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Abstract 
 

Anti-CD40 Mediated Blockade of the CD40 Costimulatory Pathway 
 

By Christopher Raleigh Gilson 
 

 

Transplantation is often the sole therapy available for many forms of end-stage organ 

disease.  The field of transplantation owes much of its success to the development of 

immunosuppressive drugs which predominantly seek to inhibit the T cell-dependent 

process of rejection.  Due to the inherent disadvantages of non-specific 

immunosuppression, considerable interest has been place in developing more selective 

strategies.  Transient blockade of the CD40 pathway, in conjunction with CD28 

blockade, has shown great promise in tolerance induction protocols to inactivate of donor 

reactive T cells.  However, anti-CD154 monoclonal antibodies that have for years been 

the foundation of these approaches also cause thromboembolism in humans.  The central 

hypothesis of this thesis is that blockade of the CD40 signaling pathway through the use 

of anti-CD154 or anti-CD40 monoclonal antibodies can equally promote chimerism and 

graft survival.  The functional equivalence between these two approaches highlights the 

importance of inhibiting the CD40 pathway itself. 
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Significance for the Study of Transplantation  

December 23, 1954 marks the date of the first successful human kidney allograft 

transplant, performed at Boston’s Peter Bent Brigham Hospital by Dr. Joseph Murray and 

colleagues, between Richard Herrick and his twin brother Ronald (1).  Over the next half-

century, solid organ and hematopoietic transplantation would become an established, 

while often the only, treatment option for many end stage diseases.  However, in the 

absence of a consenting twin sibling, prevention of immune mediated organ damage is 

currently dependant upon the continual administration of immunosuppressive drugs.  

This has been remarkably successful for controlling acute rejection, as exemplified by the 

current 90% 1-year survival rate following renal transplantation in the United States (2).  

However, the rate of annual graft attrition after the first post-operative year has virtually 

remained unchanged (3).  An estimated one half to three quarters of the late graft losses 

are explained by patient death with a functioning graft while chronic rejection accounts 

for 50 to 80% of graft failures in surviving recipients (4). 

Chronic graft injury is not only caused by immune mediated processes, but also 

by non-immune factors, leading to a progressive diminution of function and ultimately 

graft failure.  This eventuality can be related to two important issues with regards to the 

use of immunosuppressive drugs.  First, most of these drugs act nonspecifically, 

attenuating the immune system to infectious and cancerous morbidities (5, 6).  Second, 

these drugs must often be taken daily, which continuously exposes the body and the 

transplanted tissue to direct drug toxicity as well as exacerbating cardiovascular disease, 

hypertension, hyperlipidemia and new onset diabetes (7). 

The U.S. Organ Procurement and Transplantation Network reported that number 
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of kidney transplants performed in the United States grew from 11,561 in 1997 to 16,646 

in 2006 (2).  During this same period, the number of candidates on the kidney transplant 

waiting list at any time during the calendar year increased by 81%, with 66,961 patients 

still in need of transplant by years-end.  This growth in the number of wait-listed patients 

has been accompanied by a more than doubling in the number of deaths while on the 

waiting list from 2,184 in 1997 to 4,456 in 2006.  The number of kidney donations from 

both living and deceased donor sources has not kept pace with the growing need.  

Strategies have been proposed by the transplantation community to increase the 

efficiency of the current organ allocation and transplantation system, but aggressive 

changes need to be taken to shift current trends. 

The chronic immunosuppression approach has been based on the premise that 

alloreactivity is a fixed entity, relentlessly at odds with a transplanted organ.  However, 

the expanding understanding of allorecognition and the immune response as a whole has 

shown that this is not necessarily always the case (8).  The interaction is complex and 

often quite plastic.  While the body’s goal is normally the complete elimination of an 

antigen, there are physiologic mechanisms in place to promote tolerance (9-12) and the 

possibility to harness them for clinical benefit. 

 

A Brief Historical Context 

Myths have been used by ancient societies to describe seemingly supernatural 

events in an attempt to make sense of that which cannot be explained or understood by 

the common man.  Stories of the prolongation of life by the replacement of body parts are 

present in many cultures at a time well before the understanding needed for them to have 
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actually been performed.  The Chinese tell of the physician Pien Ch'iao who reportedly 

exchanged hearts between two warriors in an attempt to achieve spiritual and physical 

balance in each (13).  Indian scriptures tell of the God Siva, in fits of rage, beheading 

individuals and then performing xenotransplants as atonement for his outbursts (13).  

Roman Catholic mythos describe the story of the Saints Cosmas and Damian, who 

replaced the gangrenous leg of the deacon Justinian with that of a recently deceased 

Ethiopian (14). 

In what is regarded as one of the first credible accounts of transplantation, the 

second century Indian surgeon Sushruta is credited for performing various types of 

rotation and pedicle flaps for the treatment of nose amputations, a common form of 

punishment at the time (15).  Centuries later, the Italian surgeon Gasparo Tagliacozzi 

would also perform successful skin autografts, while noting the perplexingly consistent 

failure of allografts.  He attributed this to the "force and power of individuality" in his 

1597 work ‘De Curtorum Chirurgia per Insitionem’ (16).   

The exact nature of the ‘…power of individuality’ would take several more 

centuries to become clear.  In the intervening years, a foundation of surgical techniques 

would be gradually perfected to make performing transplantation practical.  The first 

successful human corneal transplant was performed by Dr. Edward Zirm in Austria in 

1905 (17).  Without an appreciation of immune privilege, the inexplicable success of 

corneal transplants and why this could not translate to other tissues confounded 

physicians of the time.  In the early 1900s, the French surgeon Alexis Carrel would 

pioneer a new technique of artery and vein anastomosis that facilitated the experimental 
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transplants of animal kidney, heart and spleen.  Carrel would receive the Nobel Prize in 

1912 and was one of the first to identify rejection as a barrier to transplantation (17). 

The origins of modern transplantation immunology are most appropriately 

attributed to the work of Peter Medawar in the early 1940’s.  While observing autologous 

and allogeneic skin grafts used to treat burn victims during World War II, he noted what 

would become two important tenets of graft rejection.  First, allogeneic grafts invariably 

failed while autografts were accepted.  Second, secondary allografts from the same donor 

were rejected even more promptly than the first.  Presenting his findings to the British 

War Department, he secured funding to follow up these observations with exhaustive 

rabbit skin graft experiments.  Confirming the initial findings from the burn units, he also 

noted the presence of a lymphocyte infiltrate in the rejecting grafts (18, 19).  Medawar 

concluded that the rejection of allogeneic skin grafts was an immune mediated process 

with lymphocytes as the likely effector cells.  However, the prevailing theories of the 

time placed a greater importance on antibody mediated responses as an effector 

mechanism. 

A definitive role for lymphocytes in graft rejection would be shown through the 

work of Nicholas Mitchison during the 1950’s.  He showed that when lymphocytes from 

mice immunized against a lymphosarcoma were transferred into naïve mice, that this 

conferred protective immunity upon tumor re-challenge, while transfer of serum 

antibodies alone did not (20).  Using an allogeneic skin graft model, work by Brent, 

Billingham and Medawar would further implicate lymphocytes as the central mediators 

of graft rejection (21).   
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T cell Activation 

The development of monoclonal antibodies by Kohler and Millstein in 1975 

allowed for the phenotypic characterization of lymphocytes and established their specific 

roles in graft rejection (22).  Both CD4+ (23) and CD8+ T cells (24) were found to be 

required to mediate graft rejection.  Transfer of either subset into severe combined 

immunodeficiency mice, which lack functional T and B cells, or their depletion from 

wild type mice have shown that both subsets are involved in graft rejection (25). 

Optimal T cell activation requires two signals (26).  Signal 1 is initiated by the 

antigen specific interaction between the T cell receptor (TCR) and the major 

histocompatibility complex (MHC) presenting peptide.  The MHC molecule is divided 

into two classes: MHC class I and MHC class II.  MHC class I molecules bind peptides 

mainly derived from proteins synthesized inside the cell and are recognized by T cells 

expressing the CD8 co-receptor.  MHC class II molecules mainly bind peptides derived 

from protein antigens taken up from outside the cell and are recognized by T cells 

expressing the CD4 co-receptor.  Signal 2 takes the form of costimulatory proteins 

expressed between T cells and APCs that deliver auxiliary stimulation to augment T cell 

activation.  These include, among many others, the CD28, CD40, OX40, 41BB signaling 

pathways, as well as cytokines such as IL-15, IL-12, IL-10, IL-4 or IL-2. 

The specificity and control over the initiation of the immune response is in part 

provided by the TCR.  T cells must be able to both respond to an innumerable array of 

pathogens while also preserving restraint to self-proteins.  Immature T cells undergo a 

dynamic process in the thymus in which the developing T cells must be able to recognize 

self MHC within a certain range of affinity to receive signals for continued survival, in 
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what is termed positive selection (27).  Bone marrow derived dendritic cells resident to 

the thymus contribute to this process by expressing a wide array of self-peptides.  During 

this second interaction, autoreactive T cells with high affinity for these self peptides are 

deleted through negative selection (28).  

Self-reactive T cells do escape these central tolerance mechanisms and can be 

found in the periphery, but there are additional measures that prevent the emergence of 

overt autoimmunity.  As stated previously, naïve T cells require costimulatory signals to 

augment antigen recognition by the TCR.  Only specialized professional antigen 

presenting cells are capable of delivering these signals and dendritic cells are regarded as 

the most potent.  They reside throughout most tissues and act as resident sentinels for the 

immune system.  Dendritic cells are highly sensitive to a wide variety of inflammatory 

stimuli and can be activated by tissue damage, cytokines or pathogenic molecules via 

Toll-like receptors (29, 30).  When dendritic cells sense these ‘danger signals’, they up-

regulate lymph node homing molecules such as CCR7, express costimulatory ligands and 

enhance antigen presentation all of which allows for efficient T cell priming (31, 32).  In 

the absence of an inflammatory milieu, such as the case when harmless self proteins are 

taken up, dendritic cells remain in an immature state, reserving their expression of 

costimulatory molecules such as CD80 and CD86 (33).  Under these conditions, 

autoreactive T cells can be controlled by this suboptimal interaction, leading to anergy, 

apoptosis, or possibly towards a regulatory T cell like phenotype (34-37).  

 

The CD28 Signaling Pathway 

 



  7  

CD28 was the first T cell costimulatory pathway identified, is constitutively 

expressed by most T cells and interacts with its natural ligands CD80 and CD86 

expressed by professional APCs (38).  In the absence of TCR signaling, the contact 

between the B7 molecules and CD28 has little impact on T cell activation.  When both 

TCR and CD28 signals are delivered this stimulates proliferation by the transcription and 

stabilization of IL-2 mRNA (39, 40).  CD28 signaling also promotes the secretion of 

IFNγ, IL-4, IL-8 and RANTES, the expression of CD25 as well as the up-regulation of 

the survival factor Bcl-xL (41-45). 

  T cells express a second receptor for CD80 and CD86, known as CTLA4 

(CD152).  CTLA4 binds to the B7 molecules with a 20-50 fold higher affinity than CD28 

(46, 47).  It is not normally expressed by naïve T cells, but is rapidly up-regulated 

following TCR stimulation.  It is believed to function by inhibiting the initiation and 

progression of the immune response (48).  CTLA4 deficient mice develop uncontrolled 

lymphoproliferative disorders and specific blockade of CTLA4 exacerbates allograft 

rejection (49, 50).  Furthermore, some modes of T cell anergy have been shown to require 

CTLA4 signaling (51). 

 

The CD40 Signaling Pathway 

The CD40 molecule is an integral membrane protein in the TNF receptor 

superfamily.  It is expressed on a wide array of cells including B cells, mast cells, 

macrophage, dendritic cells and endothelial cells (52).  Its ligand, CD154 (CD40L), is a 

member of the TNF cytokine superfamily, notably expressed on recently activated CD4+ 

T cells, but can also be found on other cells such as CD8+ T cell subsets, monocytes, 
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platelets as well as in a soluble form present in serum (53, 54).  The CD40-CD40L 

interaction was initially characterized for its role during germinal center formation and B 

cell isotype switching (17).  A genetic mutation in CD154 is the cause of a condition in 

humans known as Hyper-IgM syndrome, distinguished by a failure to form germinal 

centers and class switch antibody (55).  

The CD40 pathway influences a variety of cellular processes including division, 

survival and differentiation.  CD40 ligation can stimulate the secretion of IL-1β, IL-6, IL-

8, IL-12, and TNFα, the expression of ICAM-1, LFA-3, CD80 and CD86, the production 

of matrix metalloproteinases and nitric oxide, as well as inhibiting apoptosis (56-60).  

The cytoplasmic tail of CD40 contains three TRAF-interacting motifs.  Trimerization of 

CD40 monomers present in the cell membrane lead to the recruitment of tumor necrosis 

factor receptor-associated factor (TRAF) family members, TRAF2, TRAF3, and TRAF6.  

These TRAFs activate of several kinase cascades that in turn trigger multiple signal 

transduction pathways such as NF-κB, JNK, p38, ERK, and PI3K (61).  Similar signaling 

cascades are present in various cell subtypes, however specific functions of the TRAFs 

during CD40 signaling have been seen in B cells and dendritic cells.  The binding to 

TRAF2 and/or TRAF3 but not TRAF6 is essential for B cell to class switch their 

immunoglobulin (62).  TRAF6 has bee implicated in affinity maturation and plasma cell 

generation (63).  In dendritic cells TRAF6, but not TRAF2/3, play a role in the secretion 

of IL-12 p40 (64).   

