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Abstract 

 We developed a small animal model of pure antibody-mediated rejection (ABMR) 

by utilizing fully major histocompatibility complex (MHC) mismatched kidney allografts in 

mice.  By examining resultant ABMR pathology, we show that terminal complement 

products C5a and C5b-9 are crucial in establishing antibody-mediated allograft 

microvascular and tubular injury, and the presence of proximal complement product C4d 

alone is not indicative of ABMR.  We demonstrate allorecognition capabilities in NK cells 

to induce micro-inflammation and apoptosis in MHC mismatched transplants.  By gene 

expression profiling, we found that binding of donor specific antibodies (DSA) into kidney 

allograft tissues induces a ‘self-protective’ anti-inflammatory response in kidney 

parenchyma.  The data suggests that the anti-inflammatory response associated with 

DSA may be regulated via inhibitory Fc receptors for immunoglobulin G.  In summary, we 

established a mouse model demonstrating pure acute ABMR of kidney allografts 

mimicking some aspects of human ABMR pathology in the absence of T cell-mediated 

rejection. 
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1.1 – Kidney failure and transplantation 

Kidney failure, or end-stage renal disease (ESRD), is the most severe stage of 

kidney disease.  Patients present with drastically lowered kidney function (less than 15% 

of normal kidney function) (1), and if left untreated, ESRD is fatal.  In order to replace 

renal function needed to sustain life, patients must undergo either dialysis or kidney 

transplantation.  Currently, kidney transplantation is the preferred method to treat ESRD, 

as it eliminates the patient’s dependence on dialysis regimes and also alleviates financial 

pressures on the healthcare system (ongoing dialysis treatments for patients in the 

United States cost about $30 billion a year) (123). While modern immunosuppression 

therapies significantly lowered the incidence of acute T cell-mediated rejection, kidney 

transplant survival beyond first year has not improved  (72). USRDS data shows that 

approximately 5000 kidney transplants in the USA fail each year, making renal allograft 

failure the fourth leading cause of ESRD (2).  The lack of improvement in long-term graft 

survival is primarily due to donor specific antibodies (DSA) and recurrent primary 

diseases (25;28;39;94;99).  Approximately 40% of pre-sensitized patients against donor 

MHC antigens before transplantation experience acute antibody-mediated rejection 

(ABMR) episodes, with 22% later developing chronic ABMR (84). Patients without DSA at 

time of transplantation are also at risk for developing  de novo DSA after transplantation, 

which are associated with high frequency of acute rejection (36%) and kidney graft failure 

(127). Furthermore, insufficient numbers of kidney donors have led to a waitlist of 3,000 

Canadians currently waiting for a kidney for transplantation.  In addition to the growing 

waitlist, there are approximately 5,000 newly diagnosed ESRD patients a year, according 

to the Canadian Institute of Health Information Annual Report of 2011-2012 (3).  With the 

limited availability of kidneys for transplant, the loss of graft tissue remains a very serious 

problem. 

Kidney transplantation is a relatively new field, with the first successful kidney 

transplant accomplished in 1954 by Dr. Joseph Murray et al. (44).  Prior to this study, 
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transplanted organs continually failed not only due to the lack of established surgery 

techniques for transplantation, but also due to the lack in understanding of the immune 

system and rejection.  Although the role of the immune system was not completely 

understood at the time Dr. Murray conducted the first successful kidney transplant, his 

success was due to the fact that the kidney was transplanted between two identical twins.  

The genetically identical nature of the donor-recipient pair allowed for the avoidance of 

immune recognition and activation against the transplanted kidney (21). 

1.2 – Allograft Rejection 

1.2.1 – HLA/MHC mismatch 

The basis of graft rejection lies in the incompatibilities of different antigens 

present on cell surfaces between donor and host tissue (38).  Just as the immune system 

recognizes bacteria as foreign matter that must be eliminated, transplanted graft tissue 

with mismatched major histocompatibility complexes (MHC) (or human leukocyte antigen 

(HLA) in humans) compared to the host elicits the same response – destruction and 

elimination of the foreign matter.  HLA molecules are present on the surface of all 

nucleated cells, and functions to provide, in essence, a scaffolding platform in which 

proteins can be presented from cell to cell (129).  Two classes of HLA molecules (class I 

and class II) function to present different types of proteins into the extra cellular space.  

Class I HLA molecules are present on all nucleated cells, and are used to present 

proteins fragments (about 8-15aa in length) (113) originating from within the cell to Cd8+ 

T lymphocytes.  This functions as a method of monitoring the wellbeing of a given cell, as 

presentation of abnormal peptides may denote an infection in the cell.  Class II HLA 

molecules are important primarily for antigen presenting cells (APC) in order to place 

fragments (about 12-25aa in length) (36) of digested proteins typically originating from 

outside of the cell into the Class II HLA scaffold.  Loaded MHC II proteins are then 

presented to Cd4+ T lymphocytes for recognition (35;129). 
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In humans, the genes encoding HLA molecules are located in multiple loci, each 

represented by numerous variant alleles (22;54).  This makes HLA molecules highly 

polymorphic, leading to a higher probability of HLA differences between individuals (54).  

Due to this polymorphic nature, the HLA molecules present on the surface of donor tissue 

may appear foreign to the transplant recipient, and elicit an immune response.  It is 

generally fragments of the foreign unrecognized HLA molecules that the immune system 

mounts a response against (38). 

1.2.2 – Forms of rejection 

Donor kidneys expressing mismatched HLA molecules compared to the recipient 

elicits injury and rejection of the transplanted graft.  Graft injury and loss is primarily due 

to two forms of rejection in transplant recipients: T cell-mediated rejection (TCMR), and 

ABMR.  TCMR is not the focus of this thesis, but briefly, TCMR begins with the 

recognition of donor antigens.  Two pathways exist for detecting donor antigens: the 

direct or the indirect allorecognition pathway.  Direct allorecognition refers to recipient T 

cells binding donor antigens presented on donor-derived antigen presenting cells (APC) 

that were present in the transplanted kidney.  These donor APCs would be presenting 

normal donor-derived antigens as they migrate into secondary recipient lymphoid organs 

where they activate recipient T cells.  Direct allorecognition-induced T cell activation 

plays an important role in early phases of TCMR, when donor APCs originating from the 

donor graft are still present.  However, as donor APCs are not replenished and their 

numbers decrease, the direct allorecognition pathway plays less and less of a role in 

maintaining a T cell response (38;121). 

In indirect allorecognition, recipient T cells bind onto donor-derived antigens as 

they are presented on recipient APCs.  This is similar to how T cells would normally 

respond to foreign matter in the body.  Recipient APCs process and present donor-

derived antigens (typically peptides derived from donor MHC molecules (38)) on their 

MHC II molecules, and upon meeting recipient T cells in secondary lymphoid organs, the 
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T cell becomes activated against the presented antigen.  Unlike direct allorecognition, the 

indirect allorecognition pathway can provide sustained activation signals for recipient T 

cells, as recipient APCs are constantly replenished.  The indirect allorecognition pathway 

is also important in activating antibody production (22;83). 

In contrast to TCMR, ABMR begins with the production and presence of 

antibodies against donor antigens.  Binding of antibodies specific against donor antigens 

elicits various biochemical pathways such as the complement pathway to bring about 

tissue injury and rejection.  The ABMR disease can be further into three forms: 

hyperacute ABMR, acute ABMR, and chronic ABMR.  Hyperacute rejection can occur 

within minutes to hours of graft reperfusion, and occurs primarily in recipients who were 

highly pre-sensitized to donor HLA antigens prior to transplantation (84).  This form of 

ABMR yields severe endothelial injury and arterial inflammation (84).  Hyperacute ABMR 

progresses with such severity and speed that the transplanted kidney must often be 

removed from the recipient to avoid further graft injury and early graft loss (63;128).  

However, with the incorporation of HLA cross-match testing between donor and recipient 

prior to transplantation to detect highly pre-sensitized patients, this form of rejection has 

become extremely rare.  Acute ABMR occurs within days, arising due to either pre-

formed or de novo donor specific antibody (DSA), showing pathology of endothelial injury 

where DSA binds to and injures.  Acute ABMR typically shows less severe pathology 

than that in hyperacute rejection, but is still a major concern in practice as it is a prevalent 

disease in kidney transplant patients, and can lead to chronic graft injury (66;71;90).  

According to the consensus Banff classification, the criterion for diagnosis of acute ABMR 

requires the presence of: 1. Morphological evidence of acute tissue injury (such as acute 

tubular injury or acute arteritis), 2. Positive C4d staining in peritubular capillaries, and 3. 

Evidence for circulating DSA antibodies (85;86).  In contrast, chronic ABMR can manifest 

itself within months of transplantation, due to either pre-formed or de novo DSA, and is 

characterized by pathological features such as the duplication of the basement 

membrane of glomeruli and peritubular capillaries, also known as transplant 
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glomerulopathy (19).  Currently, chronic ABMR is the major cause of late kidney 

transplant dysfunction and failure (23;39).  In all three forms of ABMR, antibodies play a 

crucial role in triggering disease phenotypes. 

It is important to note that both TCMR and ABMR are diseases that commonly 

occur in other transplanted organ systems as well, and is not a disease exclusive to the 

renal system. 

1.3 – Antibodies 

1.3.1 – Antibody forms 

 Antibodies, or immunoglobulins, exist as five different types, designated as: IgA, 

IgD, IgE, IgG, and IgM.  These different classes (or isotypes) of antibodies are found in 

different areas of the body, each with different properties and functions (96;97).  The 

specificity and epitopes recognized by the antibodies are determined by the B cell that 

manufactured it.  The process of antibody production begins in peripheral lymphoid 

organs where B cells encounter, recognize, and bind onto antigens via the B cell 

receptors present on its cell surface (110).  In addition to binding onto foreign antigens, 

the B cell requires a co-activation signal, provided as cytokines released by CD4+ T cells 

(also known as T helper cells).  Once the antigen and co-stimulation signal is achieved, 

the B cell differentiates into a plasma cell, producing large quantities of antibodies 

specific to the recognized antigen.  In the setting of ABMR, antigens recognized are 

typically MHC molecules presented on donor cells (118).  

