they effectively killed YAC targets (Figure 4.2).  But these effectors 

were unable to lyse BCR/ABL+ cells from late stage CML mice or healthy syngeneic cells. It 

appeared that BCR/ABL+ granulocytic cells from CML mice are resistant to NK lysis.      

 To follow up on this finding, we wanted to see if CML precursors were susceptible to 

NK lysis.  To develop CML precursors, we retrovirally transduced BMC with the p210/GFP 

construct.  We used the same protocol that was used to establish CML in vivo.  In addition, as 

a control, we transduced BMC with the GFP-only construct with transduction efficiency 

around 20%.  51Cr release assays were preformed using p210+ or GFP+ only transduced BM.  

Similar to the previous experiment, effectors were poly IC activated splenocytes from a 

syngeneic mouse.  The effector and targets were incubated for one hour.  In figure 4.3, the 

results of this assay show that NK cells can preferentially lyse p210+ BMC cells, but not 

BMC that express only GFP.  Since both groups of BMC were treated similar prior to the 

assay, we concluded that the expression of BCR/ABL made these BMC sensitive to lysis.   

From the results of these two experiments, we deduced that NK cells are able to lyse CML 

precursors but not BCR/ABL+ more differentiated myeloid cells of advanced CML disease.  

Therefore, simple expression of BCR/ABL does not cause susceptibility to NK cells.  Rather, 

the change in properties of the progenitor cells may be more important. 
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C.  Effects of blocking NK inhibitory receptors on CML progression 

Since it appears that NK cells are implicated in IS of CML, probably early in disease, we 

wanted to determine if blocking negative signals on NK cells could enhance IS and result in 

prolonged survival of mice with CML.  The retrovirally transduction protocol to establish 

CML has been well established in BALB/c mice.  However, B6 mice are more resistant to 

this protocol for establishing CML.  Therefore for these experiments, we used BALB/c mice 

or (BALB.NK1.1 x B6) F1 mice. 

 To block negative signals in BALB/c mice (H2d), we used the 4D11 mAb which 

block the activity of Ly49G2 receptor whose cognate ligand are H2Dd  and H2Kd .  After 

establishing CML in BALB/c mice (n=6), mice were treated (ip) with 2-3 doses of 200ug of 

4D11 F(ab)’2 (n=3) and disease progression was monitored by assessing GFP expression in 

peripheral blood. Compared to mice that did not received mAb treatment, we did not see any 

effect of mAb treatment on disease progression or survival.   

 We hypothesized that a more sustained antibody level or a longer treatment period 

may be required to demonstrate an effect in this CML model.  Therefore, we utilized the 

5E6Tg mice (described in Chapter 3) to test this hypothesis.  5E6Tg mice of B6 background 

were crossed to BALB.NK1.1 mice (BALB/c mice congenic for the NKC of B6 origin).  

Using the F1 progeny, CML was established using standard protocol (described in Chapter 

2), which exhibited similar disease to that of the BALB/c mice.  BMCs from (BALB.NK1.1 

x B6) F1 donor mice were transduced with p210/GFP and injected into (5E6Tg x 

BALB.NK1.1) F1 and control (B6 x BALB.NK1.1) F1 mice.   Mice were monitored for GFP 

expression in peripheral blood to assess disease progression at different timepoints.  As 
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shown in Figure 4.4A, at Day 5, both groups of mice had very low GFP expression in 

peripheral blood (close to 0%).  At Day 8, GFP expression in control (B6 x BALB.NK1.1) 

F1 mice appeared to indicate disease progression with 25% GFP.  However, (5E6Tg x 

BALB.NK1.1) F1  mice maintained low GFP expression in peripheral blood cells (3%).   By 

day 14, both groups had similar levels of GFP+ cells in their blood and both groups of mice 

succumbed to CML at the same rate, 25-28 days post-BMT.  Figure 4.4B displays results 

from a second experiment which shows similar results.  Although 5E6Tg mice did not 

experience prolonged survival, it did appear as if 5E6Tg mice had a delayed onset of CML 

compared to controls.   