CD40 signaling is also critical to many aspects of T cell priming as well.  In the 

absence of CD40L, mice fail to develop experimental autoimmune encephalomyelitis 

when primed with transgenic CD4+ T cells and MOG peptide.  However, the response 
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can be rescued by the adoptive transfer of CD80 expressing dendritic cells (65).  In some 

models, such as with LCMV infection, CD40L is not required for the primary cytotoxic 

lymphocyte response or viral clearance (66).  However, there is evidence that the CD40 

pathway plays a critical role in delivering ‘help’ during CD4 dependent CD8+ T cell 

responses.  In this situation, CD40 ligation appears to be necessary to fully activate 

antigen presenting cells which are then responsible for priming an effect CD8+ response 

(67).   

 

Clinical Methods of Immunosuppression 

Modern pharmaceutical based immunosuppression had its origins in 1949, when 

cortisone was shown to alleviate some aspects of rheumatoid arthritis.  Corticosteroids 

have since become an established broad spectrum immunosuppressant to treat other 

autoimmune disorders and in the prevention of allograft rejection (68).  In 1959, 

cyclophosphamide was demonstrated to suppress antibody formation and began use in 

bone marrow transplantation (69).  In the same year, 6-mercaptopurine was reported to 

suppress the immune response in rabbits, albeit with significant toxicity.  In 1963, a less 

toxic derivative, azathioprine, was developed which when used in concert with 

corticosteroids would allowed for advances in experimental heart and liver transplants 

(70).  In 1969, methotrexate was shown to inhibit both antibody formation and the 

development of delayed hypersensitivity in guinea pigs (71). 

It would be the discovery of cyclosporine in 1971 that would begin a new era for 

transplantation.  Cyclosporine was the first immunosuppressive agent that allowed the 

regulation of T cells with acceptable toxicity.  Cyclosporine was originally investigated 
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as an antibiotic, but its spectrum was found to be too narrow for clinical use.  As an 

immunosuppressant, cyclosporine acts by binding to the cytosolic protein cyclophilin and 

inhibits the action of calcineurin, which then inhibits the production of IL-2 (70).  With 

its clinical introduction in 1983, patient morbidity fell and it became possible to 

transplant organs with a one-year success 20% higher than previously possible.  Organ 

transplants which had previously been only experimental, such as heart, liver and lung, 

were now possible (72).   

 Several agents would be developed in the ensuing years.  In 1982, 

mycophenolate mofetil, an inosine 5'-monophosphate dehydrogenase inhibitor, was 

developed and showed very little nephrotoxicity compared to previous drugs (73).  In 

1987 tacrolimus, another calcineurin inhibitor with a similar mode of action as 

cyclosporine was also shown to inhibit IL-2 production and lymphocyte proliferation 

(74). Serendipitously discovered from soil bacteria on the Easter Islands, rapamycin is 

similar to the calcineurin inhibitors in that both inhibit IL-2 (75). However, rapamycin 

acts by blocking the mammalian target of rapamycin (mTOR) pathway downstream of 

IL-2 signaling (76). 

Although these drugs have offered physicians a list of agents with which to stave 

off graft rejection, for the patient they are not without shortcomings.  Non-specific broad-

spectrum immunosuppression potentates the incidence of both opportunistic infections 

and malignancies (77, 78).  There are also side effects such as hypertension, 

dyslipidemia, hyperglycemia, peptic ulcers, neurological dysfunction, as well as direct 

organ toxicity (79, 80).  Some of these problems can be managed by careful selection of 

the drug regime or by decreasing the dosage when appropriate, such as during latent viral 
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reactivation.  In order to maximize patient outcomes and achieve true long-term graft 

acceptance, novel strategies must be pursued which allow for targeted immune 

suppression against donor alloantigens, while leaving the remainder of the immune 

system intact. 

 

Development of and Prospects for Costimulatory Blockade 

Lafferty and Cunningham put forward the two signal hypothesis for T cell 

activation in 1974 (81).  Since that time, signal 1 has been described as the presentation 

of the peptide-MHC complex to the TCR and signal 2 as a variety of costimulatory 

signals.  The potential for interrupting costimulation has garnered considerable research 

interest as appreciation has grown of the vital role it plays in tuning T cell activation. 

Initial murine studies demonstrated that long-term graft survival could be 

achieved by inhibition of the CD28 pathway (82, 83).  Blockade of the CD28 pathway is 

commonly achieved using the recombinant fusion protein CTLA4-Ig, which consists of 

the extracellular domain of the CTLA4 molecule on an IgG1 backbone (83, 84).  It acts as 

a competitive inhibitor, as CTLA4 binds with a higher affinity to CD80 and CD86 than 

does CD28 (85).  It is believed to primarily effect naïve T cells based on the importance 

of CD28 in the production of IL-2 and the initiation of T cell activation (86).  Studies 

using the human form of CTLA4-Ig, known as abatacept, showed an encouraging safety 

profile, but was not significantly efficacious in non-human primate transplant models 

(87).  Abatacept has been applied clinically to treat psoriasis and rheumatoid arthritis (88, 

89). 
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Efforts were undertaken to design a more effective CD28 blocking reagent for use 

in transplantation (90).  It had been shown that CD86 preferentially binds to CD28 while 

CD80 predominantly interacts with CTLA4 (91, 92).  Development thus focused on 

manipulating abatacept’s contact residues to create variants with higher binding affinity 

with particular emphasis on CD86 (90).  Extensive screening resulted in the molecule 

belatacept, which had a fourfold greater affinity for CD86 and a twofold greater affinity 

for CD80.  Belatacept demonstrated equivalent efficacy and a better side-effects profile 

when compared to cyclosporine-based treatment in a Phase II clinical study in human 

recipients of renal allografts (93).  Phase III clinical trials are currently underway. 

 Blockade of the CD40 signaling pathway using anti-CD154 monoclonal 

antibodies have shown remarkable results in murine models of allograft survival (94).  

Anti-CD154 has also been shown to prevent acute rejection and promote long-term 

allograft acceptance in non-human primates (95, 96).  Unfortunately, these initial 

encouraging results in animal models did not predict an easy translation to human 

application.  

A consistent theme emerged when anti-CD154 strategies were applied to clinical 

testing.  hu5C8 was the first of the anti-CD154 agents to be tested in human clinical trials 

following encouraging animal testing.  It allowed for significant prolongation of kidney 

allografts, but unexpected thromboembolic events emerged (97, 98).  The monoclonal 

antibody IDEC-131 used in combination with rapamycin and donor specific transfusion 

was successful in prolonging skin graft survival and inducing operational tolerance in a 

primate renal allotransplant model (99, 100).  However thromboembolic events surfaced 

in patients (101).  Another anti-CD154 antibody, ABI793, also prolonged renal allograft 
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survival in nonhuman primates, however, thromboembolic complications were again 

present and chronic allograft nephropathy developed following secession of treatment 

(102).  Studies combining the anti-CD154 mAb H106 with belatacept in conjunction with 

rapamycin and bone marrow transplant significantly improved the length of chimerism in 

a nonhuman primate models and was notable for the apparent absence of 

thromboembolism, although no studies of subclinical thrombosis was performed (103). 

Due to these serious complications, commercial development of anti-CD154 for use in 

autoimmune disease and transplantation was halted. 

It has since been appreciated that CD154 plays an intimate role in coagulation.  

Platelets serve as a major source of both cell-bound and soluble CD154 (sCD154) in the 

blood and are involved in thrombi formation and stabilization as well as inflammation.  

Thrombin-activated platelets rapidly up-regulate CD154 which can then interact with 

CD40 on endothelial cells, facilitating chemotaxis and the expression of adhesion 

molecules including E-selectin, ICAM and VCAM (104).  Others studies suggest that 

sCD154 can activate platelets directly through CD40 ligation, although these effects 

appear to be minimal (105).  CD154 can act to stabilize thrombi by an integrin dependant 

mechanisms, independent of CD40 (53).  Furthermore, CD154 deficient mice are 

characterized as having unstable thrombi, whereas this defect is not seen in CD40 

deficient mice (106).   

 Although complications from clinical use of anti-CD154 have proven 

unacceptable, recognizing that the thromboembolic side effects occur in a CD40-

independent manner suggest a possible alternative.  Three anti-CD40 antibodies in 

particular, 4D11, ch5D12 and Chi220, have been explored in nonhuman primate 
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transplant models with some measure of success (107-109).  4D11 and Ch5D12 are non-

depleting, antagonist antibodies that blocks CD154 binding (110, 111).  Both were 

effective in prolonging renal allograft survival in nonhuman primates, but long-term 

acceptance and immune tolerance was not absolute (107, 112).  Chi220 is a weak agonist 

and depletes B cells in addition to its ability to block ligand binding (109).  The 

importance of the partial agonist activity in prolonging graft survival has yet to be 

determined, but it is hypothesized that the weak proliferative signals may promote 

susceptibility to anergy, death or other immune modulation.  When used as monotherapy, 

Chi220 is capable of moderate prolongation of nonhuman primate kidney engraftment, 

independent of its B cell depleting effects (109).  When paired with belatacept in 

nonhuman primates, Chi220 was found to facilitate allogeneic islet survival (113).  

Although anti-CD40 monoclonal antibodies are most often associated with stimulating 

the immune system, this approach continues to be explored for its use in transplantation. 

 

Conclusions 

The field of transplantation has progressed considerable from its origins in 

mythological legend, to the established clinical therapeutic it is today.  Significant 

challenges still remain.  Chronic rejection rates have changed little in the past decades, 

anti-rejection drugs have created a population of immunosuppressed individuals, and the 

very agents that prolong graft acceptance also contribute to graft failure.  Investigations 

into the utility of costimulation blockade have established an enormous potential for 

success.  Although the clinical translation of anti-CD154 has not proceeded as 

productively as seen with CTLA4-Ig, it is clear that modulation of the CD40/CD154 
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pathway can play a crucial role in the induction of transplant tolerance.  The current 

challenge is to understand the mechanisms by which these strategies both succeed and 

fail so that long-term tolerance may become a reality. 
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Abstract 

 

Although inhibiting the CD40/CD154 T cell costimulatory signaling pathway through the 

use of anti-CD154 blocking antibodies is effective in murine models, thromboembolic 

side effects observed in human clinical trials have raised significant questions regarding 

the safety of this approach.  Nevertheless, blockade of the CD40 signaling pathway has 

shown compelling utility, thus, appropriately designed anti-CD40 antibodies may provide 

a suitable alternative.  We investigated a novel monoclonal rat anti-murine CD40 

antibody, 7E1-G2b, for characteristics mirroring anti-CD154.  7E1-G2b was found to be 

as effective as anti-CD154 when used in concert with CTLA4-Ig in promoting both 

allogeneic skin graft survival and hematopoietic bone marrow chimerism.  These effects 

were not due to the depletion of CD40 bearing antigen presenting cells or inhibitory 

signals delivered by Fc receptors.  These data show that an anti-CD40 antibody can 

promote graft survival as well as anti-CD154 treatment, making 7E1-G2b an attractive 

substitute in murine models of costimulation blockade-based tolerance regimens. 
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Introduction 

 

According to the two signal hypothesis, generating an effective T cell response 

requires signals delivered via T cell receptor engagement, known as signal 1, as well as 

accessory signals in the form of costimulatory molecules, known as signal 2 (114).  When 

signal 1 is delivered in the absence of signal 2, T cell activation can be severely altered, 

resulting in anergy, apoptosis, abortive proliferation, or immunoregulation (10, 115, 116).  

The potential of harnessing this phenomenon through the use of agents that interrupt 

these signaling events has captivated the interest of the transplant community since its 

inception.  Several signaling pathways have been targeted for blockade with varying 

success including ICOS, OX40, 4-1BB and CD70 (117-120).  In particular, inhibition of 

the CD28 and CD40 costimulatory pathways have shown impressive synergy in murine 

models for the prevention of allograft rejection (121).  Clinical translation of CTLA4-Ig 

led to the development of LEA29Y (belatacept), a second generation CD28 blocker 

which has proved efficacious in non-human primate models (90), paving the way for its 

use in human clinical trials of kidney transplantation (93). 

Blockade of the CD40 signaling pathway initially showed great promise in non-

human primates (96, 122).  However, these early animal studies did not envisage the 

difficulties that would later arise.  Clinical trials using anti-CD154 monoclonal antibodies 

would be halted following alarming evidence of unanticipated thromboembolic side 

effects (102, 123, 124).  It is now appreciated that CD154 expressed by platelets, as well 

as in soluble form, is intimately involved in the formation and stabilization of thrombi 

(53, 105).  Although these side effects have not been observed in all anti-CD154 reagents 

 



  19  

and dosing strategies, (101, 123, 124), the potential for serious complications must 

nonetheless be of consideration.  To continue exploring the inhibition of the CD40 

pathway as a therapeutic modality, alternative means must be sought which avoid these 

complications. 

Investigations outside of the field of transplantation using anti-CD40 mAb have 

generally focused on their agonistic properties in order to augment immune responses to 

thymus-independent antigens or to boost anti-tumor and anti-virus activity (125-129).  

There are reports of successful immune attenuation achieved in non-human primate 

models employing anti-CD40 monoclonal antibodies (107, 110, 112).   In particular, the 

chimeric anti-human CD40 mAb Chi220 displayed impressive synergy when combined 

with LEA29Y for promoting islet allograft survival in non-human primates (113).  

Herein, we describe a novel murine analogue of Chi220, the anti-CD40 

monoclonal antibody 7E1-G2b.  When used in concert with CTLA4-Ig, 7E1-G2b was as 

effective as anti-CD154 in promoting skin graft survival and bone marrow chimerism. 