 Antibodies produced against donor antigens are usually the IgG isotype variety.  

This form of immunoglobulins is the most relevant and is routinely tested for donor 

reactivity in human patients.  Human IgG antibodies are further classified into four 

subclasses, IgG1, IgG2, IgG3, and IgG4.  Similarly, mice have four IgG subclasses as 

well, designated as IgG1, IgG2a, IgG2b, and IgG3.  IgG1 antibodies are not known to 
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activate the complement pathway (56;122).  In comparison, both IgG2a and IgG2b 

antibodies are capable of initiating the complement pathway by binding C1q protein on 

their Fc region (122).  Finally, unlike all previous IgG subclasses in mice, IgG3 antibodies 

do not recognize protein antigens, but instead recognize carbohydrate antigens (56). 

1.3.2 – Donor Specific Antibody 

 Donor specific antibodies, or DSA, are immunoglobulins of any subtype that 

recognize and are capable of binding donor-specific antigens.  Typically, DSA refer to the 

more common IgG antibody subtype.  The antigens recognized as foreign are typically 

major histocompatibility complex molecules (either class I or class II) expressed on donor 

tissues.  Recognition of other non-MHC molecules by donor specific antibodies occurs, 

but infrequently (61;118).  In human transplant patients, DSA can be generated through 

the adaptive immune system following transplantation, but DSA may also be present in 

the circulation of a patient prior to transplantation due to a previous transplant, blood 

transfusion, or pregnancy.  

The primary site for donor specific antibodies binding is typically the endothelial 

cells lining blood vessels, as DSA is present in circulation (19).  Bound DSA can elicit 

damage to the endothelial cells through several means.  Firstly, the bound antibodies can 

activate the complement system, eventually forming membrane attack complexes (MAC) 

on the surface of the bound cell, thereby lysing the affected cell (109).  Bound DSA can 

also bind onto Fc receptors present in leukocytes and lymphocytes (114).  Here, Fc 

regions of the bound DSA come into contact and interact with Fc receptors located on the 

surface of effector cells such as lymphocytes, NK cells,  macrophages, neutrophils, and 

eosinophils.  Interaction between the Fc portion of the antibody and the Fc receptor can 

induce different cellular responses, depending on the receptor bound (89).  The binding 

can recruit these effector cells to the transplanted tissue and further contribute to graft 

injury. 
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1.4 – Complement 

1.4.1 – The complement pathway 

Activation of the complement pathway by bound DSA is the primary way by 

which ABMR injures and rejects allografts (109).  It has been shown in animal 

experiments that by ‘blocking’ progression of the complement pathway (125), ABMR can 

be avoided.  From these findings, drug development has since produced antibodies 

against complement proteins in order to disrupt the complement pathway, thereby 

interfering with graft injury progression and ABMR (109;111).   

 The complement system is a tightly regulated pathway composed of a series of 

inter-related proteins with chemotactic properties and the ability to form membrane pores 

to lyse target cells.  Its function is to bring about the lysis and destruction of foreign 

material in the body.  In transplantation, DSA bound on graft tissues activate the classical 

form of the complement pathway (Figure 1.1).  The antibody-activated classical 

complement pathway begins with the assembly of the C1 complex, which is initiated by 

the recognition of the Fc region of IgG or IgM immune complexes by a C1q molecule.  

Binding onto antibody complexes causes the C1q molecule to undergo a conformational 

change (10;37;42).  This allows two molecules of C1r to add onto the growing C1 

complex.  Once bound, the C1r proteases cleave and activate two molecules of C1s to 

complete the C1 complex.  In all, the C1 complex is composed of one molecule of C1q, 

two molecules of C1r, and two molecules of C1s.  The activated C1s portions in the 

complete C1qr2s2 complex have protease properties, allowing it to cleave both C2 into 

C2a and C2b, along with C4 into C4a and C4b.  C4b portions bind the membrane 

surface, with C2a binding C4b to form a separate complex.  Similar to C1s molecules in 

the C1 complex, the C2a portion of the C4b2a complex possess protease properties, 

allowing it to cleave both C3 and C5.  The cleavage of C3 yields C3a and C3b portions, 

the latter of which incorporates into the C4b2a complex to form C4b2a3b.  The addition of 
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C3b allows the C2a portion of the complex to bind to and cleave C5 into C5a and C5b.  

The presence of the C5b split product initiates the formation of the MAC, a polymerized 

protein structure on the surface of the pathogen marked for destruction.  C5b binds onto 

complement proteins C6, C7 in the fluid phase before anchoring into the cell membrane.  

C8 binds onto the C5b67 complex and begins polymerizing complement protein C9 into a 

pore in the membrane of the pathogen, thereby forming the MAC to bring about cell lysis.
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Figure 1.1 – Classical complement pathway.  The classical complement pathway begins with the binding of antibodies onto antigens present 

on the target cell surface.  The C1 complex assembles onto bound antigens, and begins cleavage and combination of C4 and C2 to form the 

C3 convertase.  Subsequent addition of portions of C3 forms the C5 complex, implementing C5b into the cell membrane.  Catalytic assembly of 

C6-C9 onto C5b on the cell surface forms the terminal complement complex, the membrane attack complex (MAC).   

Image retrieved June 22, 2013 from: http://www.twiv.tv/classical-complement.jpg  

http://www.twiv.tv/classical-complement.jpg%20retrieved%20June%2022
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1.4.2 – Complement split products enhance immune responses 

 In addition to forming the terminal MAC and causing lysis in cells bound with 

DSA, portions of the complement pathway have additional immunomodulatory properties.  

Complement split products C3a, C4a, and C5a, also known as anaphylatoxins, are potent 

pro-inflammatory proteins, capable of recruiting neutrophils to areas of complement 

activation (126).  Furthermore, split products C3a and C5a have additional functions to 

induce mast cell and basophil degranulation, and activate the expression of adhesion 

molecules of endothelial cells in blood vessels such as Pecam1 (40;58;68).  With the 

formation of chemotactic molecules together with the increase in adhesion molecules on 

the surface of endothelial cells, leukocytes in circulation migrate to the local area of 

cytokine release, and begin extravasation by first ‘rolling’ to a stop on endothelial cell 

surfaces by binding adhesion molecules, then penetrating through the capillary basement 

membrane between endothelial cells to infiltrate into the tissue (67;68) (Figure 1.2).  

Finally, split products C3a and C5a are also capable of inducing smooth muscle 

contraction and increasing the permeability of blood vasculature (45;126).  In this way, 

the split products generated from complement activation further enhance the immune 

response against antibody bound antigens by inducing causing inflammation and 

recruitment of effector cells out of circulation and into the targeted tissue. 
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Upregulated endothelial genes in human antibody-mediated rejection

Activating 

FcR

Figure 1.2 – Leukocyte adhesion and transmigration.  Expression of adhesion 

molecules (marked by stars) are upregulated in renal biopsies in humans with ABMR.  

This schematic from the BioCarta database depicts the interactions between 

leukocyte and endothelial adhesion molecules to facilitate the arrest and 

transmigration of nearby leukocytes. (http://www.biocarta.com/genes/index.asp)  (99) 

http://www.biocarta.com/genes/index.asp
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1.4.3 – Complement regulation 

Due to the potency and potential systemic effects that result from complement 

activation, the pathway itself is tightly regulated in order to prevent accidental activation 

and lysis of ‘self’ tissue.  Inhibitory proteins are positioned throughout the complement 

pathway in order to regulate the extent of complement activation as it progresses through 

the cascade.  There are several major locations in the complement pathway in which 

complement regulatory proteins typically act upon: the initial activation of the complement 

cascade beginning with C1 (such as C1-inhibitor protein), the cleavage and activation of 

C3 (such as membrane cofactor protein), the cleavage and activation of C5 (such as 

complement factor H-related 1), and the formation of the terminal complement complex, 

or MAC formation (such as cd59 protein) (131).  There is a high number and variety of C3 

convertase regulators, since the activated C3 complex is regarded as a catalyst for 

downstream complement activation, and it is also where all three forms of the 

complement cascade converge, where the classical pathway, lectin binding pathway, and 

alternative complement pathway all share common complement proteins.  Furthermore, 

the split products from activated complement proteins beginning at C3 (such as C3a, 

C4a, C5a) are potent immunomodulatory molecules; the activation of these pro-

inflammatory proteins at inappropriate times can lead to detrimental effects. For these 

reasons, complement regulation at C3 allows for the effective control at the ‘bottleneck’ of 

complement activation before the activated cascade becomes too difficult to manage.  In 

addition to the location of the complement pathway with which the regulator acts upon, 

there are two forms of regulators: membrane bound and secreted complement 

regulators.  There are 7 secreted complement regulators acting on the classical 

complement pathway: Carboxy-peptidase N, C4BP, C1q, C1INH, CFHR1, Clusterin, and 

Vitronectin (131), and 8 membrane bound complement regulators: CR1, CR2, CR3, CR4, 

CRIg, CD46, CD55, and CD59 (131).  Unlike the membrane bound complement 

regulators that act upon either C3 protein or the terminal C5b-9 complex, secreted 
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complement regulators tend to work in the early stages of complement activation, and 

therefore are specific to one of the three complement pathways (131).  In this way, the 

variety of complement proteins allows for the efficient control of complement activation to 

prevent inappropriate ‘self’ activation. 

1.4.4 – Detectable markers of complement activation 

 Since ABMR is driven primarily by the complement pathway, the detection of 

complement activation is important in determining the risk of ABMR which transplant 

patients face.  Originally observed by Feucht et al., complement split product C4d 

deposition in peritubular capillaries in biopsies of transplanted kidneys correlates well 

with impaired graft function (32;33).  From this finding came the development of C4d as a 

biomarker for complement activation and the onset of ABMR.  Complement C4d works 

well as a biomarker due to its behavior in patient biopsy samples.  After the complement 

pathway is activated and C4 protein is cleaved into C4a and C4b, where C4a is a fluid 

phase protein and C4b is deposited onto the endothelium in the vicinity where 

complement was activated.  C4b proteins eventually become converted into C4d, an inert 

molecule which covalently bind onto the endothelium, and can remain bound for roughly 

several days before being cleared (19;93).  C4d is easily visualized in biopsies by 

immunohistochemistry, and is a fairly specific test having low false positive results (13), 

with a few exceptions (46;73;102;103).  As such, it has since been incorporated as a 

diagnostic criterion in the Banff classification of ABMR.  However, despite the usefulness 

of this biomarker, there are shortcomings to using C4d deposition as an indicator for 

ABMR.  Exceptions to the high specificity of C4d typically occur in ABO blood group 

mismatched transplants, where fully functioning and uninjured grafts show diffuse C4d 

deposition (46;73).  Haas et al. has shown that 80% of protocol biopsies from kidneys 

maintaining long term function post-transplant are C4d positive. 
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In addition to the low specificity of C4d staining in ABO incompatible transplants, there 

are occasional patient cases of C4d negative ABMR, turning the C4d biomarker 

insensitive to certain situations of ABMR (102;103). 