 
II. Conclusions/Discussion 
 
Studies using experimental cell lines showed that NK resistant targets can be made sensitive 

to NK lysis by expression of BCR/ABL (287).  Our study evaluated two different 

BCR/ABL+ targets to assess why NK cells are not more effective in IS during CML disease 

progression.  We showed that BCR/ABL+GFP+ cells from late stage CML are more resistant 

to NK lysis than cells that are the precursors for the disease.   

 This is supported by reports in the literature that have noted some myeloid leukemic 

blasts, cell lines or primary cells, are resistant to LAK killing (294).  Some of the proposed 

reasons for this are that myeloid blast cells cause suppression of NK cell function by 

secreting reactive oxygen species and/or PGE2.   PGE2 is made by myeloid cells such as 

monocytes and macrophages and inhibits NK activity, in part, by affecting NK cell synthesis 

of IFN-gamma  (295-297).  In fact, it has been shown that monocytes can be stimulated to 

make more PGE2 when cultured with transformed cells such as K562 (298). 
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 Another reason for the change in susceptibility of BCR/ABL+ targets is that the 

tumor cells may undergo further alteration to become fully transformed and developing 

alterations in immune recognition components.  Earlier reports claimed that BCR/ABL 

expression was sufficient to transform tumors.  But more recently,  evidence suggests that 

additional mutations or modifications of BCR/ABL+ cells are needed to get full 

transformation and tumorigencity (299-301).   

 While expression of BCR/ABL in various cell lines or primary cells stimulates 

growth, these cells still maintained their ability to differentiate, comparable to the chronic 

phase of CML where myeloid cells have enhance proliferation, but are also still able to 

differentiate.  In the blast phase crisis, differentiation is arrested while immature myeloid 

cells continue to accumulate.  It is believed that a second event occurs causing complete 

transformation.  This is further demonstrated in studies that have detected BCR/ABL gene 

expression in cells of healthy people that do not show signs of CML.  In fact, in these studies, 

investigators were attempting to identify BCR/ABL- controls, and surprisingly found that 

many samples from healthy individuals had low but detectable levels of BCR/ABL mRNA as 

determined by RT-PCR.  Samples from children and umbilical cord blood were also 

evaluated but found to be mostly negative for BCR/ABL transcripts (300;302).   

 In a recent study by I. L. Weissman’s group, the requirement of oncogenic 

cooperatively for full transformation by BCR/ABL was evaluated.  By using transgenic mice, 

it was shown that forced expression of BCR/ABL and bcl-2 (another oncogene) in pre-

myeloid cells can trigger a blast crisis, whereas the single oncogene transgenic did not 

exhibit a blast phase.  Other oncogenes, c-myc or N-ras, were also combined with BCR/ABL, 
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but did not provide the same synergistic effect.  These findings were correlated to clinical 

data that show that patients in CML blast crisis have higher expression of bcl-2 compared to 

those in the chronic phase of CML.  Taken together, it appears that blast phase of CML is a 

consequence of an accumulation of oncogenic mutations (300).   

 In turn, these findings can help us interpret the data regarding the susceptibility of 

BCR/ABL+ targets to NK cells.  The expression of BCR/ABL alone may allow expression of 

ligands for NK activating receptors.  As the disease progresses, those BCR/ABL+ cells that 

survive IS probably develop additional mutations that allow them to further transform and 

evade the NK response.  Part of the immune evasion mechanism could include secretion of 

immune suppressive agents such as reactive oxygen species or PGE2.  But in addition, the 

cells may be acquiring mutations in other cellular components that affect their ability to be 

lysed by NK cells.   