The mechanisms behind anti-CD40 mediated suppression in comparison to anti-CD154 

mediated suppression remains unclear, although depletion of CD40 expressing cells and 

inhibitory Fc receptors were not found to be prominently involved.   
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Methods 

 

Ab generation 

A natural isotype switch variant of the rat anti-mouse CD40 antibody clone 7E1-

G1 was generated by the sib-selection technique (130).  Briefly, anti-CD40 monoclonal 

antibodies of the IgG2b isotype were identified by ELISA among supernatants of 96 well 

plates that had been seeded at 1000 cells/well with the original 7E1-G1 hybridoma.  

Subsequent rounds of plating and identification of IgG2b positive wells at seeding 

densities of 200 and then 20 cells/well followed by two rounds of cloning by limiting 

dilution led to the isolation of the clonal IgG2b switch variant, 7E1-G2b (Bristol-Myers 

Squibb, New York, NY).  

 

Mice 

Adult male 6- to 8-wk-old C57BL/6, BALB/c, and C3H/HeJ were obtained from The 

Jackson Laboratory (Bar Harbor, ME).  Act-mOVA mice were generously provided by 

M. Jenkins (University of Minnesota, Minneapolis, MN).  B6.129S4-Fcgr2btm1TtK N12 

mice were obtained from Taconic Farms (Germantown, NY).  Animals received humane 

care in pathogen-free housing conditions in accordance with Emory University 

Institutional Animal Care and Use Committee guidelines. 

 

Skin grafting 

Full thickness ear and tail skin grafts (~1cm2) were transplanted onto the dorsal thorax of 

recipient mice and secured with a plastic adhesive bandage for 6 days.  Recipients 
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received 500μg i.p. of CTLA4-Ig (Bristol-Myers Squibb, New York, NY) and either 

7E1-G2b, rat IgG2b isotype control, or anti-CD154 (MR1: BioXCell, West Lebanon, NH) 

on days 0, 2, 4, and 6.  Graft survival was monitored by daily visual inspection and 

rejection was defined as the complete loss of viable epidermal tissue.  

 

Bone marrow chimerism 

Donor bone marrow was flushed from tibiae and femora then resuspended at 

2x107cells/500μL in sterile saline.  Recipient mice were transfused on days 0 and 6 with 

donor marrow i.v, along with a single 500mg dose of busulfan on day 5.  On days 0, 2, 4, 

and 6, 500μg i.p. of CTLA4-Ig and either 7E1-G2b, rat IgG isotype control or hamster 

anti-mouse CD154 mAb. 

 

Flow cytometry for phenotype and absolute number 

At the indicated time points, animals were sacrificed, spleens harvested and single cell 

suspension prepared in phosphate buffered saline supplemented with 0.5% bovine serum 

albumin and 1 mM EDTA.  Unless previously stated, antibodies obtained from BD 

Pharmingen (San Jose, CA) include the following: anti- Vβ5-PE, Vβ8-PE, Vβ11-PE, 

CD3-APC, -Pacific Blue, CD4-APC, -Pacific Blue, CD8-FITC, -PerCP, CD11b-PerCP-

Cy5.5, CD11c-APC, CD19-APC, -FITC, CD40-PE, and CD45R-PerCP-Cy5.5.  

Antibodies obtained from Invitrogen (Carlsbad, CA) include: Streptavidin-Pacific 

Orange, anti- CD8-Pacific Orange.  Antibodies obtained from eBioscience (San Diego, 

CA) include anti-CD19-Pacific Blue.  When noted, absolute numbers of splenocyte 

subsets were determined by TruCount Bead Analysis according to the manufacturer’s 
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instructions (BD Biosciences).  Flow cytometric data was analyzed using FlowJo 

Software (Treestar, Ashland, OR). 

 

Statistical analysis 

Skin graft rejection was represented by Kaplan-Meier survival curves.  Statistical 

comparisons of mean survival times were performed using nonparametric one-way 

ANOVA (Kruskal-Wallis test), followed by Dunn’s multiple comparisons posttest of the 

relevant datasets.  Additional statistical analysis was performed using two-tailed unpaired 

Students t-test.  (GraphPad Software, La Jolla, CA) 
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Results  

 

Anti-CD40 treatment combined with CTLA4-Ig promotes allogeneic skin graft survival. 

Previous studies from our laboratory and others have demonstrated the efficacy of 

costimulatory blockade-based protocols for promoting murine skin graft survival (121, 

131-133).  Historically, these have involved the use of an anti-CD154 binding antibody, 

paired with the CD28 pathway-blocking reagent CTLA4-Ig.  Here we sought to 

determine whether an anti-CD40 antibody could function as an effective substitute for 

anti-CD154 in a costimulation blockade-based tolerance induction regimen.  For the first 

experimental setup, groups of C57BL/6 mice were grafted with allogeneic BALB/c skin 

and treated with CTLA4-Ig and either 7E1-G2b, anti-CD154, or rat IgG2b isotype control 

i.p. on days 0, 2, 4, and 6.  Recipients treated with either 7E1-G2b or anti-CD154 show a 

modest prolongation in skin graft survival (MST = 27 and 23 days, respectively), 

compared to isotype control and untreated animals (MST = 13 and 11 days, respectively), 

indicative of the ‘costimulation blockade resistant’ phenotype (134) seen with this 

particular strain combination of donor and recipient (Figure 2.1a).  In the more 

permissive BALB/c to C3H to model (135), graft survival was also prolonged, for a 

greater duration than the previous strain combination, with 7E1-G2b or anti-CD154 

treatment (MST > 75 days), as compared to isotype control treatment (MST = 19 days) 

(Figure 2.1b).  

 

Anti-CD40 treatment combined with CTLA4-Ig promotes bone marrow chimerism.  

In the second experimental setup, C57BL/6 mice received allogeneic BALB/c 
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bone marrow (2x107cells i.v. on days 0 and 6) and BALB/c skin grafts on day 0, as well 

as busulfan, an alkylating agent toxic to hematopoietic stem cells, on day 5.  Recipient 

mice were given CTLA4-Ig and either 7E1-G2b, anti-CD154, or rat IgG isotype control 

i.p. on days 0, 2, 4, and 6.  Peripheral blood was then sampled for the presence of donor-

derived B cells and T cells.  The percentage of donor B220+ B cells (Figure 2.2a) and 

CD4+ T cells (Figure 2.2b) reached similar levels in 7E1-G2b and anti-CD154 treated 

groups, while isotype treated animals failed to sustain donor chimerism.   

As a surrogate marker of central tolerance, we tracked the frequency of donor 

reactive Vβ11+ and Vβ5.1/5.2+ CD4+ T cells in these chimeric recipients.  T cells 

possessing these Vβ segments are normally deleted in the thymus of BALB/c mice due to 

their high affinity for endogenous retroviral superantigens (mouse mammary tumor 

viruses, MMTVs) presented by I-E MHC molecules.  Wild-type C57BL/6 mice do not 

express I-E, thus Vβ11+ and Vβ5.1/5.2+ CD4+ T cells constitute roughly 4-5% and 2-3% 

of the peripheral CD4+ T cell compartment, respectively.  The thymic deletion of these 

specific Vβ expressing T cells in our chimeric mice can serve as a measure of successful 

donor tolerance (136).  As shown on day 58, the percentage of Vβ11+ and Vβ5.1/5.2+ 

CD4+ T cells in the isotype (black bar) treated group was consistent with wild-type 

C57BL/6 levels (Figure 2.2c).  In contrast, 7E1-G2b (striped bar) and anti-CD154 (white 

bar) treated groups show a significant loss of Vβ11+ and Vβ5.1/5.2+ CD4+ T cells from 

the periphery.  Vβ deletion was shown to be specific as the use of Vβ8.1/8.2+ by CD4+ T 

cells remained comparable in all groups.  The successful induction of central tolerance 

directly related to peripheral tolerance, as both 7E1-G2b and anti-CD154 treated 

recipients had prolonged graft survival (MST > 75 days) not seen with isotype treatment 
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(MST = 16 days) (Figure 2.2d). 

 

The mechanism of anti-CD40’s efficacy does not depend on the depletion of CD40 

expressing cells. 

We hypothesized that 7E1-G2b may act by depleting CD40-expressing cells, 

resulting in a dearth remaining with which to mediate graft rejection.  This has been 

proposed as a possible mechanism for anti-CD154 (137) that would potentially 

selectively impact recently activated T cells.  However, the CD40 molecule has a much 

broader expression range.  The majority of professional antigen presenting cells such as 

macrophage, dendritic cells and B cells are all positive for CD40 (Figure 2.3a).  We 

found that less than ten percent of CD4+ and CD8+ T cells express CD40, fifteen percent 

of granulocytes and forty percent of natural killer cells.  Although a small percentage of T 

cells express CD40, the density present on the cell surface is greater than that seen for B 

cells (Figure 2.3b).  The highest density can be found by natural killer cells. 

To determine if these CD40 expressing cells were depleted by anti-CD40 

treatment, groups of mice were injected i.p. on days 0, 2, 4, and 6 with either 7E1-G2b, 

isotype matched control antibody, FGK4.5 or left untreated.  On day 7, mice were 

sacrificed and the absolute numbers of each cell subset were enumerated from the spleen 

by TruCount analysis.  We found that treatment with 7E1-G2b did not lead to a 

significant change in the numbers of T cells, granulocytes, natural killer cells, 

macrophage, dendritic cells or B cells as compared to isotype control or untreated 

animals (Figure 2.4).  Mice treated with FGK4.5 showed a two-fold increase in CD4+ T 

cells, three-fold increase in CD8+ T cells, granulocytes and macrophage, a four-fold 
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increase in dendritic cells and a six-fold increase in B cells.  Interestingly, there was no 

significant difference in the numbers of natural killer cells, in spite of the fact that these 

cells showed the highest surface density of CD40. 

 

The involvement of inhibitory Fc receptors cannot fully account for the beneficial effects 

of 7E1-G2b treatment on skin graft survival. 

Another possible mechanisms for the efficacy of 7E1-G2b may involve Fc 

receptors.  The ligation of 7E1-G2b by inhibitory Fc receptors could be necessary for the 

antibody’s prolongation of graft survival.  To test hypothesis, we made use of a different 

model of skin graft rejection than previously presented herein.  As we have previously 

shown, untreated C57BL/6 mice reject a BALB/c skin graft aggressively, with a mean 

survival time of around 11 days, while costimulation blockade modestly extends survival 

to around 25 days (Figure 2.1a).  To investigate potentially subtle influences by Fc 

receptors, we used a single minor mismatched skin graft rejection model.  The mOVA-

C57BL/6 mouse constitutively expresses full length, membrane-bound chicken 

ovalbumin driven by the β-actin promoter (138).  When used as skin graft donors for 

untreated C57BL/6 recipients, these single mismatched grafts are rejected with an MST 

of 18 days (Figure 2.5a).  Costimulation blockade consisting of 7E1-G2b or anti-CD154 

along with CTLA4-Ig extends graft survival indefinitely (MST > 200 days).  Isotype 

matched control antibody and CTLA4-Ig are able to extend graft survival for > 100 days 

in about half of the recipients tested, highlighting the significant effect of blocking the 

CD28 pathway in this model. 

To test the hypothesis that inhibitory Fc receptors are necessary for the 
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immunosuppressive effects seen for 7E1-G2b, we obtained FcγRIIb deficient mice, 

which lack any expression of inhibitory Fc receptors (139).  Following the same protocol 

outline above, we observed no difference in long-term graft survival between FcγRIIb 

deficient 7E1-G2b treated animals as compared to similarly treated wild type recipients 

(MST > 75 days) (Figure 2.5b).  Interestingly, the 50% long-term graft survival that was 

observed in wild-type recipients of mOVA skin grafts treated with CTLA4-Ig alone was 

abrogated in the FcγRIIb deficient hosts, as all grafts were promptly rejected (MST = 20 

days). 
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Discussion 

 

Although effective in murine models, anti-CD154 antibodies tested in human 

clinical trials lead to thromboembolic side effects, due to the expression of CD154 on 

platelets and its involvement in the formation and stabilization of thrombi (53, 102, 105, 

123, 124).  As a result, enthusiasm for targeting this molecule has cooled considerably.  

However, interrupting the CD40/CD154 signaling pathway remains a potent means for 

inhibiting rejection and an attractive, albeit onerous, therapeutic target.  Herein, we 

investigated a novel murine anti-CD40 antibody, 7E1-G2b, for characteristics mirroring 

anti-CD154 blockade.  When used in concert with CTLA4-Ig, 7E1-G2b effectively 

promoted skin graft survival and allogeneic bone marrow chimerism, similar to what was 

seen for anti-CD154.  Although a wide range of immune cells expresses CD40, treatment 

with the anti-CD40 antibody did not lead to the depletion of CD40 bearing cells.  

Furthermore, the involvement of inhibitory Fc receptors was not found to play a 

dominant role in the antibody’s efficacy. 