 In addition to C4d as a marker for complement activation, we examine the 

presence of fluid phase complement C5a split product and complement C5b-9 as an 

indicator of the activation of the complement pathway to terminal MAC formation.  We 

utilize previously developed antibodies against C5a and C5b-9 to the application of 

enzyme linked immunoassays (ELISA) analysis for quantitative measurements.  In this 

way, we examine the presence of C4d as a histopathological marker, and C5a / C5b-9 as 

a fluid phase marker for complement activation. 

1.5 – Fc receptors 

 In addition to the activation of complement as a means to injure tissues in ABMR, 

antibodies bound onto target antigens can elicit inflammatory responses from the immune 

system.  The activation and recruitment of leukocytes can be triggered by pro-

inflammatory cytokines such as C3a, C4a, and C5a, but leukocytes can also directly 

interact with the Fc portions found on antibodies via Fc receptors found on the surface of 

the leukocyte. 

 Fc receptors exist in many different forms, each with different properties.  Fc 

receptors are classified into different groups based on the type of immunoglobulin that it 

interacts with.  Fc receptors interacting with IgA antibodies are termed Fc-alpha receptors 

(FcαR).  Those binding IgE antibodies are Fc-epsilon receptors (FcεR), while Fc-gamma 

receptors (FcγR) bind IgG.  IgM antibodies bind onto a specialized Fc-alpha/mu receptor 

(Fcα/μR) (14;89;122).  Furthermore, there are also neonatal forms of Fc receptors 

(FcRn), typically involved in the transfer of IgG from mother to fetus (92).  In this thesis, 

we only examine mouse FcγR and its effects on ABMR phenotypes.  
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Within the FcγR family, there are further classifications to identify receptors 

based on their downstream effects.  There are 4 forms of the mouse FcγR: FcγR1, 

FcγR2b, FcγR3, and FcγR4.  Their properties are described in Table 1.1 (14;122).  

Briefly, only FcγR2b is an inhibitory receptor, while all other Fcγ receptors activate their 

respective leukocytes to perform downstream effector abilities. 
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Fc receptor IgG recognition Activating / 
Inhibitory 

Relevant 
Distribution 

FcγR1 IgG2a 
IgG2b 
IgG3 

Activating Monocytes / 
Macrophages 
Neutrophils 

Dendritic Cells 

FcγR2b IgG1 
IgG2a 
IgG2b 

Inhibitory Monocytes / 
Macrophages 
Neutrophils 

Dendritic Cells 
Basophils 
Mast Cells 
Eosinophils 

FcγR3 IgG1 
IgG2a 
IgG2b 

Activating NK cells 
Monocytes / 

Macrophages 
Neutrophils 

Dendritic Cells 
Basophils 
Mast Cells 
Eosinophils 

FcγR4 IgG2a 
IgG2b 

Activating Monocytes / 
Macrophages 
Neutrophils 

 
 

   

Table 1.1 – Fc-gamma receptor properties.  Mouse Fc-gamma receptor ligands, 

effects, and distribution in mouse leukocytes. 
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1.6 – Cell types 

1.6.1 – NK Cells 

 With FcγR3 expressed on NK cells, one of the ways NK cells become activated 

is through Fc receptor interactions.  However, unlike other leukocytes whose general 

function is to induce inflammation when activated, NK cells carry out its effector functions 

by inducing apoptosis. 

 In addition to Fc receptor binding, NK cells also recognize cell surface antigens 

to become activated or inhibited, depending on which receptor is bound.  These 

receptors present on NK cells fall into one of two categories: activating or inhibitory 

receptors.  When these receptors bind onto ligands present on target cells, the NK cell 

becomes either inhibited or activated to inducing apoptosis to the target cell, depending 

on the balance and proportion of receptors bound from each category (65).  Both forms of 

NK cell receptors primarily recognize MHC class I molecules present on potential target 

cells. 

Inhibitory receptors such as the majority of the Ly49 family of receptors in mice 

(with exception to Ly49D and Ly49H in B6 mice) (64;65), or killer immunoglobulin-like 

receptors (KIR) associated with immunoreceptor tyrosine-based inhibitory motif (ITIM) 

adapters in humans, recognize antigens present on potential target cells that denote 

normal cell function, such as expression of normal self MHC I (107).  The binding of 

these antigens inhibit NK cell activation, thereby avoiding apoptosis and autoimmune 

reactions (107).  In contrast, activating receptors present on NK cells such as NKG2D 

bind onto stress-related antigens on cell surfaces such as MICA and MICB (112) in order 

to activate the NK cell to induce apoptosis in the bound target cell.  In instances where 

both inhibitory and activating receptors on NK cells are bound to ligands on potential 
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target cells, the overall activation status of the NK cell is dependent on the relative 

proportions of activating receptors versus inhibitory receptors bound.  From these 

findings, the NK cell “missing self-hypothesis” was developed to show that, in addition to 

binding activating receptors, NK cells can become activated when there is a lack of 

binding onto inhibitory receptors.  However, in situations where neither activating or 

inhibitory receptors are bound, such as  normal red blood cells that do not express MHC I 

molecules or activating surface antigens, NK cells experience an inhibitory effect to avoid 

autoimmune activation (65;107). 

When NK cells are activated to destroy a target cell, they do so by inducing the 

target cell to undergo apoptosis.  There are two primary methods by which NK cells 

achieve this: the Fas receptor / Fas ligand pathway, or the perforin / granzyme pathway.  

In the Fas receptor / Fas ligand pathway, NK cells induce increased expression of Fas 

receptor via secretion of interferon gamma.  Fas ligand present on the NK cell binds Fas 

receptors present on the target cell.  The binding of the receptor-ligand pair of these 

“death receptors” directly induce the apoptosis of the target cell.  The other method by 

which NK cells cause apoptosis in target cells is through the perforin / granzyme 

pathway.  When NK cells become activated, they can release perforin proteins in the 

proximity of cells targeted for apoptosis.  Perforin proteins interact with the cell 

membrane of the target cell to form pores within the membrane.  Following pore 

formation, granzyme release by NK cells enter the target cell, and induce the caspase 

cascade to activate the apoptosis pathway (107;117).  In addition to the activation of 

direct apoptotic cell death, NK cells can also enhance immune reactions with expression 

of cytokines such as interferon gamma and tumor necrosis alpha (15). 

1.6.2 – Monocytes / Macrophages / Neutrophils 

 Monocytes, macrophages and neutrophils are a part of the innate immune 

system, acting as phagocytes to engulf and remove pathogens from the bloodstream and 

body tissues.  These phagocytes also act as antigen presenting cells, digesting 
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phagocytized compounds into small peptide chains.  These cells then present the 

digested peptides onto MHC II molecules on their cell surface, in order to activate T 

helper cells.  Activation of T helper cells leads to the activation of B cells and T killer cells 

to react against the specific peptide antigen. 

 In the context of transplantation, these leukocytes not only can present donor 

derived peptides on their MHC II molecules, but also respond to cytokines such as 

activated complement components, in order to migrate to sites of complement activation 

to inflict further injury to antibody bound cells. 

1.7 – Gene microarray and gene expression 

analysis 

 Injury to transplanted kidney tissues due to ABMR have generally been 

diagnosed by histopathology, immunohistochemical staining, and markers of fluid phase 

DSA (85;86).  However, with the incorporation of gene expression analysis, it has been 

shown that certain forms of rejection-induced injury to transplanted tissues may not be 

detectable by conventional histopathological and biochemical analyses, such as in C4d-

negative ABMR (102;103).  Furthermore, utilizing gene expression signatures as a 

means of classifying diseases have not only revealed the heterogeneous nature of 

certain diseases (such as cancer) displaying similar phenotypes, but have also been 

used successfully as a predictor for disease outcome (6;91). 

 In this thesis, we examine not only the expression of individual genes, but we 

utilize previously established gene lists representing major biological processes in order 

to describe events occurring in ABMR.  These lists are based on mouse transplant 

experiments, human transplants, cell culture experiments, and literature-based.  Gene 

lists relevant to this thesis include: cytotoxic T lymphocyte-associated transcripts (26), 

interferon gamma associated transcripts (31), macrophage-associated transcripts (30), 
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injury and repair induced transcripts (30), renal transcripts (24), solute carriers (24), 

endothelial activation associated transcripts (103), and NK cell receptors based on 

literature (5;65;79;80).   

1.8 – Current animal models of antibody-mediated 

transplant rejection 

 There are currently several small animal models developed with the goal of 

reproducing ABMR disease phenotypes.  Fairchild et al. (78) studied heart transplants in 

mice mismatched on a single MHC I locus.  Hearts from wildtype C57BL/6 expressing H-

2
b
 antigens were heterotopically transplanted into the abdomens of transgenic C57BL/6 

mice with CCR5 gene knockout and expressing K
d
 antigens.  Donor specific antibodies 

were either generated in recipient C57BL/6 CCR5
-/-

 mice or injected via I.V.  DSA was 

generated by transplanting MHC I mismatched heart without eliminating T or B 

lymphocytes in recipients.  I.V. injections of DSA were done with either purchased 

monoclonal antibody, or injections of serum from sensitized mice.  This model shows little 

pathology as serum from sensitized mice was injected, and the pathology present 

represents a mixed TCMR and ABMR phenotype.  Pathology findings were also limited to 

gene expression changes and neutrophil recruitment. 