 As a way to prevent growth of BCR/ABL+ cells, imatinib mesylate has been effective 

in causing remission in many patients.  But, studies in the murine models show that imatinib 

mesylate is not curative, even though it prolongs survival significantly.  In addition, imatinib 

mesylate resistance has been reported in 25% of mice receiving treatment (286).  The few 

cases of resistance reported in humans have been addressed by increasing the dose of 

imatinib mesylate (276).  As suggested by the concept of “immunoediting”, tumors adapt to 

their environment and respond to selective survival pressure by developing resistant clones. 

The use of imatinib mesylate adds another layer of selective pressure on the CML tumor cells 

and therefore the clones that grow will develop resistance to imatinib mesylate. 
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 The need for novel immunotherapies for the treatment of CML is still required. Since 

CML tumors express MHC class I and are engaging NK inhibitory receptors, blocking the 

negative signals on NK cells may make them more susceptible to NK lysis.  Using the 5E6Tg 

mice, we demonstrated that blocking mAb or the 5E6 transgene might indeed slow the 

progression of the disease.  This supports our claims that NK cells appear more effective in 

the early stages of CML development and/or when CML tumor burden is low.  BMT or 

imatinib mesylate treatment for CML is considered curative even though residual tumor cells 

may survive.  These treatments may induce equilibrium between the tumors and the immune 

response.  The effects of mAb treatment to block NK inhibitory receptors may be optimal 

when used with standard treatments to prevent relapse or at early signs of tumor escape.   
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Figure 4.1: Diagnosis of CML-like disease in mice.  (A) Peripheral blood leukocytes 
from mice 8 days post BMT was assessed for GFP expression. (B) Day 16 mice 
spleen weights.  Normal mouse spleens weigh between 0.1-0.2g.  (C, D) Bone marrow 
and splenocytes were assessed for expression of GFP on 16 days post BMT.  (E) Day 
16 peripheral blood was stained with CD11b (Mac-1) marker for granulocytes which 
accumulate in blood due to CML. Majority of GFP+ cells from p210+ mice are Mac-1+.  
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Figure 4.2: Late stage CML tumor cells are resistant to lysis by activated 
splenocytes.  Poly IC treated splenocytes from BALB/c mice were used as 
effectors in a 1 hour 51Cr release assay. As a positive control, YAC cells 
were used as NK sensitive targets.  Bone marrow cells and splenocytes 
from untreated BALB/c mouse were used negative killing control and bone 
marrow and splenocytes from Day 23 (late stage) CML were tested for 
sensitivity to NK lysis.  Graph shows percentage of specific lysis.  Error 
bars indicate standard deviations. 
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Figure 4.3:  CML precursor BMCs are preferentially lysed by activated 
splenocytes. Poly IC treated splenocytes from BALB/c mice were used as 
effectors in a 1 hour 51Cr release assay.  As a positive control, YAC cells  
were used as NK sensitive targets.  Bone marrow transduced with 
p210/GFP or GFP only were tested for NK lysis. Graph shows percentage of 
specific lysis.  Error bars indicate standard deviations. 

 



142 

0

10

20

30

40

50

60

70

80

90

100

%
 G

FP
+ cells 

p<0.05 

Control 
5E6 Tg 

Day 5 Day 8 Day 14 

Figure 4.4:  5E6Tg mice exhibit delayed onset of CML. (BALB.NK1.1 x 5E6tg) 
F1 mice display resistance to CML at Day 8.  By Day 14, CML progression is 
similar to controls.  Lethally irradiated (BALB.NK1.1 xB6)F1 or  (BALB.NK1.1 x 
5E6tg) F1 mice were infused with p210/GFP transduced BMC and monitored 
for GFP expression in peripheral blood. GFP indicates CML disease 
progression. Statistically significant in a 1-tailed t-test indicated by p value.  
Experiment has n=5 per group.  
 

 

 



 
CHAPTER FIVE 

Discussion and Significance 

I. Summary 

The goal of this thesis project was to develop a model to further study how blocking 

inhibitory Ly49 receptors in vivo enhances anti-tumor immunity of NK cells.  We chose to 

develop a transgenic model that would produce non-depleting 5E6 (anti-Ly49C/I) mAb in 

order to study this further.  Using this model, we were able to address some important 

questions regarding NK cells in regards to development, tolerance and tumor clearance (as 

discussed in Chapter 3 and 4).  But in order to investigate these questions several obstacles of 

our transgenic system needed to be overcome.  