These results further demonstrate the therapeutic potential of an anti-CD40 

blocking agent.  Although the exact mechanism by which the therapeutic effect is 

achieved through blocking either CD40 or CD154 is most likely quite different, we have 

shown that the outcome can be very similar.  It is currently debatable how anti-CD154 

exerts its immunosuppressive effects.  It has been postulated that antibodies bound to 

CD154 serve to deplete activated T cells (137) or may induce reciprocal negative 

signaling upon the T cell itself (140).  Interrupting CD40 signals to antigen presenting 

cells during T cell priming has been shown to have profound impacts on the dynamics of 
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T cell-APC interactions.  Among these include limiting the up-regulation of activation 

markers such as CD80 and CD86 (141), decreasing the production of proinflammatory 

cytokines such as IL-8, IL-12, MIP-1α and TNFα (142, 143) as well as shortening the 

duration of the cognate T cell-APC interaction (144).   These effects divert the T cell 

from an effector phenotype and towards an alternative program of anergy (145), abortive 

proliferation (146), apoptosis (147) or a regulatory cell phenotype (148).  Whether these 

same mechanisms are at play when 7E1-G2b is used as a blocking agent have yet to be 

determine.   

Among the murine IgG subclasses, which share a high degree of homology with 

rats (149), IgG2b is generally considered to be a potent mediator of immune responses 

based on its ability to fix complement and capacity to promote antibody dependent 

cellular cytotoxicity (150, 151).  One might predict that an anti-CD40 antibody would be 

an efficient depleting agent, however, we have no evidence to support the depletion of 

CD40 expressing cell subsets.  Studies investigating the efficacy of Chi220, a primate 

analog of 7E1-G2b, do report a significant depletion of B cells in non-human primates 

(109).  However, in agreement with the conclusion for Chi220, our findings suggest that 

immune suppression can be achieved without a necessity for depletion.  An important 

caveat to the current study is that many of the characterizations were examined in the 

absence of an ongoing alloresponse and inflammation.  A multitude of factors are 

modulated during ongoing immune responses, so it is possible that the activity of 7E1-

G2b may vary depending on the inflammatory milieu. 

Antibodies can cross-link Fc receptors present on antigen presenting cells, 

providing signals to alert the presence of opsonized bacteria or antibody coated cells in 
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need of clearance, as well as to down-regulate B cell responses (139).  However, in our 

system Fc receptors were not closely involved.  Inhibitory signals through FcγRIIb were 

not required for the immunosuppressive effects seen for 7E1-G2b, as graft survival was 

unchanged between FcγRIIb deficient and wild type animals.  

We have demonstrated that CD28 blockade can effectively synergize with CD40 

blockade using either anti-CD154 or anti-CD40 monoclonal antibody.  Although clinical 

translation of anti-CD154 has encountered difficulties, this should not belie the clear 

utility that can be gained by further studying the inhibition of the CD40 pathway in 

transplantation.  Interrupting the CD40/CD154 costimulatory pathway alters a myriad of 

signal transduction cascades.  Understanding which of these events are critical for the 

immunosuppressive effects would provide even greater specificity for the development of 

novel therapeutics. 
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Figure Legends 

 

Figure 2.1. Anti-CD40 blocking antibody treatment promotes skin graft survival 

equivalent to anti-CD154 when used in concert with CTLA4-Ig.  C57BL/6 mice were 

treated with 500μg of CTLA4-Ig and either 7E1-G2b, anti-CD154, or rat isotype IgG 

control, i.p. on days 0, 2, 4, and 6.  Recipients treated with CTLA4-Ig and either 7E1-

G2b or anti-CD154 show a modest prolongation of skin graft survival in (A) the robust 

BALB/c to C57BL/6 model, and long-term survival in (B) the more permissive BALB/c 

to C3H model.    

 

Figure 2.2.  Anti-CD40 blocking antibody treatment promotes allogeneic bone 

marrow chimerism equivalent to anti-CD154 when used in concert with CTLA4-Ig.   

C57BL/6 mice were treated with 500μg of CTLA4-Ig and either 7E1-G2b, anti-CD154, 

or rat isotype IgG control, i.p. on days 0, 2, 4, and 6.  Busulfan was given i.v. on day 5, 

600mg per mouse, along with allogeneic BALB/c bone marrow, 2x107 cells i.v. on days 0 

and 6, and skin graft on day 0.  The percentage of donor (A) B220+ B cells and (B) CD4+ 

T cells reached similar levels in 7E1-G2b and anti-CD154 treated groups, while isotype 

treated animals failed to sustain chimerism.  (C) The percentage of Vβ11+ and Vβ5.1/5.2+ 

CD4+ T cells in the isotype (black bar) treated group was consistent with wild-type B6 

levels.  In contrast, CD4+ T cells from 7E1-G2b (striped bar) and anti-CD154 (white bar) 

treated groups show significant deletion of Vβ11+ and Vβ5.1/5.2+.  Vβ deletion is shown 

to be specific as the use of Vβ8.1/8.2+ by CD4+ T cells remained comparable in all 

groups.  Data is shown from day 58-post transplant.  (D) Chimeric mice are tolerant to 

 



  32  

donor skin grafts, as both 7E1-G2b and anti-CD154 treated recipients had prolonged graft 

survival not seen for the isotype treated group.  (∗ p value <0.001) 

 

Figure 2.3.  CD40 expression is not restricted to professional antigen presenting 

cells.  Single cell suspensions of splenocytes from naïve C57BL/6 mice were stained for 

each noted cell subset and gated for expression of CD40.  (A) Representative flow 

cytometry plots showing the percentage of CD40 positive cells.  (B) Summary of the 

percentage of CD40 positive cells and the corresponding mean fluorescent intensity.   

The data represent three mice per group.    

 

Figure 2.4.  7E1-G2b treatment does not lead to depletion of CD40 expressing cell 

subsets in vivo.  C57BL/6 mice were injected on days 0, 2, 4, and 6 with 500μg of either 

7E1-G2b, isotype IgG2b control, FGK4.5, or left untreated.  The absolute number of 

splenic cell subsets was enumerated by TruCount analysis on day 7.  No significant 

differences were noted for any cell subsets between 7E1-G2b and isotype control.  

FGK4.5 treatment leads to a significant increase in the total number of all subsets except 

for natural killer cells. (∗ p value <0.05, ∗∗ p value <0.001) 

 

Figure 2.5.  The inhibitory Fc-receptors cannot fully account for the 

immunosuppressive effects of 7E1-G2b.  (A) Wild-type C57BL/6 mice were 

transplanted with minor antigen mismatched mOVA x B6 skin grafts and treated with 

500μg of CTLA4-Ig and either 7E1-G2b, isotype IgG2b control, or anti-CD154 i.p on 

days 0, 2, 4, and 6.  (B) FcγRIIb deficient recipient mice, lacking the inhibitory Fc 
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receptor, have no diminution of long-term graft survival for 7E1-G2b treated mice, while 

all other treatment groups promptly reject their grafts. 
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Abstract 

 

The utility of blocking anti-CD154 antibodies in humans has been hampered by the 

emergence of thromboembolic side effects during clinical trials.  However, anti-CD40 

blocking antibodies can provide an effective alternative method, while avoiding the 

involvement of coagulation.  We compared two isoforms of a novel monoclonal rat anti-

murine CD40 antibody, 7E1-G1, an IgG1 isotype, and 7E1-G2b, an IgG2b isotype.  7E1-

G2b was as effective when used in concert with CTLA4-Ig in promoting both allogeneic 

bone marrow chimerism and skin graft survival, while 7E1-G1 was not.  The protection 

was not due to depletion of CD40 bearing antigen-presenting cells.  Naïve mice injected 

with 7E1-G1, but not 7E1-G2b, show maturation of B cells and dendritic cells along with 

marked proliferation of B cells and T cells.  Although B cells showed significant 

activation in 7E1-G1 treated mice and may have contributed to the overall stimulated 

immune environment, this may not have been sufficient for graft rejection as both wild-

type and B cell deficient mice promptly rejected allogeneic skin grafts when treated with 

7E1-G1 and CTLA4-Ig.  In vitro proliferation assays to measure the agonist properties of 

the two 7E1 variants revealed similar weak responses when plate-bound. However, when 

added as a soluble stimulus, 7E1-G1, but not 7E1-G2b, led to strong proliferation, 

suggesting interactions mediated by the Fc region.  Mice deficient in either the activating 

FcγRIII receptor, or the common Fc signaling chain, FcεRγ1, showed no difference in 

skin graft survival compared to wild type mice when treated with 7E1-G1 or 7E1-G2b 

and CTLA4-Ig.  These data suggest that an appropriately designed anti-CD40 antibody, 

with specific attention paid to the isotype, can act as an antagonist CD40 blocking agent. 
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Introduction 

 

Long-term outcomes in transplantation have changed little despite dramatic 

reductions in acute rejection rates.  This fact potentates the need to develop novel 

tolerance induction strategies and safer immunosuppressive modalities (3, 152).  Given 

the central role of T cells in transplant rejection, a unifying goal of clinical tolerance 

induction is to selectively inactivate or delete donor-reactive T cells.  Costimulation 

blockade strategies have the potential to meet both goals.  In particular, blockade of the 

CD40 signaling pathway has shown great promise in murine and non-human primate 

models (121, 122).  However, thromboembolic side effects observed when using anti-

CD154 monoclonal antibodies in humans preclude its clinical use (53, 105).   

To continue exploring the inhibition of the CD40 pathway as a therapeutic, anti-

CD40 monoclonal antibodies have been considered as a possible alternative.  Since its 

discovery in 1985, the CD40 molecule has been recognized for its central role in the 

control of T-dependant B cell responses (153).  Cognate interactions between CD40 and 

CD154 are crucial to isotype switching and germinal center formation (154). 

The first murine anti-CD40 monoclonal antibodies were described in 1994 (155).  

It was found that while some of these antibodies led to proliferation and activation of B 

cells, others did not.  It was hypothesized that the position of antibody binding on CD40 

relative to the natural ligand CD154 determined whether the antibody would function as 

an agonist or antagonist (155-157).  In contrast, other studies have argued that antibody 

mediated CD40 signaling is epitope-independent (158).  These data argue that receptor 

aggregation is the primary mechanism by which CD40 is activated by antibody ligation, 
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regardless of where the antibody binds. 

The importance of the monoclonal antibody’s isotype to its biological activity and 

how this influences its immunotherapeutic properties has long been appreciated (159-

162).  Extensive study of the various immunoglobulin isotypes has defined a hierarchy 

with regards to compliment fixation and Fc receptor binding.  Murine and rat IgG2b 

isotypes, which share a high degree of both sequence and functional homology (151), are 

often described as being the potent mediators of cellular depletion due to their ability to 

fix compliment and high affinity for activating Fc receptors (163-165).  In contrast, IgG1 

isotypes are characterized by a poor affinity for complement activation and a weak ability 

to bind Fc receptors (150, 151, 165). 

Predicting how an antibody will function in vivo is confounded by more factors 

than simply complement or Fc receptor interactions.  The flexibility of the hinge region, 

which differs across the various isotypes, can affect the functional valency of an 

antibody, due to steric hindrance (166, 167).  Inflammation and tissue injury, such as 

incurred during organ transplant, can effect the regulation of complement control factors, 

the expression of Fc receptors or the sialylation of polysaccharides on circulating 

antibodies, all of which influence how antibodies are perceived by the immune system 

(168-171).  Furthermore, antibodies binding to various target cells may have different 

outcomes depending on the cell’s particular stage of development and activation status, 

or due to cell-type specific signaling of the bound molecule (63, 64, 172).  

Herein, we describe two murine anti-CD40 binding antibodies, 7E1-G1, a rat IgG1 

isotype, and its natural isotype switch variant 7E1-G2b, a rat IgG2b isotype.  7E1-G1 was 

developed by standard hybridoma selection and purification techniques, and selected 
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based on its specificity for murine CD40, ability to inhibit ligand binding, and paucity of 

agonism (173).  It was hypothesized that an antibody that strongly induced both 

complement fixation and Fc receptor interactions would be the most favorable for 

promoting graft survival.  Such an antibody would possibly deplete CD40 expressing 

antigen-presenting cells before the priming of an effective response could occur.  As rat 

IgG1 antibody isotypes have been shown in various models to poorly fix complement and 

interact weakly with Fc receptors, an antibody having the same specificity but of the 

IgG2b isotype was sought.  To this end, the natural isotype switch variant 7E1-G2b was 

generated by the sib-selection technique (130, 173).   

When used in concert with CTLA4-Ig, the anti-CD40 antibody 7E1-G2b, but not 

7E1-G1, was found to be effective in promoting bone marrow chimerism and skin graft 

survival.  Although neither antibody was depleting, 7E1-G1, unlike 7E1-G2b, functioned 

as a potent CD40 agonist suggesting the involvement of Fc receptors.  However, Fc 

receptors or the presence of CD40 activated B cells could not account for the difference 

in efficacy between these two 7E1 variants.   
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Methods 

 

Ab generation 

A recombinant murine CD40 immunoglobulin fusion protein consisting of the 

extracellular region of mouse CD40 fused to the hinge, CH2 and CH3 domains of a 

mouse IgG2a antibody was used to immunize Lewis rats.  Three days following the last 

immunization, leukocytes were fused with X63-Ag8.653 mouse myeloma cells to create 

rat/mouse heterohybridomas.  Supernatants were tested for reactivity with mouse CD40 

and for the ability to inhibit the binding of soluble murine CD40 to its ligand CD154.  

Stimulatory properties were measured by proliferation of splenic B cells in the presence 

of anti-IgM.  Suppression of antibody production was measured by immunization of mice 

with sheep red blood cells.  The clone 7E1-G1 was selected as the lead anti-CD40 mAb 

candidate for murine studies (173).  