 Fairchild et al. (77) also developed a heterotopic cardiac transplant model 

between A/J mice donors (expressing H-2
a
) and C57BL/6RAG

-/-
 recipients (expressing H-

2
b
).  Donor specific antibodies were generated in C57BL/6 CCR5

-/-
 mice by 

transplantation of cardiac allograft from A/J mouse donors.  Serum from sensitized mice 

was injected into B6.RAG recipients of A/J cardiac allografts.  This model shows 

recruitment of neutrophils and macrophages into allograft tissue when sensitized serum 

was injected into the allograft recipient, but other accompanying ABMR lesions were not 

shown.  

 Reed et al. (60) heterotopically transplanted cardiac allografts from BALB/c mice 

expressing H-2
d
 antigens into B6.RAG

-/-
 mice expressing H-2

b
 antigens, thereby 



22 
 

establishing an MHC I mismatched allograft condition.  Donor specific antibodies were 

generated via hybridoma (HB-159) production of IgG antibodies specific against H-2K
d
 

antigens.  The use of B6.RAG
-/-

 recipients allows for the elimination of the production of 

TCMR, but the pathology presented in these animals are limited to smaller scale injury 

involving microvascular changes, with accompanying C4d deposition and gene 

expression changes. 

In primates, Colvin et al. (106) demonstrated chronic ABMR phenotypes in 

kidney transplant recipients treated with cyclosporine and whole body / thymic irradiation 

(to eliminate T cells).  Kidney transplants were performed heterotopically, and donor 

specific antibodies were generated in allograft recipients.  Severe chronic glomerulopathy 

showing duplication of glomerular basement membrane, C4d deposition, and glomerulitis 

was observed in this model.  However, as the model is developed in a primate model 

system, it is impractical to use when studying the mechanism of disease and potential 

interventions in the generation of ABMR pathology.  Colvin et al. also demonstrated 

antibody-mediated arteriopathy in a mouse model of ABMR in heart transplantation.  

Here, hearts from B10.BR mice expressing H-2
k
 antigens were transplanted 

heterotopically into B6.C3
-/-

RAG
-/-

 mice, and purchased monoclonal IgG1 and IgG2a 

antibodies were injected into recipient mice.  Although this model demonstrates 

proliferation of arteries in a chronic fashion, further ABMR pathology is not generated.   

Finally, Nadasdy et al. (12) have utilized pre-sensitization transplants in mice in 

order to elicit strong donor specific antibody generation.  In their model, skin from DBA/2 

mice expressing H-2
d
 antigens were first transplanted onto recipient C57BL/6 mice 

expressing H-2
b
 antigens to sensitize the recipients.  After sensitization, kidney 

transplants were performed, with depletion of CD8+ cells performed multiple times pre- 

and post- transplantation.  Graft rejection and renal dysfunction was demonstrated within 

11 days post-transplant, with mild and diffuse infiltration of mononuclear cells into the 

interstitial space, acute tubular necrosis, and peritubular capillary margination.  However, 
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despite the presence of histopathologic evidence for ABMR, there are also TCMR 

phenotypes shown in this model, such as interstitial inflammation, tubulitis, and 

endarteritis.  In this way, the model does not reflect a pure ABMR phenotype. 

1.9 - Thesis outline and objectives 

 Currently, there are no adequate small animal models of pure acute ABMR, 

hampering the study of this disease.  All current animal models either show mixed ABMR 

/ TCMR rejection or chronic ABMR rejection.  In this thesis, our main objective is to 

develop a mouse model demonstrating purely acute ABMR, without contamination of 

TCMR.  We aim to describe the role of both the complement pathway and inflammatory 

responses in the progression of injury in our animal model.  By comparing histopathology, 

gene expression and biochemical properties of our model to clinical observations in 

human patients with ABMR, we demonstrate potential mechanisms by which ABMR 

pathology progresses.   

With the establishment of a working animal model of ABMR, future studies can 

be performed to examine molecular signs of disease as a diagnostic, identify potential 

targets for disease intervention, which can eventually lead to drug development and 

discovery for the treatment of ABMR.   
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Chapter 2: Materials and Methods 

2.1 – General Materials and Methods 

Mice 

CBA/J (CBA) and B6.129S7-Rag1
tm1Mom

/J (B6.RAG1
-/-

) were purchased from 

Jackson Laboratories (Bar Harbor, ME) and colonies were established. Male mice 

between 15 and 25 weeks of age were used in all transplantation experiments. Mouse 

maintenance and experiments adhered to animal care protocols approved by the 

University of Alberta Health Sciences Animal Policy and Welfare Committee.  

Kidney transplantation 

We performed major histocompatibility complex-mismatched kidney 

transplantation by implanting kidneys from donor CBA mice (H-2
k
) into recipient 

B6.RAG1
-/-

 mice (H-2
b
) (abbreviated as B6.RAG), which lack mature T and B cells 

(Figure 2.1). In addition to MHC-mismatched kidney transplants, we performed MHC-

matched kidney transplantation (isograft) by implanting kidneys from donor CBA (H-2
k
) or 

B6.RAG (H-2
b
) mice into recipient CBA (H-2

k
) or B6.RAG (H-2

b
) mice, respectively.  The 

donor kidney was anastomosed heterotopically to the aorta, inferior vena cava and 

bladder on the right side, without removing the host’s left kidney (non-life supporting 

kidney transplantation) (Figure 2.1), as previously described (101).  Transplantation 

surgeries were performed by micro-surgeon Dr. Lin-Fu Zhu. 

In addition to non-life supporting transplants, we also performed life-supporting 

MHC mismatched transplants via the same method, but removed the host’s left kidney 

during surgery (Figure 2.1).  No immunosuppressive therapy was administered at any 

time during transplantation experiments. 
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Figure 2.1 – Kidney transplantation.  Kidneys from CBA/J strain mice are 

transplanted into the right side portion of recipient B6 strain mice.  Recipient B6 mice 

have a knockout in the Rag1 gene.  In non-life supporting transplants, the recipient’s 

left kidney remains intact.  In life-supporting transplants, recipient left kidney is 

removed 
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Generation of monoclonal DSA by growth of hybridoma cell lines via cell culture 

Hybridoma clones 16-1-2N, 15-1-5P, and AF3-12.1.3 were purchased from 

American Type Culture Collection (ATCC, Manassas, VA) and cultured according to the 

supplier’s directions. Lines were gradually adapted to 50 to 80 % serum free medium (BD 

Biosciences, Mississauga, ON  or Lonza Walkersville, Walkersville, MD ) in  a balance of 

RPMI (ATCC, Manassas, VA), L-glutamine (LifeTechnologies, Carlsbad, CA), penicillin 

and streptomycin (LifeTechnologies, Carlsbad, CA) with 10 to 15 % Ultra Low IgG Fetal 

Bovine Serum (LifeTechnologies, Carlsbad, CA).  Once counts reached 30 million viable 

cells these were transferred to the lower chamber of a CELLine Device (BD Biosciences, 

Mississauga, ON), and the appropriate serum free medium supplemented with L-

glutamine, penicillin and streptomycin, was added to the upper chamber. Flasks were 

placed in a humidified 37 °C incubator under 5 % CO2 with a balance of air and cultured 

for two weeks. Cells were harvested from the lower chamber, the supernatant was 

filtered through 0.45 μm then 0.22 μm syringe filters (Millipore, Tullagreen, Ireland), and 

filtrates stored at -75 °C. Monoclonal antibodies from thawed filtrates were purified using 

dedicated HiTrap columns and a MAb Trap Kit (GE Healthcare, Piscataway, NJ). Sterile 

filtered monoclonal antibodies were quantified on the NanoDrop (Thermo Scientific, 

Wilmington, DE) using the IgG settings, and stored at -75°C in appropriately sized 

aliquots until use.  

Generation of polyclonal DSA by mouse sensitization 

 B cell lymphoma clone CH1 T cell lymphoma clone BW5147.3 were purchased 

from American Type Culture Collection (ATCC, Manassas, VA) and cultured according to 

the supplier’s directions.  The cell lines were cultured for 7 days, and then cells were 

harvested.  1x10
7
 cells (5x10

6
 each of B cell and T cell lymphoma cells) were injected 

into wild-type C57BL/6 mice via I.P. injection, in combination with 25µL of Freund’s 

adjuvant (complete Freud’s adjuvant was used for the first injection.  Subsequent 

injections utilized Freund’s incomplete adjuvant) twice weekly.  Blood samples from 
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immunized mice were taken roughly every 30 days to determine donor reactivity in the 

mouse serum.  Donor reactivity was determined by flow cytometry, as described below.  

Once mice are successfully immunized, blood was collected, and donor specific IgG 

antibodies were isolated by purification in HiTrap Protein G columns (GE Healthcare, 

Piscataway, NJ). 

Detection of donor specific antibody reactivity by flow cytometry 

Circulating donor specific antibodies were tested for alloreactivity via flow 

cytometric crossmatch (60). Briefly, CBA spleens were homogenized and red blood cells 

removed with RBC lysis buffer (STEMCELL Technologies, Vancouver, BC).  1x10
6
 

splenocytes were first incubated with antibody to Cd16/32 (eBioscience, San Diego, CA) 

to block Fc receptors, followed by recipient serum, then Alexa-Fluor 488 conjugated anti-

mouse IgG antibody (Invitrogen, Burlington, ON). Cells were examined with a LSR II flow 

cytometer (BD biosciences, Mississauga, ON), gating on lymphocytes based on forward 

and side scatter, measuring the amount of anti-donor IgG antibodies bound on 

lymphocytes, and analyzed with FCS Express V3 (De Novo Software, Los Angeles, CA).  

MFI values were corrected against CBA splenocytes incubated with normal B6.RAG 

serum prior to staining with secondary fluorescent antibodies.  Resultant correct values 

are reported as median fluorescent intensity. 

Adoptive transfer of donor specific antibodies and injectables 

All transplant recipient mice were injected twice daily via subcutaneous (SC) 

injections with 500 µg of Ampicillin from day of transplant until day 6 post-transplant.  