 Once the transgenic mice were created and several founders were identified by PCR, 

we had difficulty developing effective screens to determine which founder would be studied.  

In the experimental design of the transgenic, we put an epitope tag on the mAb gene to help 

distinguish the transgenic antibody from endogenous antibody.  And therefore, we planned to 

quantitate serum antibody titers in this fashion.  But, our choice of epitope tags (His) was 

poor since commercial antibodies for His detection proved to be inadequate for this task.  We 

learned that mAb structure influences serum clearance. Smaller antibody molecules have 

reduced half-life compared to whole mAb (303). We realized that serum detection would be 

difficult but, we still expected one of the founder lines would make antibody in such excess 

that we could detect it.  We had hoped to compare a high expresser founder line with a low 

expresser founder line, to see how mAb concentration affected the phenotype of the mice.  

Because serum detection was difficult, we chose to use the flow cytometry screen where we 
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attempted to detect antibody bound to NK cells directly ex vivo (Figure 3.3).  And later we 

developed the competitive binding assay which also confirmed that serum antibody levels 

were below detectable levels (Figure 3.6). 

 The low to no antibody levels may have been attributed to our choice of promoters 

and transgenic construct design.  We had evaluated other antibody transgenic models and we 

believed that the CMV promoter would give us the best chances for success.  But the 

limitation with using the CMV promoter is that we could not predict patterns for the 

transgenic mRNA transcription.  If we had used a tissue specific promoter, such as albumin, 

our screens for expression would have been more targeted and easier to assess.  In addition, 

we chose to use express our transgene as part of a bicistronic construct.  Generally, in 

bicistronic constructs, the two genes are not transcribed in equal proportions.  More of the 

first gene product is made than the second gene product.  Therefore, 5E6Tg protein 

production may have been limited by LC translation, since it occupied the second part of the 

cistron.  A more effective option would have been to use a one gene construct, where both 

genes were fused together to make the protein of interest.  Expression of non-depleting 5E6 

mAb may have been better expressed as a scFv.  The 5E6 scFv was not developed at the time 

the transgenic mice were generated, but may be an option for future studies.   

 An alternative explanation of why antibody was not detected in the 5E6Tg mice is 

that no antibody was ever made.  This would mean that even though transgenic DNA was 

integrated and transcribed to make transgenic RNA, the protein product of transgene was not 

produced.  A consequence in developing the transgenic mice using our DNA construct with 

CMV promoter is that the transgenic DNA incorporates into the mouse genome randomly.  
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Random integration of transgene can alter the phenotype of mice by affecting other 

endogenous gene expression or function.  In the 5E6Tg mice, we observed several results 

that showed statistical significant differences between 5E6Tg mice and B6 controls.  Since 

we were unable to confirm transgene expression by determine antibody in the serum of mice, 

we can not rule out that these results were due to random transgene incorporation.   To 

substantiate that our results were not due to random integration, another founder line would 

have had to be evaluated.  Since no other founder line was available for study, we can not 

entirely confirm that results seen using the 5E6Tg mice were not a consequence of procedure 

to make the mice.   

 For future studies, there are other ways to develop an in vivo model for studying 

blocking negative signals to improve NK tumor clearance.  Now that lentiviral vectors are 

more readily available, mice can be locally infected with a lentivirus engineered to express 

the 5E6 mAb fragment.  Similar studies have been conducted as described in (304).  In 

addition, R.M. Chu has developed a method which incorporates DNA into muscle by 

electroporation (personal communication).  This technique has been tested with the IL-6 gene 

which resulted in transient expression at high levels for one week..   Another in vivo method 

to allow sustained protein levels involves using nanoparticle technology.  Studies have been 

done using IL-2, which have demonstrated the usefulness of this technology in providing a 

slow release of cytokines (PV. Kulkarni, personal communication).  These methods would 

allow the study of improved tumor clearance by NK cells but may not be ideal for studying 

the effects of Ly49-MHC interactions in NK and T cells development, if used in adult mice, 

which is why we chose to develop a transgenic model. 
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 Our conclusions regarding the effect of 5E6 transgene expression in mice were that it 

did not dramatically affect NK or T cell development of receptor repertoires.  Some of the 

reasons for this could be that such low antibody levels were not sufficient to cause an effect.  