A natural isotype switch variant of 7E1-G1, from an IgG1 to an IgG2b, was 

generated by the sib-selection technique (130).  Briefly, ELISA identified an anti-CD40 

mAb of the IgG2b isotype among supernatants of 96 well plates that had been seeded at 

1000 cells/well with the original 7E1-G1 hybridoma.  Subsequent rounds of plating and 

identification of IgG2b positive wells at seeding densities of 200 and then 20 cells/well 

followed by two rounds of cloning by limiting dilution led to the isolation of the clonal 

IgG2b switch variant, 7E1-G2b.  

 

Mice 
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Adult male 6- to 8-wk-old C57BL/6, BALB/c, C3H/HeJ, B6.129S2-Igh-6tm1Cgn/J, and 

B6.129P2-Fcgr3tm1Sjv/J, were obtained from The Jackson Laboratory (Bar Harbor, ME).  

Act-mOVA mice were generously provided by M. Jenkins (University of Minnesota, 

Minneapolis, MN).  B6.129P2-Fcer1gtm1Rav N12, and B6.129S4-Fcgr2btm1TtK N12, were 

obtained from Taconic Farms (Germantown, NY).  Animals received humane care in 

pathogen-free housing conditions in accordance with Emory University Institutional 

Animal Care and Use Committee guidelines. 

 

Competitive binding and affinity assays 

The M12 B cell lymphoma cell line was generously provided by N. Iwakoshi (Emory 

University, Atlanta, GA).  To compare the binding affinity, M12 B cells were incubated 

with 1mg/mL to 8pg/mL of 7E1-G1, 7E1-G2b, rat IgG1 isotype control, rat IgG2b isotype 

control, or FGK4.5.  Isotype control antibodies and FGK4.5 were purchased from 

BioXCell (West Lebanon, NH).  Bound antibody was then detected with R-

phycoerythrin-conjugated F(ab’)2 goat anti-rat IgG (Jackson ImmunoResearch, West 

Grove, PA).  For the competitive binding assay, cells were incubated with the same 

titrations as noted above, along with 10ug/mL of FLAG-tagged soluble recombinant 

murine CD154 (Axxora, San Diego, CA).  Bound CD154 was detected with FITC-

conjugated anti-FLAG M2 antibody (Sigma-Aldrich, St. Louis, MO). 

 

In vitro proliferation assay 

To test the 7E1 variants as an immobilized stimulus, Immulon 4 HBX plates (Daigger, 

Vernon Hills, IL) were incubated overnight with 1mg/mL to 1ηg/mL of either 7E1-G1, 
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7E1-G2b, rat IgG1 isotype control, rat IgG2b isotype control, or FGK4.5.  For a soluble 

stimulus, Costar cell culture plates (Sigma-Aldrich, St. Louis, MO) were blocked with 

10% bovine serum albumin in phosphate buffered saline prior to the addition of the same 

titrated concentrations of the antibodies as noted above.  B cell responders from C57BL/6 

mice were enriched with Lymphocyte Separation Media (Mediatech, Herndon, VA) then 

purified using the Mouse B cell Isolation Kit and VarioMACS Separator (Miltenyi 

Biotec, Auburn, CA).  Purity was confirmed to be >98% B220+ B cells.  Purified B Cells 

were added to both immobilized and soluble stimulus plates in parallel and following 72 

hours in culture were pulsed for an additional 12 hours with 0.5µCi/well of [methyl-

3H]thymidine.  Cells were harvested and [methyl-3H]thymidine incorporation was 

measured on a standard β counter microplate reader (Biotek, Winooski, VT). 

 

Bone marrow chimerism 

Donor bone marrow was flushed from tibiae and femora then resuspended at 

2x107cells/500μL in sterile saline.  Recipient mice were transfused on days 0 and 6 with 

donor marrow i.v, along with a single 500mg dose of busulfan on day 5.  On days 0, 2, 4, 

and 6, 500μg i.p. of CTLA4-Ig (Bristol-Myers Squibb, New York, NY) and either 7E1-

G1, 7E1-G2b or rat IgG isotype control. 

 

Skin grafting 

Full thickness ear and tail skin grafts (~1cm2) were transplanted onto the dorsal thorax of 

recipient mice and secured with a plastic adhesive bandage for 6 days.  Recipients 

received 500μg i.p. of CTLA4-Ig and either 7E1-G1, 7E1-G2b, rat IgG1 isotype control 
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or rat IgG2b isotype control on days 0, 2, 4, and 6.  Graft survival was monitored by daily 

visual inspection and rejection was defined as the complete loss of viable epidermal 

tissue.  

 

BrdU labeling for in vivo proliferation 

Mice were treated on days 0, 2, 4 and 6 with 500μg/dose i.p. of either 7E1-G1, 7E1-G2b, 

rat IgG1 isotype control, rat IgG2b isotype control or FGK4.5.  On day 7, mice were 

pulsed i.p. with 2 mg of 5-bromo-2-deoxyuridine (BrdU) then sacrificed 4 hrs later.  

BrdU incorporation was detected using the BrdU Flow Kit according to the manufactures 

protocol (BD Biosciences, San Jose, CA). 

 

Flow cytometry for phenotype and absolute number 

At the indicated time points, animals were sacrificed, spleens harvested and single cell 

suspension prepared in phosphate buffered saline supplemented with 0.5% bovine serum 

albumin and 1 mM EDTA.  Unless previously stated, antibodies obtained from BD 

Pharmingen (San Jose, CA) include the following: anti- 41BBL-PE, H-2Kd-FITC, I-Ab-

FITC, -biotin, Vβ5-PE, Vβ8-PE, Vβ11-PE, CD3-APC, -Pacific Blue, CD4-APC, -Pacific 

Blue, -PE, CD8-FITC, -PerCP, CD11b-FITC, -PerCP-Cy5.5, CD11c-APC, CD19-APC, -

FITC, -Pacific Blue, -PE, CD25-APC, CD43-FITC, -PE, CD44-APC, -FITC, CD45R-PE, 

-PerCP-Cy5.5, CD69-PerCP-Cy5.5, CD70-PE, CD80-APC, -FITC, and CD86-FITC, -

PE.  Antibodies obtained from Invitrogen (Carlsbad, CA) include: Streptavidin-Pacific 

Orange, anti- CD8-Pacific Orange, and CD45R-Pacific Orange.  Antibodies obtained 

from eBioscience (San Diego, CA) include anti-CD19-Pacific Blue.  When noted, 

 



  49  

absolute numbers of splenocyte subsets were determined by TruCount Bead Analysis 

according to the manufacturer’s instructions (BD Biosciences).  Flow cytometric data 

was analyzed using FlowJo Software (Treestar, Ashland, OR). 

 

Statistical analysis 

Skin graft rejection was represented by Kaplan-Meier survival curves.  Statistical 

comparisons of mean survival times were performed using nonparametric one-way 

ANOVA (Kruskal-Wallis test), followed by Dunn’s multiple comparisons posttest of the 

relevant datasets.  Titration curves were compared by nonlinear regression best curve fit 

using a sigmoidal dose-response (variable slope) equation over the exponential portion of 

each data set.  Additional statistical analysis was performed using two-tailed unpaired 

Students t-test.  (GraphPad Software, La Jolla, CA) 
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Results  

 

7E1-G1 and 7E1-G2b possess equivalent affinities for murine CD40 and both effectively 

inhibit the interaction of CD154 to CD40. 

Preliminary characterization during the development of the 7E1 variants proposed 

that 7E1-G2b was an isotype switch variant of 7E1-G1 and thus should possess the same 

specificity and affinity for CD40 (173).  In order to confirm this finding, we sought to 

compare their binding affinities to their natural ligand, murine CD40.  We utilized the B 

cell line M12, which constitutively expresses a high level of CD40 on its surface as an in 

vitro target (Figure 3.1).  Cultured M12 cells were incubated with increasing 

concentrations of 7E1-G1, 7E1-G2b, or the strong murine CD40 agonist FGK4.5 (174), 

and bound antibody was subsequently detected with a fluorescently labeled polyclonal 

anti-rat IgG secondary antibody.  The resulting titration curves for the 7E1 variants were 

not significantly different, as the null hypothesis that one curve best fit both data sets 

could not be rejected (P value = 0.207, R2 = 0.994, EC50 = 81.63ng/mL).  The titration 

curve for the unrelated antibody FGK4.5 was distinct from either of the 7E1 variants (P 

value < 0.0001, R2 = 0.749, EC50 = 95.00ng/mL) (Figure 3.2a).  These results suggested 

that any potential alterations in the idiotypic region of the 7E1 variants did not cause 

significant deviations in their affinity for murine CD40. 

We next sought to assess the ability of the 7E1 variants to compete with soluble 

CD154 for binding to cell-bound CD40.  We hypothesized that both 7E1-G1 and 7E1-

G2b would inhibit this interaction to a similar degree.  To test this, M12 B cells were 

again incubated with increasing concentrations of 7E1-G1, 7E1-G2b, or FGK4.5, along 
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with a constant concentration of Flag-tagged soluble CD154 fusion protein (sCD154).  

Bound sCD154 then was detected with a fluorescently labeled anti-FLAG secondary 

antibody.  The mean fluorescence intensity (MFI) observed at each concentration of 

competitor antibody was divided by the MFI of M12 cells cultured with Flag-tagged 

sCD154 alone.  The competitive inhibition curves generated for the 7E1 variants were 

statistically identical, as the null hypothesis that one curve best fit both data sets could not 

be rejected (P value = 0.071, R2 = 0.992, EC50 = 0.238μg/mL).  FGK4.5 was unique in its 

ability to block sCD154 from binding and best fit its own curve (P value < 0.0001, R2 = 

0.6992, EC50 = 1.362μg/mL) (Figure 3.2b).  These results further confirm that the 

idiotypic region of 7E1-G2b has not undergone significant functional changes, as well as 

showing that both 7E1-G1 and 7E1-G2b have the same ability to block the interaction 

between CD40 and CD154. 

 

Anti-CD40 treatment combined with CTLA4-Ig promotes allogeneic chimerism and skin 

graft survival. 

We have previous shown that the anti-CD40 antibody 7E1-G2b can effectively 

substitute for anti-CD154 in costimulatory blockade-based protocols for promoting 

murine hematopoietic chimerism and skin graft survival.  Here we sought to determine 

whether the specific isotype of the anti-CD40 antibody used would affect this functional 

outcome.  Groups of C57BL/6 mice were grafted with allogeneic BALB/c skin and 

treated with CTLA4-Ig and either 7E1-G1, 7E1-G2b, or rat IgG isotype control i.p. on 

days 0, 2, 4, and 6.  Recipients treated with 7E1-G2b show a modest prolongation of skin 

graft survival (MST = 27 and 23 days, respectively), compared to 7E1-G1 (MST = 18 
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days), in the robust BALB/c to C57BL/6 ‘costimulation blockade resistant’ model (134) 

(Figure 3.3a).  In the more permissive BALB/c to C3H to model (135), graft survival was 

further prolonged with 7E1-G2b (MST > 75 days), as compared to 7E1-G1 treatment 

(MST = 29 days) (Figure 3.3b).  

To test these agents in a chimerism model, C57BL/6 mice were transfused with 

allogeneic BALB/c bone marrow (2x107cells i.v. on days 0 and 6) and BALB/c skin 

grafts on day 0, as well as busulfan, an alkylating agent toxic to hematopoietic stem cells, 

on day 5.  Groups of mice also received CTLA4-Ig and either 7E1-G1, 7E1-G2b or rat 

IgG isotype control i.p. on days 0, 2, 4, and 6.  Peripheral blood was sampled for the 

presence of donor-derived B cells and T cells.  The percentage of donor B220+ B cells 

(Figure 3.3c) and CD4+ T cells (Figure 3.3d) were greater than 75% with 7E1-G2b 

treatment, while 7E1-G1 and isotype treated animals failed to sustain significant donor 

chimerism.  The successful induction of central tolerance directly related to peripheral 

tolerance, as 7E1-G2b recipients had prolonged graft survival (MST > 75 days) not seen 

for 7E1-G1 treatment (MST = 16 days) (Figure 3.3e). 

We also tracked the frequency of donor reactive Vβ11+ and Vβ5.1/5.2+ CD4+ T 

cells in these chimeric recipients.  T cells possessing these Vβ segments are normally 

deleted in the thymus of BALB/c mice due to their high affinity for endogenous retroviral 

superantigens (mouse mammary tumor viruses, MMTVs) presented by I-E MHC 

molecules.  Wild-type C57BL/6 mice do not express I-E, thus Vβ11+ and Vβ5.1/5.2+ 

CD4+ T cells constitute roughly 4-5% and 2-3% of the peripheral CD4+ T cell 

compartment, respectively.  The thymic deletion of these specific Vβ expressing T cells 

in our chimeric mice can serve as a surrogate measure of successful donor tolerance 
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(136).  As shown on day 58, the percentage of Vβ11+ and Vβ5.1/5.2+ CD4+ T cells in the 

isotype (black bar) and 7E1-G1 (checkered bar) treated groups were consistent with wild-

type C57BL/6 levels (Figure 3.3f).  In contrast, CD4+ T cells from 7E1-G2b (striped bar) 

treated groups show a significant loss of Vβ11+ and Vβ5.1/5.2+ from the periphery.  Vβ 

deletion was shown to be specific as the use of Vβ8.1/8.2+ by CD4+ T cells remained 

comparable in all groups.  

 

The agonist potential of the 7E1 variants are dependent on both the isotype and the mode 

of stimulation in vitro. 

The data presented above demonstrated that although the 7E1 variants have an 

equivalent ability to block CD154 binding to CD40, they show dramatically different 

synergy with CTLA4-Ig for promoting allogeneic graft survival.  We hypothesized that 

this observation may be due in part to differences in their agonist properties.  To test this, 

we used the induction of B cell proliferation in vitro as an indirect measure of CD40 

agonism. 