Mouse IgG2a and IgG2b monoclonal antibodies that react with H-2K
k
 were produced as 

described above.  Clone 36-7-5, which is a mouse IgG1 isotype that reacts with H-2K
k
, 

was purchased (BioLegend, San Diego, CA).  B6.RAG mice which had received CBA 

donor kidneys were given injections of either: one injection of 100µg DSA (IgG2a) on day 

6 post-transplant, three injections of 300µg DSA (IgG2a) on days 5, 6, and 7 post-
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transplant, one injection of 750µg DSA (IgG2a) on day 6 post-transplant, two injections of 

2000µg DSA on days 6 and 7 post-transplant, or three injections of 3000µg (1000µg 

IgG1, 1000µg IgG2a, 1000µg IgG2b) DSA on days 5, 6, and 7 post-transplant.  DSA 

injections were administered by intraperitoneal injection (IP) with addition (in certain 

transplants) of 0.25mL rabbit complement injected SC daily from day 5 post-transplant to 

either day 7 post-transplant (in non-life supporting transplants), or until serum creatinine 

increased by 20% or more and was sustained over 2 days (in life-supporting transplants).  

Typical harvest days for life-supporting transplants fell within the range of approximately 

day 25 – 40 post-transplant. Sham control groups included B6.RAG mice which had 

received CBA kidneys with injections of either PBS or 3000µg mouse non-immune IgG 

(Alpha Diagnostic International , San Antonio, TX) by I.P. from day 5 to day of harvest.  

Control mice were day-matched with DSA treated experimental groups, and harvested on 

the same day as when the corresponding treated mouse showed sustained renal 

dysfunction.  In non-life supporting transplants, the left native kidney that remained in 

allograft recipients served as another group of controls. 
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Figure 2.2 – Adoptive transfer of DSA, injectables, and organ harvest.  Non-life 

supporting transplants were injected via I.P. with treatment or control injections on 

days 5, 6, and 7 post-transplant.  Organ harvest took place 6 hours after last injection.  

Life-supporting transplants were injected via I.P. with treatment or control injections 

daily from day 5 post-transplant, until graft dysfunction occurred.  Serum creatinine 

was measured (from tail vein blood) daily in mice with life supporting transplants from 

day of transplant to day of harvest.  Baseline serum creatinines were also measured 

prior to transplantation. 
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Graft Harvest 

For non-life supporting transplants, the kidneys, spleen and blood were 

harvested on day 7, 6 hours after the last injection.  For life-supporting transplants, the 

kidney, spleen, and blood were harvested when serum creatinine was elevated by more 

than 20% of baseline serum creatinine and the elevation was sustained over 2 days.  At 

time of harvest, kidney tissue was divided into three pieces: one piece was snap-frozen in 

liquid nitrogen and stored at −70
o
C, one piece formalin-fixed and paraffin embedded, one 

stored in 2% glutaraldehyde, and one piece embedded in Tissue-Tek® OCT compound 

(Sakura Finetek Inc., Torrence, CA), snap-frozen in liquid nitrogen, and stored at -70
o
C. 

Whole blood was incubated at room temperature for 30min, and then centrifuged at 

12,000 rpm to collect serum.  Serum aliquots were stored at −70
o
C. 

Quantitative Histopathology 

Paraffin embedded tissue sections (2 m) were stained with hematoxylin and eosin, and 

periodic acid-Schiff using standard techniques and assessed by two renal pathologists 

(Dr. Sufia Husain and Dr. Paula Blanco) who were blinded to experimental conditions. 

The histological features were semi-quantitatively  graded according to Banff renal 

allograft histology scoring criteria (100).  In addition to Banff scores, several injury 

features were quantitatively or semi-quantitatively scored: % cortical tubular cytoplasmic 

vacuolization, %  flattening/thinning of cortical tubular epithelium, % loss/thinning of 

cortical tubular brush border, % cortical tubules with granular casts, % cortical tubular 

necrosis, cortical PTC dilation, endothelial cell swelling etc. A detailed description of 

individual histopathology features and their scoring criteria are available in our laboratory. 

 

Data analysis 

Data analyses were performed using SPSS 19.0 statistical software package 

(SPSS Inc., Chicago, IL) and GeneSpring™ GX 7.3.1 (Agilent, Palo Alto, CA). The 
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differences between the experimental groups were investigated using t-test, Mann-

Whitney U test, Kruskal-Wallis, and ANOVA, where applicable. Microarray data analysis 

was done using Benjamini and Hochberg false discovery rate set at 0.05 as a multiple 

test correction: a corrected p-value of 0.05 signifies that 5% of the probe sets identified 

as significant at the 0.05 level will be false positives. The level of significance was set at 

p<0.05. 

Immunoperoxidase staining for C4d 

C4d was detected by immunoperoxidase staining of frozen kidney sections using 

a rat monoclonal antibody against mouse C4 that reacts with C4b/C4d (Clone 16D2; 

Abcam Inc., Cambridge, MA). Here, we will refer to the molecule stained by 16D2 as 

C4d, as previously reported in mice studies and human literature of C4d, because C4 is 

not cell bound and C4b is short-lived, with an in-vitro half-life measured in minutes (120). 

Negative control kidney sections were stained with purified rat isotype IgG2a (BD 

Biosciences, Mississauga, ON). ImmPRESS peroxidase-labeled anti-rat IgG (mouse 

adsorbed) (Vector Labs, Burlingame, CA) was applied as the secondary antibody and 

color developed using ImmPACT NovaRED peroxidase substrate (Vector Labs, 

Burlingame, CA). C4d staining in peritubular capillaries was scored as follows; diffuse 

(score-3: >50% of renal cortex that has a linear, circumferential staining in peritubular 

capillaries), focal  (score-2: 10-50%), minimal focal (score-1: 1-9%), and negative (score-

0: 0%) (100). The glomerular capillary loop staining was also assessed and recorded as 

absent or present. 

Immunohistochemistry staining and quantification 

Paraffin embedded tissue sections (2 m) were stained with hematoxylin and 

eosin, and periodic acid-Schiff and assessed by two renal pathologists. The histological 

features were graded according to Banff renal allograft histology scoring criteria (100). 
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To examine localization of cell recruitment, graft infiltrating leukocytes were 

labeled by double IHC stain, and are presently being quantitatively evaluated as a whole 

tissue digital slide by Definiens Tissue Studio analysis software (Definiens, Carlsbad, CA) 

Cleaved caspase 3 (Rabbit polyclonal anti-CC3, Asp175, Cell Signaling, Whitby, 

ON) immunohistochemistry was used to identify apoptotic cells. Biotinylated goat 

polyclonal anti-rabbit was applied as the secondary and the color developed with 

sequential addition of streptavidin HRP (BD Biosciences, Mississauga, ON) and the 

peroxidase substrate ImmPACT DAB (Vector Labs, Burlingame. CA).     

Numbers of Ly49G2+ and CC3+ cells were quantified in entire sample cortex.  

Total numbers were divided by total cortical area, and represented as # positive cells / 

mm
2
.  Cd68+ cells were quantified in 20 fields of view at 40X magnification.  Total cells 

were divided by area of 20 fields of view at 40X magnification, and represented as # 

positive cells / mm
2
.  

Quantification of C5a 

Freshly thawed serum samples were analyzed via ELISA to quantify complement 

split product C5a.  C5a in the harvested serum was quantified with Mouse Complement 

Component C5a DuoSet (R&D systems, Minneapolis, MN) ELISA kit.  

Gene expression by Microarrays 

RNA extraction, amplification, and hybridization to GeneChip Mouse Genome 

430 2.0 arrays (Affymetrix, Santa Clara, CA) were performed according to the Affymetrix
®
 

technical manual (www.affymetrix.com).  Microarray data were pooled into one batch and 

preprocessed using robust multi-chip averaging and implemented in GeneSpring™ GX 

7.3.1 (Agilent, Palo Alto, CA).  This nonspecific filtering step was used to remove genes 

with no or little variation across all samples. Microarray data were grouped according to 

experimental condition and compared between groups. 

http://www.affymetrix.com/
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Gene expression by Nanostring 

RNA from frozen kidney allograft samples were processed by Nanostring 

nCounter analysis.  Briefly, RNA was extracted by homogenizing tissue samples in 

Trizol® reagent (Life Technologies, Burlington, ON), and total RNA was obtained by 

chloroform extraction, via a modified version of manufacturer’s protocol.  Total RNA was 

purified with the QiAamp DNA Mini Kit (Qiagen, Toronto, ON).  RNA quality was 

confirmed via absorption spectra by NanoDrop 2000 (Thermo Scientific, Wilmington, DE).  

200ng of total RNA was analyzed with the nCounter Gene Expression assay (NanoString 

Technologies, Seattle, WA).  Gene expression of all samples was normalized as per 

manufacturer’s instructions. 

Measurement of kidney function by serum creatinine 

 Serum creatinine measurements were performed on mice who received a life-

supporting kidney allograft transplant.  Tail vein bleeds were performed on the mice daily, 

starting one day prior to transplantation.  50µL of whole blood was taken daily, and 

centrifuged to collect serum.  Serum creatinine was analyzed by the enzymatic Mouse 

Creatinine Assay Kit (Chrystal Chem, Downer’s Grove, IL) with slight modifications to the 

manufacturer’s instructions. 

Transmission electron microscopy 

Three kidneys collected at day 22 and day 24 after transplant with 

immunomorphological findings of ABMR (including diffuse PTC C4d staining and the 

characteristic light microscopic findings of capillary injury such as capillary dilatation, 

endothelial swelling, and small vessel microthrombus) were selected for ultrastructural 

examination.  Time matched mouse kidney allografts treated with non-immune IgG were 

served as controls.  Tissue from the renal cortex was cut into 1-mm cubes and 

immersion-fixed in 3% buffered glutaraldehyde immediately after euthanasia.  The 

tissues were routinely processed for electron microscopy using osmium tetroxide after 
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fixation, Epon embedding, and uranyl acetate and lead citrate contrasting.  Semi-thin 

sections were stained with toluidine blue and representative areas were selected for 

electron microscopy.  Ultrathin sections were examined with an H7650 transmission 

electron microscope (Hitachi, Japan).  Electron microscopic evaluation was performed to 

assess glomerular changes including the ultrastructure of glomerular endothelial cells, 

glomerular basement membrane, mesangium, podocytes, and peritubular capillaries 

including their lining endothelial cells, basement membrane multilayering, and 

microvascular thrombi. 