Or perhaps, the specific Ly49 receptor that was blocked did not affect development.  Data 

regarding Ly49 transgenic mice led us to this latter consideration.  Studies of the Ly49C and 

A transgenic mice reported that there were changes in T cell receptor profiles and function 

(68;69).  The results were opposite in studies using the Ly49I transgenic mice which did not 

exhibit these changes (80).  As discussed in Chapter 1, the strength of binding that Ly49 

receptors exhibit with their cognate ligand may influence functional characteristics of these 

receptors. The Ly49 receptors, though they share genetic and structural similarities, can bind 

their ligands in different fashions shown by their crystal structures (305).  Ly49A was found 

to be a powerful regulator of T cell function, because it can rescue CTLA-4-/- mice from 

lymphoproliferative disease (75).  Whereas, Ly49I has weaker interactions than Ly49A with 

its ligands (65). This is predicted to affect its strength of inhibition (72).  Therefore, studies 

in the Ly49 transgenic mice provides insight into what may happen in the circumstances 

when the Ly49 receptor interactions are blocked instead of activated , like in the 5E6Tg 

mice.  We speculate that if these blocking studies were conducted with anti-Ly49A mAb, the 

effect on NK and T cell development may have been different. 

 The expression of inhibitory receptors restricts NK activity to prevent autoimmune 

effects. NK cells have been implicated in some autoimmune diseases, as they can modulate 

the response of other immune cells (306). But, NK cells themselves do not appear to show 

alloreactivity or GVHD in vivo as seen in NK mismatched BMT (172;173).   In fact, as 
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discussed in Chapter 1, NK cells appear to have an interesting way to become tolerant to new 

MHC environments after BMTs.  The understanding of the nature of this tolerance 

development has only partially been elucidated.  It is those same mechanisms that allowed 

NK cells in the 5E6Tg to remain tolerant to ‘self’ shown by syngeneic BMTs (Figure 3.10).  

Because NK cells can maintain tolerance even when 50% of the cells have inhibitory 

receptors blocked (like in the 5E6Tg mice, or when mAb is administered), the use of NK 

cells as a base of immunotherapies is very appealing.    

 Our assessment in tumor challenges using NK cells with inhibitory blocking antibody 

supports this claim.  Previous data showed the efficacy of 5E6 mAb treatment in an in vivo 

C1498 leukemia model and in syngeneic and allogeneic purging models (194;195;225). We 

have only begun to explore enhanced NK activity for tumor clearance in the 5E6Tg mice.  

We showed using the B16 melanoma model and a nascent tumor model of CML that 5E6 

mAb transgenic mice have enhanced NK anti-tumor functions.   Future experiments can be 

done to try to demonstrate more pronounced effects of blocking Ly49C/I in CML.   

 Due to the fashion in which the CML model is established, recipient mice undergo 

lethal irradiation and their radio-resistant NK cells are only available for approximately 5-7 

days post BMT.  Then NK cells do not return to normal numbers or function until 

approximately day 14.  We believe that during days 5 and 14 there is no IS occurring and the 

tumor grows exponentially.  Therefore, to demonstrate a more substantial effect of NK 

inhibitory receptor blockade, a variation of experimental design is needed.  We propose that 

if mice receive an adoptive transfer of NK cells on Day 5, the blocking antibody might 

continue to modulate the activity of NK cells and a greater effect on CML progression will 
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be observed.  In a preliminary experiment (n=3), 5 days after undergoing p210+ BMT, mice 

received adoptive transfer of NK cells.  One group of mice received 4D11 F(ab)’2 (anti-