Spleens were taken from C57BL/6 mice and either used as whole splenocytes or 

B cells were purified by magnetic bead separation.  Each was then cultured with either 

soluble or plate-bound antibodies.  For an immobilized stimulus high binding affinity 

culture plates were pre-coated with increasing concentrations of 7E1-G1, 7E1-G2b, 

isotype matched control antibody or FGK4.5 at concentrations ranging from 1ng/mL to 

100ug/mL.  Alternatively, the ability of soluble antibody to induce proliferation was 

measured by incubations in conventional culture plates that were pre-blocked prior to the 

addition of the antibodies as described in the Materials and Methods.  We found that 
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when 7E1-G1 or 7E1-G2b was presented as a plate bound stimulus, similar levels of B 

cell proliferation as with FGK4.5 were observed (Figure 3.4a).  However, when the 

antibodies were free in solution, the ability of 7E1-G2b to induce proliferation was 

significantly reduced.  In contrast, soluble 7E1-G1, although not as robust as FGK4.5, 

continued to promote B cell expansion (Figure 3.4b).  The results were similar when 

using whole splenocyte responders, treated with 50μg of the indicated antibodies (Figure 

3.4c,d).  This demonstrated that although both 7E1-G1 and 7E1-G2b exhibited the same 

affinities for CD40 and could induce proliferation when immobilized, only 7E1-G1 

retained its agonistic properties when soluble. 

 

Anti-CD40 treatment does not cause depletion of CD40 expressing cells, although 

depending on the isotype, can induce in vivo proliferation. 

Because we observed that soluble 7E1-G1 could function as a CD40 agonist in 

vitro, whereas 7E1-G2b could not, we hypothesized that these differences may explain 

their different in vivo efficacy for preventing graft rejection.  As such, we explored the in 

vivo effects of treatment with the 7E1 variants.  We speculated that the CD40-binding 

antibodies might act by depleting CD40-expressing cells.  Mice were injected i.p. on days 

0, 2, 4, and 6 with either 7E1-G1, 7E1-G2b, isotype matched control antibody, FGK4.5 

or left them untreated.  On day 7, mice were sacrificed and the absolute numbers of 

various cell subsets were enumerated from the spleen by TruCount analysis.  We found 

that treatment with 7E1-G2b did not lead to the depletion of any cell subset enumerated, 

as the absolute numbers of each did not significantly differ from isotype control or 

untreated animals (Figure 3.5a).  However, mice treated with 7E1-G1 showed a three-
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fold increase in CD8+ T cells, B cells and granulocytes and an approximately two-fold 

increase in dendritic cells and macrophage, at levels close to those seen with FGK4.5.  

Interestingly, no change in either CD4+ T cells or natural killer cells occurred with 7E1-

G1 treatment, despite both of these cells expressing significant levels of CD40 on their 

surface (Figure 2.3). 

To determine if these increases in cell numbers were due to increased trafficking 

to the spleen or de novo cell division, groups of mice were given the same treatment as 

above and pulsed on day 7 with 2mg of BrdU for an additional 4 hours.  BrdU, when 

paired with the DNA stain 7AAD, can reveal both the presence of dividing cells and their 

specific state in the cell cycle.  B cells, CD8+ T cells and to a lesser extent CD4+ T cells 

show a clear population of cells progressing through the cell cycle in 7E1-G1 and 

FGK4.5 treated animals, but not in 7E1-G2b or isotype control treated animals (Figure 

3.5b).  This brief snapshot of division represents a 5-fold increase in proliferating B cells, 

a 3-fold increase in proliferating CD4+ T cells and a 11-fold increase in proliferating 

CD8+ T cells with 7E1-G1 as compared to isotype control treatment (Figure 3.5c).  Thus, 

the ability of 7E1-G2b to promote graft survival is not due to the depletion of CD40-

expressing cells.  In contrast, 7E1-G1 treatment leads to the significant proliferation of T 

cells and B cells, as well as the accumulation of macrophage, dendritic cells and 

granulocytes in the spleen.   

We also looked for the presence of bound antibody on circulating B cells.  Mice 

were injected i.p. on days 0, 2, 4, and 6 with CTLA4-Ig and either 7E1-G1 or 7E1-G2b, 

then sacrificed at the indicated time points.  Bound antibody was detected with a 

polyclonal anti-rat IgG secondary antibody.  When viewed as an absolute number of cells 
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with bound anti-CD40 antibody, the increased number of B cells in the 7E1-G1 treated 

group is most likely reflective of the agonist properties characterized for this antibody 

(Figure 3.6a).  7E1-G2b displays a relatively consistent number of B cells with bound 

antibody out to at least 50 days, while 7E1-G1 is undetectable after 30 days.  The data 

presented as a percentage of total B cells shows that 7E1-G1 is absent from almost all B 

cells after 30 days (Figure 3.6b).  The percentage of total B cells bound with 7E1-G2b 

does not begin to drop until at least 40 days. 

 

7E1-G1, but not 7E1-G2b, induces the expression of activation markers on antigen 

presenting cells. 

Due to the findings that 7E1-G1 can induce B cell proliferation in vitro and in 

vivo, we hypothesized that administration of 7E1-G1, but not 7E1-G2b, would also result 

in the up-regulation of activation markers on antigen presenting cells.  To examine this, 

C57BL/6 mice were given a single injection of either 7E1-G1, 7E1-G2b, isotype matched 

control antibody, FGK4.5, or left untreated.  Mice were sacrificed at various time points 

and stained for the presence of activation markers on CD11c+ dendritic cells.  7E1-G1 

treatment led to three-fold increase in MHC class II expression, a four-fold increase in 

CD80 expression and a seven-fold increase in the expression of CD86 on dendritic cells, 

closely mirroring the level of expression observed for FGK4.5 treated animals (Figure 

3.7a).  The percentage of splenic dendritic cells expressing CD70 increased by over one 

hundred-fold, 41BBL increased by 12-fold and OX40L increased by fifteen-fold, again 

only for 7E1-G1 and FGK4.5 but not 7E1-G2b treated animals. 

B220+ CD19+ B cells were also measured for activation markers in these same 
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treated animals.  B cells in 7E1-G1 treated animals showed a three-fold increase in the 

expression of MHC class II, and an almost two-fold increase in both CD80 and CD86 

(Figure 3.7b).  The percentage of CD69 expressing B cells increased almost two-fold in 

the spleen immediately following 7E1-G1 treatments.  This was in contrast to what was 

observed in 7E1-G2b treated animals, which did not differ from isotype and untreated 

animals. 

 

Increased expression of activation markers on T cells following treatment with 7E1-G1, 

but not 7E1-G2b. 

We hypothesized that the effects of the anti-CD40 antibodies on antigen 

presenting cells would subsequently impact T cell activation as well.  To test this, 

C57BL/6 mice were again given a single injection of either 7E1-G1, 7E1-G2b, isotype 

matched control antibody, FGK4.5 or left untreated.  Mice were sacrificed at various time 

points and stained for the expression of activation markers on CD3+ T cell subsets.  CD4+ 

T cells from 7E1-G1 treated mice showed an almost two-fold increase in the percentage 

of cells expressing CD25 and CD43, which peak by day 7 (Figure 3.8a).  The percentage 

of cells expressing CD44 and CD69 increased by two-fold, which can be seen as early as 

day 3.  In contrast, the percentage of CD4+ T cells expressing each of these activation 

markers for 7E1-G2b treated animals was at or below what was observed in isotype 

control treated animals.  The percentage of CD8+ T cells from 7E1-G1 treated animals 

expressing CD25 increased by four-fold, CD43 by almost twenty-fold, CD44 by three-

fold and CD69 by five-fold, all of which peak by day 7 (Figure 3.8b).  7E1-G2b did not 

induce any notable activation marker expression on CD8+ T cells beyond that seen with 
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isotype and untreated animals. 

 

Morphological changes in the spleen following 7E1-G1 treatment. 

 We consistently observed a prominent splenomegaly, beginning at day 3, in 7E1-

G1 treated animals, similar to FGK4.5, but not for 7E1-G2b (data not shown).  To 

investigate this further, mice were injected i.p. on days 0, 2, 4, and 6 with either 7E1-G1, 

7E1-G2b or isotype matched control antibody, and spleen section were prepared on day 

7.  Under H&E staining, the overall spleen morphology between treatments did not 

appear overtly dissimilar, however the white pulp in 7E1-G1 treated animals was more 

prominent and irregularly shaped in comparison to 7E1-G2b and control treatments 

(Figure 3.9a).  Using immunohistochemistry, we found the distribution of B220+ B cells  

was unique in the 7E1-G1 treated animals, as the cells were diffuse throughout the entire 

white pulp, including the T cell zones.  In the 7E1-G2b and control treated sections, B 

cells were restricted to the marginal zones along the outer rim of the white pulp (Figure 

3.9b).  

 

The presence of activated B cells alone cannot explain the differences observed between 

the two isotypes of anti-CD40 antibodies. 

Resting B cells make up a large percentage of the total cells present in the spleen 

and express a high basal level of CD40 (Figure 2.3) (52).  As we have shown, B cells 

aggressively responded to 7E1-G1, up-regulating activation markers, robustly proliferate 

and migrate into the T cell zones of the spleen.  We hypothesized that the failure of 7E1-

G1 to act as an effective CD40 blocking antibody is due to its activation of B cells.  To 
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test this, we again made use of the mOVA-C57BL/6 single minor mismatched skin graft 

rejection model.  When used as skin graft donors for untreated C57BL/6 recipients, these 

single mismatched grafts are rejected with an MST of 18 days (Fig. 3.10a).  

Costimulation blockade consisting of 7E1-G2b and CTLA4-Ig extends graft survival 

indefinitely (MST > 200 days).  Isotype matched control antibody and CTLA4-Ig are able 

to extend graft survival for > 100 days in about half of the recipients tested, highlighting 

the significant effects of blocking the CD28 pathway alone in this model.  Interestingly, 

when 7E1-G1 is used, the beneficial effects seen with CTLA4-Ig alone are significantly 

reduced and the MST drops to 22 days and all grafts are rejected. 

Given this observation, we postulated that the prominent activation of B cells by 

7E1-G1 may have created an overall stimulated environment that supercedes the effects 

of CTLA4-Ig, thus directly prompting graft rejection.  To test this, we obtained B cell 

deficient mice for use as recipients of mOVA skin grafts.  B cell deficient recipients were 

treated with 500μg of both CTLA4-Ig and either 7E1-G1 or isotype matched control 

antibody i.p. on days 0, 2, 4, and 6, along with a mOVA skin graft on day 0.  In the 

absence of B cells, the MST of 7E1-G1 treated animals was 21 days, not significantly 

different from that seen for wild type recipients (Figure 3.10b).  Untreated recipients 

promptly reject grafts with an MST of 13 days, while a third of isotype control recipients 

show long term survival. 

 

The involvement of individual Fc receptors cannot fully account for the differences 

observed between the two isotypes of anti-CD40 antibodies. 

We next sought to explore the possibility that Fc receptors could account for the 
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difference in efficacy observed between the 7E1 variants.  To test the hypothesis that 

activating signals through the Fc receptor are responsible for the graft rejection seen with 

7E1-G1, we obtained FcγRIII deficient mice for use as recipients of mOVA skin grafts.  

FcγRIII is the main activating Fc receptor for murine IgG1 antibody isotype (139).  

Recipients were treated with 500 μg of both CTLA4-Ig and either 7E1-G1, 7E1-G2b or 

isotype matched control antibody i.p. on days 0, 2, 4, and 6, along with a mOVA skin 

graft on day 0.  The MST of 7E1-G1 treated FcγRIII deficient animals was 20 days, 

which is not significantly different when compared to isotype matched control antibody 

or similarly treated wild type recipients (MST = 17 days) (Figure 3.10c).  7E1-G2b 

treated FcγRIII deficient animals show no diminution in their long-term graft survival. 

Several other activating Fc receptors have been identified, for which IgG1 isotype 

antibodies have varying affinities.  In order to determine if interactions with other 

activating Fc receptors, besides FcγRIII, contributed to the graft rejection seen for 7E1-

G1 treated animals, we obtained FcRγ deficient mice.  FcRγ, also referred to as FcεRIγ, is 

the common signaling chain that associates with and is responsible for the surface 

expression of all of the currently reported murine activating Fc-receptors (175).  In the 

absence of all activating Fc receptors, 7E1-G1 treated animals again did not exhibit 

prolongation of graft survival and have an MST of only 20 days, compared to the long-

term survival seen for 7E1-G2b treated animals (Figure 3.10d, MST > 75 days).  

Approximately 50% of the isotype treated animals experienced long term graft survival, 

while untreated animals rejected their grafts with an MST of 11 days.   
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Discussion 

 

We compared the efficacy of two isoforms of a murine anti-CD40 antibody, 7E1-

G1 and 7E1-G2b.  We demonstrated that both antibodies have an equivalent affinity for 

their ligand CD154, and are able to inhibit the interaction between CD40 and CD154 to 

the same extent.  When used in concert with CTLA4-Ig, 7E1-G2b effectively promotes 

allogeneic bone marrow chimerism and skin graft survival, while 7E1-G1 does not.  

When plate bound, both antibodies can function as CD40 agonists.  However, only 7E1-

G1 was found to act as a CD40 agonist when soluble in vitro and in vivo.  Activated B 

cells or Fc receptor signaling were not found to play a dominant role in these differential 

effects. 