Quantification of C5b-9 

Freshly thawed serum samples were analyzed via ELISA to quantify complement 

split product C5b-9 levels.  C5b-9 in the harvested serum was quantified with Mouse 

C5b-9 ELISA Kit (Uscn Life Science Inc., Houston, TX) ELISA kit.  
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Chapter 3:  

Experimental results  
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3.1 –Activation of complement in the absence of 

C5a and C5b-9 formation is not associated with 

kidney allograft injury 

 3.1.1 - Overview 

ABMR of transplanted kidneys is a major problem in human patients, and it 

injures transplanted kidney tissues primarily through the complement pathway, directed 

against kidney microvascular endothelial cells (19).  The complement pathway, when fully 

activated, forms the membrane attack complex (MAC) composed of C5b-9 to cause cell 

lysis of endothelial cells bound with donor specific antibodies (DSA).  In addition to the 

lytic activity of the complement pathway, activated fluid phase complement split products 

C3a and C5a further enhance tissue injury by triggering additional immune reactions.  

C3a and C5a are potent pro-inflammatory chemotactic molecules that attract leukocytes 

to the allograft and induce allograft inflammation (126).  Furthermore, endothelial cells 

binding C3a and C5a molecules via complement receptors become activated 

themselves, which induce the expression and release of additional pro-inflammatory 

molecules (51;68).  This further increases leukocyte recruitment, platelet adherence, and 

vascular permeability. 

 Another complement split product C4d, derived from complement C4, has been 

developed into a biomarker to indicate the location of complement activation.  C4d 

covalently binds onto endothelium for several days when the complement pathway 

proceeds past C4, and therefore, the presence of this molecule denotes the previous 

activation of the complement pathway at that given location.   Since ABMR injury is 

regarded as primarily driven by the classical complement pathway, C4d is used for the 

detection of complement activation in kidney allograft tissues.   However, there are 

several limitations to the use of C4d as a biomarker.  Firstly, Haas et al. (46) and Fidler et 
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al.(34) showed that C4d deposition is not very specific for ABMR, as there was diffuse 

C4d in peritubular capillaries in the absence of graft pathology in 25-80% of ABO blood 

group incompatible renal allografts, where only 4-12% developed acute rejection.  

Furthermore, C4d deposition has been shown in 2% of stable kidney transplants in ABO 

blood group incompatible transplants with no signs of graft inflammation or injury.   

Although the occurrence of C4d positivity in the absence of graft injury has been 

documented, the basis for this phenomenon is largely unknown.  Here, we tested the 

hypothesis that antibody-induced activation of the complement pathway fails to produce 

allograft injury if the complement pathway does not proceed to terminal C5a and C5b-9 

formation.  We transplanted wild-type H-2k donor kidneys into T-cell/B-cell-null Rag1-/- 

H-2b recipients. The following doses of donor specific anti-class-I monoclonal antibodies 

with rabbit complement were transferred into transplant recipients: intraperitoneal 

injection of 100µg anti-H-2Kk IgG2a on day 6 post-transplant and harvesting of kidneys 

24 hours later, three injections of 1000µg anti-H-2Kk IgG2a plus 1000µg anti-H-2KkDk 

IgG2b plus 1000µg anti-H-2Kk IgG1 on days 5, 6, and 7 post-transplant and harvesting 

kidneys 6 hours after the last injection.  

Adoptive transfer of low dose donor specific anti-class-I antibodies into allograft 

recipients induced intragraft antibody deposition and diffuse C4d staining in peritubular 

capillaries, which were absent in control allograft and normal kidneys. C4d positive 

allografts following low dose antibody transfer showed normal histology and no molecular 

signs of injury, inflammation, or endothelial activation by expression microarrays. Also, 

there was no molecular evidence for acquired graft resistance to alloantibody 

(accommodation): no gene expression changes were present in C4d positive allografts 

following low dose antibody transfer. In contrast, C4d positive allografts following high 

dose antibody transfer showed acute microvascular endothelial and tubular injury and 

weak inflammation. Surprisingly, serum levels of distal complement effector products C5a 

and C5b-9 were significantly increased in mice with C4d positive allografts following high 
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dose antibody transfer, but not in mice with C4d positive allografts following low dose 

antibody transfer, control allograft recipient mice, and naïve mice. These data indicate 

that alloantibody-induced complement activation with C4d deposition does not produce 

allograft injury when distal complement effector products are not generated.
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Table 3.1 – Transplant and condition abbreviations applicable to section 3.1 

Donor Recipient Condition Treatment Abbrev. Day 
post tx 

N of 
mice 

CBA (H-2
k

) - Normal CBA kidney - NCBA - 29 
B6.RAG1

-/-

 

(H-2
b

) 
- Normal B6.RAG1

-/- 

kidney - NRAG - 5 

B6.RAG1
-/-

 

(H-2
b

) 
- Normal B6.RAG1

-/- 

kidney 
0.25mL rabbit complement / day, 3 day 

treatment  NRAG + C’ - 5 

CBA (H-2
k

) 
B6.RAG1KO 

(H-2
b

) 
Non-life supporting 
CBA/RAG allograft 

No treatment OR 0.2mL PBS / day, 3 
day treatment CBA/ B6.RAG allo NLS D7 8  

CBA (H-2
k

) 
B6.RAG1KO 

(H-2
b

) 
Non-life supporting 
CBA/RAG allograft 

0.25mL rabbit complement / day, 3 day 
treatment CBA/ B6.RAG allo + C’ NLS D7 5 

CBA (H-2
k

) 
B6.RAG1KO 

(H-2
b

) 
Non-life supporting 
CBA/RAG allograft 100µg DSA, 1 day treatment CBA/B6.RAG allo + 0.1mg 

NLS D7 15 

CBA (H-2
k

) 
B6.RAG1KO 

(H-2
b

) 
Non-life supporting 
CBA/RAG allograft 

100µg DSA + 0.25mL rabbit 
complement, 1 day treatment 

CBA/B6.RAG allo + 0.1mg + 
C’ NLS D7 5 

CBA (H-2
k

) 
B6.RAG1KO 

(H-2
b

) 
Non-life supporting 
CBA/RAG allograft 300µg DSA / day, 3 day treatment CBA/B6.RAG allo + 3x0.3mg 

NLS D7 10 

CBA (H-2
k

) 
B6.RAG1KO 

(H-2
b

) 
Non-life supporting 
CBA/RAG allograft 750µg DSA, 1 day treatment CBA/B6.RAG allo + 0.75mg 

NLS D7 3 

CBA (H-2
k

) 
B6.RAG1KO 

(H-2
b

) 
Non-life supporting 
CBA/RAG allograft 2000µg DSA / day, 3 day treatment CBA/B6.RAG allo + 3x2mg 

NLS D7 5 

CBA (H-2
k

) 
B6.RAG1KO 

(H-2
b

) 
Non-life supporting 
CBA/RAG allograft 3mg DSA / day, 3 day treatment CBA/B6.RAG allo + 3x3mg 

NLS D7 6 

CBA (H-2
k

) 
B6.RAG1KO 

(H-2
b

) 
Non-life supporting 
CBA/RAG allograft 

3mg DSA / day + 0.25mL rabbit 
complement / day, 3 day treatment 

CBA/B6.RAG allo + 3x3mg + 
C’ NLS D7 9 
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3.1.2 – Results 

Intraperitoneally transferred donor specific antibody successfully entered into 

circulation and was reactive for donor cells 

Since ABMR is driven primarily by the complement pathway, we utilized our 

mouse ABMR model generated earlier as a positive control for observable 

histopathology.  We tested our hypothesis using this model and examined whether or not 

the complement pathway can be partially activated, but without showing histopathological 

phenotypes. 

We adoptively transferred 100µg IgG2a anti-class I donor specific antibody into 

B6.RAG recipients with allografts by a single I.P. injection. To determine the 

effectiveness of antibody migration into the circulation from the intraperitoneal space, we 

used ELISA to measure serum IgG levels from tail vein bleeds 24 hours post I.P. 

injection. Serum IgG levels were significantly higher in B6.RAG recipients treated with 

antibody when compared to control B6.RAG recipients without antibody treatment (8.91 ± 

4.19 μg/mL versus 2.20 ± 0.47 μg/mL, respectively) (Figure 3.1a). Thus I.P. injected 

donor specific antibody successfully entered into the bloodstream of allograft recipients. 

To determine the ability of circulating donor specific antibody to bind onto donor 

cells, we performed a flow cytometric crossmatch: we incubated donor splenocytes with 

serum from B6.RAG recipients which received allografts and donor specific antibody. We 

found increased serum IgG bound on donor splenocytes in B6.RAG recipients treated 

with antibody when compared to control B6.RAG recipients without antibody treatment, 

confirming the reactivity of injected antibody against donor cells (Figure 3.1b).  

  



41 
 

  

M
e

d
ia

n
 F

lu
o

re
s

c
e

n
t 

In
te

n
s

it
y

0

50

100

150

200

p=0.024

C
o

n
c
e

n
tr

a
ti

o
n

 o
f 

s
e

ru
m

 I
g

G

(μ
g

/m
L

)

0

5

10

15

p=0.011
A B

Figure 3.1 – Injected DSA successfully enters circulation.  (A) By ELISA, 

significantly (p=0.011) higher levels of fluid phase IgG is present in DSA treated 

allografts compared to allograft controls.  (B) By flow cytometry, serum of 0.1mg DSA 

treated allograft recipients contains IgG with significantly (p=0.024) higher levels of 

reactivity to donor strain splenocytes.  Values are represented as mean ± SD.  

Significance in differential serum levels of C5a or donor reactivity determined by 

Mann-Whitney U-test. 
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Adoptive transfer of 100µg donor specific antibody did not induce 

histopathological signs of allograft rejection 

Microscopic sections of kidneys were assessed using international the 

consensus Banff scoring system for histopathological signs of rejection and injury in the 

transplanted graft tissue (Table 3.2, Figure 3.2). Wild-type CBA (H-2
k
) donor kidneys 

transplanted into T-cell/B-cell-null B6.RAG (H-2
b
)
 
recipients were not rejected and did not 

show inflammatory cell infiltration and parenchymal injury when compared to normal CBA 

kidneys and left native kidneys of B6.RAG recipients with allografts (Figure 3.2a and 

3.2d).  