Ly49G2) treatment (twice a week for 3 weeks).  In this experiment, 2 of 3 CML mice 

receiving 4D11 antibody displayed dramatically improved survival (60+ days), while the 

control group succumbed to disease within 3 weeks.  This experimental design should 

maintain levels of NK cell function.  In future studies we would like to utilize the 5E6Tg 

mice in these adoptive transfer experiment, which does not require continuous administration 

of blocking inhibitory receptor mAb.    Our studies indicate that NK cells appear to be 

effective when tumor burden is low. Since imatinib mesylate can maintain low tumor burden 

in mice, studies with imatinib mesylate and blocking negative signals may provide 

interesting results and implications for combinational therapies. 

 To establish CML in the 5E6Tg mice, we used F1 progeny of B6 x BALB.NK1.1 

mice.  These mice are H2b/d and possess inhibitory receptors for both MHC molecules.  But, 

in the transgenic, we are only blocking Ly49C/I which sees H2b, therefore, if we combined 

the transgenic mice with the administration of 4D11 (anti-Ly49G2 which sees H2d) we could 

block a majority of the inhibitory receptors. 

 We have considered expanding the effect of blocking inhibitory signals by finding a 

receptor target that is on all NK cells.  By blocking inhibitory signals on all NK cells 

compared to just on 50%, as we have done so far, may improve our tumor challenge results 

dramatically. The challenge has been finding antibodies that block all NK inhibitory 

receptors.  One way to accomplish this is to use a cocktail of mAb for Ly49s or develop a 

pan-Ly49 mAb that see host MHC antigens. In addition, recently, it has been determined that 
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2B4 has inhibitory function when engaged by its ligand CD48 (98).  2B4 is expressed on all 

activated NK cells.  There is potential to enhance NK tumor rejection of CD48+ tumors when 

2B4 is blocked by mAb.  Another approach is to block all inhibitory receptor function by 

targeting a common downstream signaling molecule.  SHP-1 and SHP-2 are phosphatases 

that are recruited to ITIMS of intracellular portion of Ly49 inhibitory receptors.  These 

phosphatases are responsible for shutting off signaling pathway thus resulting in NK 

inhibition.  In collaboration with C. Wuelfing, our lab has developed a dominant negative 

SHP mutant (dnSHP).  This recombinant protein is fused to tat molecule to facilitate cellular 

import (307).  Once inside a cell the dnSHP should compete for binding with phosphatases 

that are recruited to ITIMs of inhibitory receptors.  The advantage of targeting phosphatase 

activity is that SHP is a common signaling intermediate in inhibitory receptor function on 

NK cells.  A feature of the tat fusion proteins is that they move by passive diffusion in and 

out of the cell until equilibrium is reached, therefore, to use tat fusion to block SHP activity, 

cells and medium must be loaded with adequate concentration of fusion protein (in vitro this 

could range from nM to mM concentrations). Using tat-dnSHP approach may be feasible in 

an ex vivo purging model.  But using it as in vivo treatment option may not be ideal.  First, it 

will require a massive amount of protein and secondly, it has the potential to cause many 

adverse effects as seen in the moth-eaten mice (SHP knockout mice) (308).    