Affinity and epitope profiling of murine anti-CD40 antibodies have described a 

correlation between the location where the antibody binds, with respect to the binding site 

of CD154, and the resultant activation signals delivered (156, 157).  Based on the distinct 

agonist profiles described for the 7E1 variants, it could be concluded that the 7E1-G1 

binds proximal to the CD154 binding site while 7E1-G2b binds distally, thus allowing the 

former to mimic receptor ligation and the latter to be an antagonist blocking agent.  

However, N-terminal peptide sequencing of the heavy chain confirm that both antibodies 

are identical for the first 35 amino acids and PCR using primers specific for the variable 

heavy chain CDRs of 7E1-G1 yield a band of appropriate size from cDNA obtained from 

either antibody (173).  This is supported by our findings that both antibodies have an 

essentially identical binding affinity for cell bound CD40 and an equivalent capacity to 

inhibit the interaction between CD40 and CD154.  If the possibility remains that there are 
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differences in the variable region, it does not appear to significantly impact the binding 

characteristics and is therefore unlikely to alter the binding epitope.  We therefore 

conclude that the different biological function of these two antibodies is likely due to 

other mechanisms. 

Fc receptors can deliver activating signals to antigen presenting cells when cross 

linked by antibody aggregates (139).  Murine IgG2b isotype antibodies have been 

characterized as having a greater affinity for activating verses inhibitory Fc receptors than 

IgG1 isotypes (165).  However, the delivery of proinflammatory signals through 

activating Fc receptors were not found to be responsible for the failure of 7E1-G1 to 

promote graft survival, as FcεRγI deficient mice have the same kinetics of graft survival 

as wild-type mice.  The contributions by Fc receptors cannot be completely excluded 

without blocking all Fc receptor interactions such as by generating F(ab’)2 fragments of 

the 7E1 variants or using FcεRγI x FcγRIIb deficient mice, which lack surface expression 

of all murine Fc receptors.  

Simultaneous blockade of the CD40 and CD28 pathways has been aggressively 

explored as a clinically applicable approach to induce transplantation tolerance.  

However, the use of anti-CD154 blocking antibodies has been hampered by the 

occurrence of thromboembolism.  Antibodies targeting CD40 rather than anti-CD154 

show promise as an alternative in non-human primate transplant models (109, 113).  We 

have provided evidence that an anti-CD40 monoclonal antibody can substitute for anti-

CD154 in protocols designed to promote the induction of murine hematopoietic 

chimerism and allogeneic skin graft survival.  The data shown here describes that the 

antibody isotype plays an important a role in the biological function and further studies 
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are merited to define the specific mechanisms responsible for these effects. 
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Figure Legends 

 

Figure 3.1.  The M12 B cell lymphoma cell line expresses a uniformly high level of 

surface CD40.  M12 B cells were grown for at least 1 week in at 37°C in RPMI media 

supplemented with 10% fetal bovine serum.  Cells were stained with B220-FITC and 

CD40-PE.  

 

Figure 3.2.  7E1-G1 and 7E1-G2b have an equivalent affinity for murine CD40 and 

effectively inhibit the binding of CD154.  (A) M12 B cells were incubated with the 

indicated concentrations of 7E1-G1, 7E1-G2b or FGK4.5.  Bound antibody was detected 

with a PE-labeled polyclonal anti-rat IgG secondary antibody by flow cytometry.  The 

values are presented as the percentage of maximum fluorescence observed for each 

antibody.  (B) M12 B cells were incubated with the indicated concentrations of 7E1-G1, 

7E1-G2b or FGK4.5 along with 10μg/mL of Flag-tagged soluble CD154 fusion protein.  

A FITC-labeled anti-Flag secondary antibody was used to detect bound CD154.  The 

values represent a percentage of the maximum fluorescence observed with sCD154 alone.  

Data points represent triplicate samples, and experiments were repeated four times. 

 

Figure 3.3.  7E1-G2b promotes allogeneic bone marrow chimerism and skin graft 

survival when used in concert with CTLA4-Ig, not seen with 7E1-G1.   

C57BL/6 mice were treated with 500μg of CTLA4-Ig and either 7E1-G1, 7E1-G2b or rat 

isotype IgG control, i.p. on days 0, 2, 4, and 6.  Recipients treated with CTLA4-Ig and 

7E1-G2b show a modest prolongation of skin graft survival in (A) the robust BALB/c to 
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C57BL/6 model, and long-term survival in (B) the more permissive BALB/c to C3H 

model.  (C) C57BL/6 mice were treated with 500μg of CTLA4-Ig and either 7E1-G1, 

7E1-G2b or rat isotype IgG control, i.p. on days 0, 2, 4, and 6.  Busulfan was given i.v. 

on day 5, 600mg per mouse, along with allogeneic BALB/c bone marrow, 2x107 cells i.v. 

on days 0 and 6, and skin graft on day 0.  The percentage of donor (C) B220+ B cells and 

(D) CD4+ T cells reached similar levels in 7E1-G2b, while 7E1-G1 and isotype treated 

animals failed to sustain chimerism.  (E) Chimeric mice are tolerant to donor skin grafts 

7E1-G2b treated recipients had prolonged graft survival not seen in the 7E1-G1 and 

isotype treated groups.   (F) The percentage of Vβ11+ and Vβ5.1/5.2+ CD4+ T cells in the 

isotype (black bar) and 7E1-G1 (crossed bar) treated groups were consistent with wild-

type B6 levels.  In contrast, CD4+ T cells from 7E1-G2b (striped bar) treated groups 

show significant deletion of Vβ11+ and Vβ5.1/5.2+.  Vβ deletion is shown to be specific 

as the use of Vβ8.1/8.2+ by CD4+ T cells remained comparable in all groups.  Data is 

shown from day 58-post transplant.  (∗ p value <0.001) 

 

Figure 3.4.  7E1-G2b induces B cell proliferation in vitro only when present as an 

immobilized stimulus.  (A) Purified B cells were added to high binding affinity 96 well 

plates that had been coated with titrated concentrations of either 7E1-G1, isotype IgG1 

control, 7E1-G2b, isotype IgG2b control, or FGK4.5.  In parallel, (B) purified B cells 

were added to conventional 96 well plates, pre-blocked with bovine serum albumen, to 

which the same antibody concentrations were added.  Following 72-hour incubation at 

37°C, all plates were pulsed for an additional 18 hours with 0.5μCi/well of [methyl-

3H]thymidine.  Actively dividing cells which had taken up the radioactive probe were 
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quantified by scintillation counter.  Data points represent triplicate samples, and 

experiments were repeated three times.  Whole splenocytes were incubated using the 

same  (C) plate bound stimulus protocol or the (D) soluble stimulus protocol as outline 

above.  50μg/mL of each of the indicated antibodies were used and cells were incubated 

and assayed as noted above.  Data points represent triplicate samples, and experiments 

were repeated twice. 

 

Figure 3.5.  In vivo proliferation induced through CD40 ligation is dependent upon 

the specific isotype of the anti-CD40 antibody.  C57BL/6 mice were injected on days 0, 

2, 4, and 6 with 500μg of either 7E1-G1, isotype IgG1 control, 7E1-G2b, isotype IgG2b 

control, FGK4.5, or left untreated.  (A) The absolute number of splenic cell subsets was 

enumerated by TruCount analysis.  No significant differences were noted for any cell 

subsets between 7E1-G2b and isotype control.  7E1-G1 treated animals show a 

significant increase in the total number of CD8+ T cells, B220+ B cells, CD11c+ Dendritic 

cells, Gr-1+ granulocytes and CD11b+ macrophage in the spleen, to a slightly lesser 

extent as seen with FGK4.5.  (B) Similarly treated animals were pulsed on day 7 by i.v. 

injection with 2mg of BrdU for 4 hours.  The cell cycle positions and total DNA synthetic 

activities of spleen B cells, CD4+ and CD8+ T cells can be determined by the expression 

of total DNA by 7-AAD and detection of BrdU incorporation into newly formed DNA.  

Cells in G0/G1 are present in the lower left gate, S phase in the upper gate, and G2 + M 

in the lower right gate, with the corresponding percentages noted in each plot’s legend. 

These data are representative examples of three independent experiments with three mice 

per group.  (C) A summary of the percentage of BrdU positive dividing cells from the 
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three independent experiments described above.  The percentage of B220+ CD19+ B 

cells, CD4+ and CD8+ T cells were statistically significant between 7E1-G1 and isotype 

IgG1 control treated groups, as well as between FGK4.5 and no treatment groups.  No 

significant difference was noted between 7E1-G2b and isotype IgG2b control treatment.  

(∗ p value <0.05, ∗∗ p value <0.001) 

 

Figure 3.6.  Both 7E1 variants can be detected on the surface of circulating B cells in 

vivo.  Groups of C57BL/6 mice were injected with 500μg of CTLA4-Ig and either 7E1-

G1 or 7E1-G2b.  Blood was collected from mice at the indicated time points.  B220+ B 

cells were stained for the presence of bound 7E1-G1 or 7E1-G2b using a PE-labeled 

polyclonal anti-rat IgG secondary antibody.  The data are presented as an (A) absolute 

number, determined by TrueCount analysis, or (B) as a percentage of total B cells.  These 

data are represent three mice per group. 

 

Figure 3.7.  7E1-G1, but not 7E1-G2b, increases expression of co-stimulatory 

molecules and matures antigen presenting cells. C57BL/6 mice were given a single 

injection with 500μg of either 7E1-G1, isotype IgG1 control, 7E1-G2b, isotype IgG2b 

control, FGK4.5 or left untreated.  For analysis of (A) CD11c+ Dendritic cells, animals 

were sacrificed after 6, 24, 36, 60 hours, and 7 days.  Splenocytes were stained for 

CD11c and the indicated markers.  For analysis of (B) B220+CD19+ B cells, animals 

were sacrificed after 3, 5, 7 and 14 days.  The expression is displayed as a fold change 

compared to untreated animals of the mean fluorescence intensity or of the percentage of 
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positive cells, as noted on axes.  These data are representative examples of three 

independent experiments with three mice per group. 

 

Figure 3.8.  Isotype specific CD40 agonism translates to T cell activation.  C57BL/6 

mice were given a single injection with 500μg of either 7E1-G1, isotype IgG1 control, 

7E1-G2b, isotype IgG2b control, FGK4.5 or left untreated.  For analysis of (A) CD4+ T 

cells and (B) CD8+ T cells, animals were sacrificed after 3, 5, 7 and 14 days and stained 

for the indicated markers.  The expression is displayed as a fold change of the percentage 

of positive cells compared to untreated animals.  These data are representative examples 

of three independent experiments with three mice per group. 

 

Figure 3.9.  Histological analysis of the spleen following treatment with the 7E1 

variants.  C57BL/6 mice were injected with 500μg of CTLA4-Ig and either 7E1-G1, 

isotype IgG1 control, 7E1-G2b or isotype IgG2b control i.p on days 0, 2, 4, and 6.  

Animals were sacrificed on day 14, and spleens were collected for (A) H&E staining (4x 

magnification) and for (B) immunohistochemistry staining for B220+ B cells (20x 

magnification).  Images are representative of three mice per group. 

 

Figure 3.10.  Fc-receptor and B cell involvement cannot fully account for the 

differences seen between 7E1-G1 and 7E1-G2b.  (A) Wild-type C57BL/6 mice were 

transplanted with minor antigen mismatched mOVA x B6 skin grafts and treated with 

500μg of CTLA4-Ig and either 7E1-G1, isotype IgG1 control, 7E1-G2b, isotype IgG2b 

control, or anti-CD154 i.p on days 0, 2, 4, and 6.  (B) muMT B cell deficient mice were 
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used as recipients of mOVA x B6 skin graft with the same treatment regime, and show a 

survival pattern very similar to that seen for wild-type recipients. (C) FcγRIII deficient 

recipients do not show significant prolongation of mOVA x B6 skin graft survival when 

treated with CTLA4-Ig and 7E1-G1.  (D) FcεRγI deficient recipients also do not show 

significant differences in the prolongation of mOVA x B6 skin graft survival as 

compared to wild-type recipients. 
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Figure 3.1 
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Figure 3.5
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Introduction. 

This thesis examined two issues surrounding the blockade of the CD40 signaling 

pathway for the experimental induction of murine transplantation tolerance.  First, anti-

CD40 blockade can synergize with CTLA4-Ig to induce and maintain immune tolerance 

as effectively as historically seen with anti-CD154 and CTLA4-Ig.  Secondly, there are 

distinct isotype specific differences with regards to function of anti-CD40 binding 

antibodies.   

Considerable interest and effort has been placed in blocking costimulation via the 

CD40/CD154 signaling pathway using anti-CD154 antibodies.  Although this approach is 

effective in mice, thromboembolic side effects observed in humans have hampered its 

progression through clinical trials.  Nevertheless, the impact on graft survival of blocking 

this pathway has shown compelling utility, thus, appropriately designed anti-CD40 

antibodies may provide a suitable alternative.  We investigated two isoforms of a novel 

monoclonal rat anti-murine CD40 antibody, 7E1-G1, an IgG1 isotype, and 7E1-G2b, an 

IgG2b isotype, for characteristics mirroring anti-CD154.  7E1-G2b was as effective as 

anti-CD154 when used in concert with CTLA4-Ig in promoting both allogeneic bone 

marrow chimerism and skin graft survival, while 7E1-G1 was not.  The protection was 

not due to depletion of CD40 bearing antigen-presenting cells.  Naïve mice injected with 

7E1-G1, but not anti-CD154 or 7E1-G2b, show maturation of B cells and dendritic cells 

along with marked proliferation of B cells and T cells.  Although B cells showed 

significant activation in 7E1-G1 treated mice and may have contributed to the overall 

stimulated immune environment, this may not have been sufficient for graft rejection as 

both wild-type and B cell deficient mice promptly rejected allogeneic skin grafts when 
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treated with 7E1-G1 and CTLA4-Ig.  In vitro proliferation assays to measure the agonist 

properties of the two 7E1 variants revealed similar weak responses when plate-bound. 