In contrast to our expectations, CBA allografts in B6.RAG recipients which were 

transferred with 100µg anti-class I donor specific antibody (with and without rabbit 

complement) did not show histological signs of rejection: there was no increased 

inflammation in any histological compartment including the microcirculation and no signs 

of microvascular endothelial changes (swelling, denudation, apoptosis, capillary 

congestion) or acute tubular injury (Figure 3.2g and 3.2j).  

Thus, a single dose of donor specific antibody transfer did not induce 

histologically detectable intragraft inflammation and injury. 

Adoptive transfer of 100µg donor specific antibody triggered diffuse C4d 

deposition in peritubular capillaries 

To assess whether 100µg of transferred donor specific antibody acted on donor 

antigens and caused complement activation, we determined intragraft C4d deposition by 

immunostaining, which is an in-situ tissue biomarker of classical complement activation 

triggered by tissue bound antibody (18). The C4d staining results are illustrated in Figure 

3.2 b, e, h, and k.  

We observed diffuse linear C4d staining of peritubular capillaries in allografts of 

donor specific antibody treated (with or without rabbit complement) recipients (Figure 
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3.2h 3.2k, and Table 3.2). In contrast, left native kidneys of mice which received donor 

specific antibody, control allografts without antibody treatment, and normal kidneys were 

negative for C4d staining in peritubular capillaries (Figure 3.2b, 3.2e, and Table 3.2). 

We also assessed glomerular C4d staining. Antibody treated allografts with 

peritubular capillary C4d staining also showed diffuse glomerular capillary and mesangial 

staining. However, glomerular staining was also seen in all control kidneys (normal or 

allograft), mainly as a mesangial staining heavily expanding into the glomerular 

capillaries. Therefore, we did not detect differences in glomerular C4d staining between 

antibody treated allografts and controls. Other renal histological compartments (tubules 

and larger vessels) did not show C4d staining. 

In summary, donor specific antibody transfer induced C4d deposition in 

peritubular capillaries of allografts.   

Intragraft accumulation of donor specific antibody 

To assess whether 100µg of I.P. injected donor specific antibody entered into the 

kidney allograft, we performed IgG immunostaining. The intrarenal IgG staining results 

are illustrated in Figure 3.2 c, e, i, and l.  

Allograft kidneys in B6.RAG recipients transferred with donor specific antibody 

(with or without rabbit complement) (Figure 3.2i and 3.2l) showed intragraft accumulation 

of IgG in peritubular interstitium including peritubular capillary walls and basolateral 

aspects of the tubular epithelial cells, confirming entry of transferred alloantibody from the 

circulation into the allograft tissue. In contrast, control allografts without antibody 

treatment, left native kidneys from the allograft recipients, and normal donor kidneys were 

negative for IgG staining (Figure 3.2c and 3.2f). 

Thus, intraperitoneally transferred donor specific antibody had accumulated in 

the transplanted donor kidneys and this was accompanied by C4d deposition along 

peritubular capillaries.  
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Histology scores NCBA CBA/B6.RAG allo NLS CBA/B6.RAG allo + 
0.1mg NLS 

CBA/B6.RAG allo + 
0.1mg + C’ NLS 

 Native Allo Native Allo Native Allo Native 

C4d staining (score) 0.0 ± 0.0 0.0 ± 0.0 NA 3.0 ± 0.0 0.0 ± 0.0 2.0 ± 0.0 0.0 ± 0.0 

Capillary endothelial swelling (score) 0.0 ± 0.0 0.3 ± 0.5 0.0 ± 0.0 0.3 ± 0.5 0.1 ± 0.3 0.0 ± 0.0 0.0 ± 0.0 

Capillary dilation (score) 0.0 ± 0.0 1.6 ± 1.4 0.6 ± 0.5 0.7 ± 0.6 0.1 ± 0.3 0.4 ± 0.5 0.0 ± 0.0 

% Capillaritis 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.3 ± 1.3 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Glomerulitis (score) 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Peritubular capillaritis (score) 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Tubulitis (score) 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Tubular atrophy (score) 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

% Tubular cytoplasmic vacuolation 0.0 ± 0.0 12.9 ± 13.5 0.7 ± 1.9 15.3 ± 11.4 4.0 ± 10.2 7.0 ± 2.7 0.0 ± 0.0 

% Necrotic tubules 0.0 ± 0.0 0.0 ± 0.1 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

% Tubular epithelial flattening 0.0 ± 0.0 8.6 ± 6.3 0.7 ± 1.9 12.7 ± 11.3 2.0 ± 7.7 6.0 ± 2.2 0.0 ± 0.0 

Transplant glomerulopathy (score) 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Interstitial inflammation (score) 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Interstitial fibrosis (score) 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Intimal arteritis (score) 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Arterial fibrous intimal thickening (score) 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Arteriolar hyalinosis (score) 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

% Global glomerular sclerosis 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Table 3.2 – 0.1mg DSA treatment in allograft recipients does not result in development of pathological lesions.  Kidney hematoxylin & 

eosin slides were scored for histopathology based on consensus Banff scoring criteria.  Each kidney was given a score from 0-3 for each 

lesion.  No histopathological lesions were seen in any of the kidneys, with the only exception of C4d deposition in 0.1mg DSA treated allograft 

recipients.  Values are represented as mean ± SD. 
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Figure 3.2 – No pathological lesions present in DSA treated allograft recipients 

despite presence of IgG and C4d.  A-C: Normal CBA kidneys from naïve mice show 

(A) normal histology, (B) no staining for C4d in peritubular capillaries, and (C) no 

staining for IgG D-F: CBA/B6.RAG allografts with no antibody treatment show (D) 

normal histology, (E) no staining for C4d in peritubular capillaries, and (F) no staining 

for IgG.  G-I: CBA/B6.RAG allografts with donor specific antibody treatment show (G) 

normal histology, *H) diffuse C4d staining in peritubular capillaries, and (I) IgG 

staining in peritubular interstitium including peritubular capillary walls and basolateral 

aspects of tubular epithelial cells.  J-L: CBA/B6.RAG allografts treated with donor 

specific antibody plus rabbit complement show (J) normal histology, (K) diffuse C4d 

staining in peritubular capillaries, and (L) IgG staining. (Hematoxylin and eosin or 

immunoperoxidase, original magnification x600 or x400) 
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Lack of distal effector complement C5a activation in recipients with C4d positive 

allografts treated with 100µg DSA 

Because intragraft C4d deposition was not accompanied by graft inflammation, 

we asked if potent chemoattractant complement effectors i.e., C5a that recruit 

inflammatory cells were generated. To determine whether initiation of complement 

activation induced by bound antibody was amplified and progressed to generation of 

bioactive complement effector fragments, we measured distal complement effector 

product C5a in serum by ELISA.  

As we predicted, complement split product C5a levels were not increased in sera 

from 100µg donor specific antibody treated B6.RAG recipients with C4d positive 

allografts when compared to baseline levels in sera of naïve B6.RAG mice and control 

B6.RAG recipients with C4d negative allografts and no donor specific antibody treatment 

(Figure 3.3). 

Thus, bound antibody induced initiation of complement activation (as indicated by 

intragraft C4d staining) but this process did not progress to distal stages of the 

complement cascade and terminated prior to the conversion of C5 to C5a and C5b. 
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Figure 3.3 – No increase in fluid phase C5a after treating allograft recipients 

with 0.1mg DSA.  By ELISA, serum collected at time of allograft harvest was 

analyzed for fluid phase C5a.  No significant differences (denoted by ns, not 

significant, p>0.05) in C5a levels were detected between DSA treated allograft 

recipients and allograft controls or normal kidney controls.  Values are presented as 

mean ± SEM.  Significance of differential expression was determined by Kruskal-

Wallis one-way analysis of variance.   
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Lack of molecular signs of inflammation and injury in C4d positive allografts 

We questioned whether some C5a was generated in C4d positive allograft 

tissues without increasing serum C5a levels. We reasoned if C5a was locally generated 

in C4d positive allograft tissues, this would change intragraft expression of downstream 

molecules inducible by C5a.  

First, we examined intragraft expression of pro-inflammatory cytokines (Il1, Ifng, 

Tnf, Il6, Ccl2, Ccl5, Ifng) some of which are shown to be inducible by C5a (55;95) and 

C5a-inducible endothelial adhesion/activation molecules (Icam1, Icam2, Pecam1, Selp, 

Sele, Vwf) (4;43;49).  As illustrated in Figures 3.4a and 3.4b, intragraft expression of pro-

inflammatory cytokine and endothelial adhesion/activation transcripts was not increased 

in C4d positive allografts in recipients with donor specific antibody treatment (with or 

without rabbit complement) when compared to C4d negative allografts in untreated 

recipients.   

 As an additional method of measuring allograft inflammation and injury, we 

examined expression of transcript sets representing intragraft interferon-gamma effects, 

macrophage-, NK cell-, and endothelial cell-associated transcripts, and kidney 

parenchymal transcripts among groups. By expression microarrays, we found no 

molecular signs of injury, inflammation, and endothelial activation in C4d positive 

allografts compared to control allografts (Figure 3.4c). Class comparison analyses using 

individual transcripts in each transcript set also did not reveal significant differences 

between C4d positive and control allografts (p>0.05). 
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Intragraft parenchymal and 

inflammatory expression profiles

CBA/B6.RAG allo NLS

CBA/B6.RAG allo + 0.1mg NLS

CBA/B6.RAG allo + 0.1mg + C’ NLS

Figure 3.4 – No differences in expression of cytokine, inflammatory, or 

endothelial activation between DSA treated and untreated controls / normal 

kidney controls.  Allografts treated with 0.1mg DSA (with or without rabbit 

complement) do not show significantly different expression (denoted by ns, not 

significant, p>0.05) compared to untreated allograft controls in any cytokine (A), 

endothelial activation (B), or inflammatory (C) gene sets.  Mann-Whitney U-tests were 

performed between: i) 0.1mg treated allografts with rabbit complement and allograft 

controls, and ii) 0.1mg treated allografts without rabbit complement and allograft 

controls.  Values are represented as raw microarray expression signals ± SEM, in 

log2 form. 
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No molecular evidence for acquired graft resistance to alloantibody 

(accommodation) in C4d positive allografts 

Because C4d deposition in allografts was not accompanied by inflammation and 

injury, we asked if C4d positive allografts were protected against injurious effects of 

bound donor specific antibody and activation of complement. 