 We have had success in improving NK rejection of tumors with blockade of only a 

subset of the NK cells (194;195).  Whether blockade of all NK inhibitory receptors is 

necessary from improved NK activity has not been evaluated. In fact, there is some evidence 

that NK cells participate in cross-talk, by some unknown mechanism. It is thought that NK 
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cells can influence the function of other NK cells that do not express the same inhibitory 

receptors (309).  A demonstration of this concept was shown in BMT studies with large 

BMC inoculums.  Generally, NK cells are unable to reject large inoculums (25 x 106) of 

allogeneic BMC.  When a subset of NK cells that contains inhibitory Ly49 for donor class I 

antigens is depleted, these mice can now reject the large inoculum of BMC, even though the 

absolute number of NK cells in vivo is greatly reduced.  This implies that some subsets of 

NK cells are inhibiting other NK cells from rejection.  We hypothesize that a similar effect 

could be occurring when mAb are used to block Ly49 inhibitory signals. So, in addition to 

enhancing tumor rejection capacity of Ly49C/I+ cells, receptor blockade with 5E6 mAb 

could be affecting Ly49C/I- cells (309).  Further studies of these concepts are ongoing in our 

laboratory.   

 
II. Implications 
 

The field of immunotherapy has been develop innovative technologies and has helped to 

advance our knowledge of the immune system, in general.  It provides promise of new 

therapies to cure or treat cancer, but so far has fallen short.  Translating exciting effects seen 

in animal studies into the human system has been the greatest obstacle.  One reason for these 

difficulties is that the knowledge base of basic science is divergent from knowledge base in 

the clinical setting.  In order to successfully translate investigational immunotherapies into 

clinic, a broader understanding of basic research in humans is needed (310).   

 Translating the concept of blocking NK inhibitory signals to improve tumor rejection 

may encounter similar difficulties.  It is conceivable that human NK inhibitory receptors, 
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KIRs, can be blocked and initiate enhanced tumor rejection by NK cells.  Since the MHC 

environment which dictates KIR expression is highly polymorphic in humans, finding the 

right target molecules for mAb that are conserved will be difficult.   

 Recently, there have been reports of cancer cells expressing HLA-G, the non-classical 

class I molecule involved with fetal-maternal tolerance.  The expression of HLA-G by tumor 

cells results in inhibition of NK response by CD94/NKG2A.  Studies have shown that HLA-

G expressing melanoma cell line are resistant to NK and CTL lysis (142-145;307).  But 

blocking HLA-G or CD94/NKG2A with a specific mAb reverses inhibition.  Since CD94 is 

more conserved and non-polymorphic between mouse and humans, than Ly49 and KIRs, this 

approach has great potential for translation into a human immunotherapy.   

 In general, immunotherapy approaches may fail because the diversity of the human 

immune system and cancer cells is so vast that designing a therapy to fit all cases would be 

difficult.  If cancers could be further phenotyped, it may be possible to customize 

immunotherapies and specifically target those tumors.  This has begun to be explored by 

Genitope (Redwood City, CA).  The company has ongoing clinical trials in which they 

develop cancer vaccines to tumor antigens defined from individual patient’s tumors.  The 

vaccine is combined with adjuvant and an approved mAb therapy.  Rituximab plus the 

Genitope personalized vaccine have been combined for treatment of patients with Follicular 

Non-Hodgkin's Lymphoma and has advanced into Phase 3 trials (311).   

 In order for these personalized therapies to be a feasible option, clinicians and basic 

scientists need further collaboration and exchange of knowledge.  Customizing cancer 

treatment will force clinicians to evaluate individual patients differently than the manner in 
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which they are trained.  Patients will not be able to be placed into generalized categories with 

the same treatment protocol.  In addition, basic researchers need better insight into patient 

manifestation of disease and how associated complications can affect the treatment course.    

 Some investigators have already lost hope in finding better treatments for cancer, as 

they have commented in the literature (120;310).  The competition between the immune 

response and cancer cells is ongoing and constantly evolving.  They believe that as better 

immunotherapies are developed, selective pressure on the tumor will increase and result in 

more immune escape variants.  Maybe eliminating cancer altogether is not realistic but 

perhaps the goal should be to develop therapies to maintain the equilibrium between cancer 

and the immune response and therefore cancer can be treated as a chronic disease.  Cancer 

cells will continue to evolve and develop immune escape variants, but meanwhile researchers 

will persevere to find ways to improve our immune response through acquiring a better 

understanding of the immune system and cancer development, and that too is evolution.  
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