However, when added as a soluble stimulus, 7E1-G1 but not 7E1-G2b led to strong 

proliferation, suggesting interactions mediated by the Fc region.  Mice deficient in either 

the inhibitory FcγRIIb receptor, the activating FcγRIII receptor, or the common Fc 

signaling chain, FcεRγ1, showed no difference in skin graft survival compared to wild 

type mice when treated with 7E1-G1 or 7E1-G2b and CTLA4-Ig.  These data suggest 

that an appropriately designed anti-CD40 antibody can promote graft survival as well as 

anti-CD154, making 7E1-G2b an attractive substitute in murine models of costimulation 

blockade-based tolerance regimens. 

 

Blockade of the CD40 Signaling Pathway: Optimistic Consternation. 

The CD40 pathway has been a therapeutic target of great interest, but also one of 

considerable frustration.  Interactions between CD40 and its ligand CD154 play crucial 

roles in many aspects of the immune response including induction of B7 molecules and 

IL-12 by APC, macrophage effector functions and immunoglobulin class switching of B 

cells (176).  In rodents, anti-CD154 monoclonal antibodies potently inhibit rejection and 

induce some measure of tolerance in stringent models (121, 141, 177-186).  Several 

groups have used transient CD40 and CD28 blockade to induce mixed chimerism and 

robust donor-specific tolerance in mice (131, 187-189).  This has been particularly 

effective in promoting selective deletion of naïve donor-reactive T cells (187-189).  

Similar approaches show promise in non-human primates, but challenges remain (95, 96, 

103, 122, 190).  
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It has been postulated that antibodies bound to CD154 serve to specifically 

deplete activated allogeneic T cells (137).  Monk, et al. provided evidence to support this 

hypothesis, showing that the prolongation of graft survival using anti-CD154 and 

rapamycin is dependant on both complement and Fc receptor mediated mechanisms in a 

fully mismatched skin transplant model.  Using a traceable population of H-Y specific 

transgenic CD8+ T cells, they went on to describe that F(ab’)2 fragments of anti-CD154 

were unable to prevent the development of the H-Y response.  However, the half-life of 

F(ab’)2 fragments in vivo are known to be much shorted than fully intact immunoglobulin 

(191).  This often necessitates using much higher quantities of the F(ab’)2 to achieve the 

same effect therapeutic effects (192).  Another possible confounder to the interpretation 

could be the use of rapamycin in conjunction with anti-CD154 in this study.  Rapamycin 

diminishes the response to IL-2 by binding the cytosolic protein FKBP12 and inhibiting 

the mTOR pathway (193).  This not only prevents T cell activation and proliferation, but 

has also been shown to promote apoptosis (194).  The combined effects of anti-CD154 

and rapamycin may present a phenotype that can be interpreted as antibody mediated 

depletion, even if this is not an intrinsic characteristic of the anti-CD154 monoclonal 

antibody itself.  The data presented in this thesis strongly supports the interpretation that 

anti-CD40 binding antibodies can act in the absence of direct cellular depletion, thus 

likely resulting in regulation and not direct depletion of allospecific T cell. 

Interrupting CD40 signals to antigen presenting cells during T cell priming has 

been shown to have profound impacts on the dynamics of the T cell-APC interaction.  

Among these include limiting the up-regulation of activation markers such as CD80 and 

CD86 (141), decreasing the production of proinflammatory cytokines such as IL-8, IL-

 



  87  

12, MIP-1α and TNFα (142, 143) as well as shortening the duration of the cognate 

interaction (144).  CD40 signaling is important to APC survival and is believed to 

involve the up-regulation of Bcl-2 and Bcl-xl (195-197).  Although 7E1-G2b did not lead 

to the active depletion of CD40 expressing APCs, the blockade of survival signals 

normally provided by the CD40 pathway may be just as detrimental to APC longevity 

and the duration of antigen presentation (198).  Further studies are clearly warranted to 

characterize the phenotype of antigen presenting cells during the establishment of 

tolerance using either anti-CD40 or anti-CD154 antibodies. 

 

Therapeutic targets down-stream of the CD40 pathway. 

The CD40 pathway influences a variety of cellular processes including cell 

division, survival and differentiation.  The cytoplasmic tail of CD40 has three TRAF-

interacting motifs (TIMs).  Activation of CD40 leads to the recruitment of tumor necrosis 

factor receptor-associated factor (TRAF) family members, TRAF2, TRAF3, and TRAF6 

as well as JAK3 (176).  The binding of these adaptor proteins activate kinase cascades 

that in turn activate signal transduction pathways such as NIK/NF-kB, JNK, p38, ERK, 

and PI3K (61).  The specific function of the TRAFs during CD40 signaling has been 

described for B cells and dendritic cells.  The binding of TRAF2 and/or TRAF3 but not 

TRAF6 is essential for CD40-mediated class switching in B cells (62), while TRAF6 has 

been implicated in affinity maturation and plasma cell generation (63).  In dendritic cells, 

TRAF6 activates the MAP kinases JNK, ERK and p38.  Whereas p38 enhances the 

production of IL-12 p40 (64), ERK signals enhance IL-10 secretion (199-201).  TRAF2 

and TRAF3 function in concert through NIK and PI3 kinase leading to activation of 
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NFκB pathways that have been implicated in regulating the expression of activation 

genes and influencing cell survival (176, 202).  There is a role for TRAF-independent 

signaling via CD40 as that many CD40 dependent functions are retained in the absence of 

TRAF signaling, including up-regulation of CD80 and CD86.    Thus, the CD40 cascade 

appears to be cell-specific and these studies highlight the need to perform experiments 

directly on the cells of interest in vivo to define the signaling events that are responsible 

for the functional outcome. 

There is an expanding list of selective pharmacological inhibitors that interrupt 

signaling downstream from CD40, including inhibitors of p38, ERK, and JNK (203-205).  

While these pathways are not completely unique to CD40 signaling, they nonetheless 

offer potential therapeutic targets for tolerance induction.  If the specific signaling events 

that are vital to the promotion of T cell inactivation can be defined, this may provide the 

opportunity to more selectively interrupt the CD40 costimulatory pathway. 

 

On the role of antibody isotype. 

We compared the efficacy of two isoforms of a novel murine anti-CD40 antibody, 

7E1-G1 and 7E1-G2b.  Both antibodies have an equivalent affinity for their ligand 

CD154, and are able to inhibit the interaction between CD40 and CD154 to the same 

extent.  This was confirmed by both peptide sequencing and PCR (173).  Studies have 

proposed that the position of antibody binding on CD40 relative to the natural ligand 

CD154 is an accurate predictor of whether it will function as an agonist or antagonist 

(155-157).  If the possibility remains that there are differences in the variable region, it 

does not appear to alter the binding epitope.  The different biological functions of these 
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two antibodies, 7E1-G2b effectively promotes allogeneic graft survival while 7E1-G1 

does not, is likely due to other mechanisms.   

Predicting how an antibody will function in vivo is confounded by many factors, 

most of which are beyond the scope of this study but still bear mentioning.  Studies have 

shown that the flexibility of the antibody hinge region significantly differs between the 

various murine isotypes (167, 206).  IgG1 was found to be the most rigid, while IgG2b had 

the greatest rotational freedom and flexibility.  Due to the restrictions of steric hindrance, 

these characteristics can impact the biological function.  In certain systems, antibody 

mediated CD40 signaling has been found to be epitope-independent and occurs 

predominantly by aggregating the normally monomeric CD40 molecules on the cell 

membrane (158). 

A study by Scallon, et al. described two neutralizing anti-TNF monoclonal 

antibodies that appeared to be functionally monovalent for TNF binding despite 

containing two antigen binding sites (166).  They hypothesized that this was due to steric 

hindrance from one TNF molecule binding to one arm of the antibody, which then 

prevented the binding of a second TNF molecule to the other.  When the antibodies were 

engineered with an additional immunoglobulin domain near the hinge region, which 

introduced extra space and flexibility, the modified antibodies were then capable of 

binding two TNF molecules simultaneously.  A related physical effect could be occurring 

for the 7E1 variants.  7E1-G1 would be expected to have less rotational freedom and be 

more rigid than would 7E1-G2b.  This may translate to 7E1-G1 having a greater ability to 

aggregate and pull together the membrane associated CD40 monomers into close enough 

proximity to initiate signal transduction.   
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Although we did not find any significant effects associated with the deficiency of 

either the inhibitory or the activating Fc receptors alone, this does not completely exclude 

the possibility that Fc receptors are involved.  Fc receptors may interact with the bound 

7E1 variant antibody either on the same cell or on neighboring cells.  This could aid in 

the antibody-mediated aggregation of CD40 initiating signaling of the pathway.  

Although going against the reported affinity of  Fc receptors to the IgG1 verses IgG2b 

isotypes, this interaction may preferentially favor 7E1-G1, causing the apparent agonism 

seen with this antibody and not 7E1-G2b. 

 Several indirect measures of CD40 agonism of the 7E1 variants were used in this 

thesis, including the induction of proliferation in vivo and in vitro, activation marker 

expression, and graft rejection.  To more accurately define the characteristics of these 

agents western blot analysis of the downstream signal transduction events, as outlined 

above, could be performed to directly determine if CD40 triggering is actually occurring.  

It is possible that due to isotype specific differences, these two antibodies differentially 

activate the CD40 signaling pathway.  The human anti-CD40 antibody Chi220 has been 

shown to be a partial CD40 agonist and this incomplete activation has been proposed to 

induce apoptosis and immune attenuation (113).  7E1-G2b was shown to be capable of 

supporting in vitro proliferation when plate bound, but not when soluble.  Thus, the 

mechanism of 7E1-G2b may be to function as a partial CD40 agonist.  Real-time PCR or 

gene-chip analysis of the cellular changes occurring during stimulation with either 

isotype could help to present a full picture of what is occurring.  Further investigation of 

the possible differences in CD40 signaling induced by these 7E1 variants may help to 

better explain their divergent in vivo efficacies.  
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 Additional hypotheses could be proposed to explain the distinct characteristics of 

the 7E1 variants, however testing the validity of them was often beyond the scope of the 

current study.  The flow cytometry based assay used to comparing the binding affinity 

was developed as a substitute for the more accurate and definitive BiaCore technique that 

was unavailable.  The role of complement was not explored, although the two isotypes 

have different abilities to interact and activate this system.  The analysis of Fc receptor 

interaction was also incomplete.  The complete Fc receptor deficient transgenic mouse, 

lacking all expression of both activating and inhibitory receptors, was not readily 

available.  This mouse would have allowed the discrete examination of whether Fc 

receptors are involved in the antibody-mediated aggregation of CD40 monomers to 

initiate signaling.  Finally, generating F(ab’)2 of each of the 7E1 variants would have 

allowed for a focused comparison of the variable regions of each antibody in the absence 

of either Fc receptor or complement mediated confounding effects.  However, due to 

limiting quantities of the antibodies performing these worthwhile experiments were not 

possible. 

 

General conclusions. 

 Most immunosuppressive drugs seek to completely prevent all immunological 

responses from occurring, whether helpful or harmful.  However, the robustness and 

diversity of the immune system makes this often an impossibility.  Transient clinical 

strategies must be designed to preserve immunocompetency against infection and 

malignancy, but also to preserve specific graft tolerance.  The costimulatory blockade 

strategies seek to play an active role in altering the programming of the responding T cell, 
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as opposed to ablating them all together.  Current therapeutics, such as CTLA4-Ig and 

anti-CD154 monoclonal antibodies, has shown great promise in achieving these 

outcomes.  However, clinical translation of anti-CD154 has been hampered by serious 

safety concerns.  The work presented in this thesis suggests that an appropriately 

designed anti-CD40 antibody, with proper examination of the isotype, can serve as a 

suitable alternative.  These findings further emphasize the overall importance of the 

immunosuppressive effects of blocking the CD40 pathway itself as compared to the 

specific mode with which it is accomplished.  Further research exploring what elements 

of the CD40 signaling pathway are most vital to tolerance may provide targets for even 

more focused reagents. 
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Epilogue 

The interaction between a T cell and its antigen-presenting cell can be envisioned as akin 

to a conversation amongst long-lost friends.  It begins with a seemingly chance encounter 

somewhere in the lymphatics.  The APC, having just arrived from an exciting journey, 

longs to find just the right T cell with which to share its story.  In spite of a terribly 

crowded, chaotic room, that special T cell is somehow found.  The dialog begins with an 

intense discussion over a bit of peptide between MHC and TCR.  The T cell shares its 

initial set of costimulatory opinions on the subject and the APC responds in kind.  The 

issues become more focused and the tête-à-tête takes on a synaptic quality.  There is a 

passionate exchange of receptors, ligands and an indulgence of cytokines.  And then, 

alas, the T cell makes the fateful decision that is it time to move on, to go out into the 

efferent beyond and see for itself these wonders the APC has spoken so fondly of.  The 

APC is, sadly, remains behind.  Alone, in a crowded room, it is left to ponder the 

meaning of it all, as it succumbs to its own inevitable, apoptotic demise. 
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