To determine if termination of the complement activation prior to the conversion 

of C5 to C5a and C5b was due to heightened resistance of allografts to complement by 

improved complement control, we studied intragraft gene expression of complement 

regulators. By microarrays, intragraft transcript expression of membrane-bound (Cd59a, 

Cr1l, Cd46, Daf1, Daf2, Cr2) and secreted (C4bp, Cfh, Cfi, Serping1) complement 

regulators was not increased in C4d positive kidney allografts when compared to C4d 

negative allografts and normal kidneys (Figure 3.5). Thus, C4d positive allografts did not 

show increased ability to control complement compared to control kidneys.  

To examine whether lack of tissue injury in C4d positive allografts was due to a 

protective molecular phenotype, we studied large scale intragraft gene expression 

profiles in C4d positive allografts and compared them to controls. First, we checked 

cytoprotective and survival genes that were previously associated with accommodation of 

experimental xenografts and some allografts in patients. Transcript levels of survival 

genes bcl2 and bcl2l1, cytoprotective gene heme-oxygenase (hmox1), and tumor 

necrosis factor-alpha induced protein 3 (tnfaip3, also known as A20), denoted in literature 

to be associated with graft accommodation (59;62;130) were not different between C4d 

positive allografts exposed to donor specific antibody and control allografts with no C4d 

deposition and antibody treatment (Figure 3.6).  Furthermore, a class-comparison 

analysis using genome-wide transcript expression profiles, did not reveal any 

differentially expressed genes between C4d positive allografts with antibody treatment 

and control allografts with no C4d deposition and antibody treatment (corrected p>0.05). 
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Thus, C4d positive allografts did not show a modified protective molecular phenotype 

compared to control kidneys.  
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Figure 3.5 – No increases in expression of complement regulators in C4d positive DSA-treated allograft recipients compared to 

allograft controls.  By microarray, allograft recipients treated with 0.1mg DSA with or without rabbit complement do not show significantly 

different expression (denoted by ns, not significant, p>0.05) of complement regulatory proteins compared to allograft controls.  Mann-Whitney 

U-tests were performed between: i) 0.1mg treated allografts with rabbit complement and allograft controls, and ii) 0.1mg treated allografts 

without rabbit complement and allograft controls.  Values are represented as raw microarray expression signals ± SEM, in log2 form. 
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Figure 3.6 – No increases in expression of cytoprotective ‘accommodation’ genes in DSA treated allografts (with or without rabbit 

complement) compared to allograft controls.  Kidneys from 0.1mg DSA treated allografts (with or without rabbit complement) do not show 

significantly different expression (denoted by ns, not significant, p>0.05) in any of the pre-selected genes (Bcl2, Bcl2l1, Hmox1, and Tnfaip3) 

associated with accommodation.  Mann-Whitney U-tests were performed between: i) 0.1mg treated allografts with rabbit complement and 

allograft controls, and ii) 0.1mg treated allografts without rabbit complement and allograft controls.  Values are represented as raw microarray 

expression signals ± SEM, in log2 form. 
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Serum C5a increases with DSA dosage 

 In addition to one injection of low dose 100µg DSA to allograft recipients, we 

examined the serum C5a levels and pathology of allograft recipients treated with 

increasing dosages of monoclonal DSA.  We hypothesized that increasing DSA dosages 

further enhances complement activation to the point of achieving the terminal 

complement effectors C5a and C5b-9, thereby causing injury to transplanted tissue. 

 By ELISA, multiple injections of high dose consisting of 3000µg DSA induced a 

significant (p=0.014 and p=0.021) increase in serum C5a levels.  We found a roughly 10 

and 20 fold increase in serum C5a concentration (25ng/mL vs. 273ng/mL and 580ng/mL) 

between recipients of low dose 100µg DSA injections compared with high dose 3000µg, 

or 3000µg DSA with added rabbit complement injections, respectively.  Medium doses of 

DSA (multiple injections of 300µg, single injection of 750µg, or multiple injections of 

2000µg) did not show significant increases in serum C5a levels compared to low dose 

100µg DSA injections or untreated allograft controls. 
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Figure 3.7 – Serum C5a levels increase with increasing DSA treatment dosage.  

By ELISA, serum samples from allograft recipients treated with varying dosages of 

DSA was measured and compared to allograft controls or normal B6.RAG kidneys.  

Fluid phase C5a levels in each condition were compared to allograft controls by 

Mann-Whitney U-test.  No significant increases (denoted by ns, not significant, 

p>0.05) of serum C5a was measured in majority of DSA dosages.  Only allograft 

recipients treated with 3 doses of 3mg DSA (with or without rabbit complement) 

showed significant differences to allograft controls (p=0.014 and p=0.021, 

respectively).  Values are represented as mean ± SEM. 
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Pathology correlated with DSA dosage 

 We examined pathology generated in allograft tissues treated with increasing 

dosages of DSA.  We hypothesized that a greater activation of terminal portions of the 

complement pathway (generation of C5a and C5b-9) increases observable pathology by 

conventional histopathological stains.  Kidneys were scored based on Banff diagnostic 

criteria, and conditions were compared between treatment conditions.  Pathology was 

examined as a function of DSA dosage, and was evaluated by determining correlativity.  

Untreated allografts and left kidneys were used as controls. 

 By quantitative pathology, we found significant correlation between increasing 

DSA dosage to increasing degree of pathology in acute tubular injury (tubular 

cytoplasmic vacuolization, epithelial cell flattening and tubular epithelial cell necrosis and 

acute microvascular injury (capillary endothelial swelling, capillary dilatation).  However, 

we found only minimal inflammation of capillaries in all allograft tissues; no correlation 

between capillaritis and DSA dosage could be found (Figure 3.8). 
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Figure 3.8 – Correlation between acute allograft injury and DSA treatment dosage.  Histopathological lesions were scored in allografts 

treated with varying DSA dosages.  Significant correlativity between histopathology and DSA dose (p<0.05) was seen in acute graft injury 

lesions, but no significant correlation exists between DSA dose and inflammation (p>0.05). 
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Table 3.3 - Histopathology in kidneys of normal mouse CBA/J and C57BL/6 strain controls 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Histology scores NCBA NRAG 

 Native Native 

C4d staining (score) 0.0 ± 0.0 0.0 ± 0.0 

Capillary endothelial swelling (score) 0.0 ± 0.0 0.0 ± 0.0 

Capillary dilation (score) 0.0 ± 0.0 0.0 ± 0.0 

% Capillaritis 0.0 ± 0.0 0.0 ± 0.0 

Glomerulitis (score) 0.0 ± 0.0 0.0 ± 0.0 

Peritubular capillaritis (score) 0.0 ± 0.0 0.0 ± 0.0 

Tubulitis (score) 0.0 ± 0.0 0.0 ± 0.0 

Tubular atrophy (score) 0.0 ± 0.0 0.0 ± 0.0 

% Tubular cytoplasmic vacuolation 0.0 ± 0.0 0.0 ± 0.0 

% Necrotic tubules 0.0 ± 0.0 0.0 ± 0.0 

% Tubular epithelial flattening 0.0 ± 0.0 0.0 ± 0.0 

Transplant glomerulopathy (score) 0.0 ± 0.0 0.0 ± 0.0 

Interstitial inflammation (score) 0.0 ± 0.0 0.0 ± 0.0 

Interstitial fibrosis (score) 0.0 ± 0.0 0.0 ± 0.0 

Intimal arteritis (score) 0.0 ± 0.0 0.0 ± 0.0 

Arterial fibrous intimal thickening (score) 0.0 ± 0.0 0.0 ± 0.0 

Arteriolar hyalinosis (score) 0.0 ± 0.0 0.0 ± 0.0 

% Global glomerular sclerosis 0.0 ± 0.0 0.0 ± 0.0 
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Histology scores CBA/B6.RAG allo + PBS NLS CBA/B6.RAG allo + C’ NLS 

 Allo Native Allo Native 

C4d staining (score) 0.0 ± 0.0 NA 0.0 ± 0.0 NA 

Capillary endothelial swelling (score) 0.3 ± 0.5 0.0 ± 0.0 0.6 ± 0.5 0.0 ± 0.0 

Capillary dilation (score) 1.6 ± 1.4 0.6 ± 0.5 0.8 ± 0.4 0.0 ± 0.0 

% Capillaritis 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Glomerulitis (score) 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Peritubular capillaritis (score) 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Tubulitis (score) 0.3 ± 0.5 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Tubular atrophy (score) 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

% Tubular cytoplasmic vacuolation 12.9 ± 13.5 0.7 ± 1.9 21.0 ± 18.8 0.0 ± 0.0 

% Necrotic tubules 0.0 ± 0.1 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

% Tubular epithelial flattening 8.6 ± 6.3 0.7 ± 1.9 25.0 ± 26.9 0.0 ± 0.0 

Transplant glomerulopathy (score) 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Interstitial inflammation (score) 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Interstitial fibrosis (score) 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Intimal arteritis (score) 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Arterial fibrous intimal thickening (score) 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Arteriolar hyalinosis (score) 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

% Global glomerular sclerosis 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Table 3.4 - Histopathology findings in early allograft and native kidneys of mice undergoing non-life supporting kidney transplantation 

treated with control injections 
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Table 3.5 - Histopathology findings in early allograft and native kidneys of mice undergoing non-life supporting kidney transplantation 

treated with donor specific antibodies.  Histopathology was compared to allografts with control PBS injections or control complement 

injections (* and † denote p<0.05 when compared to allografts treated with PBS control or complement control injection, respectively.) 

 

 

 

 

 

 

Histology 
scores 

CBA/B6.RAG 
allo + 0.1mg 

NLS 

CBA/B6.RAG 
allo + 0.1mg + 

C’ NLS 

CBA/B6.RAG 
allo + 3x0.3mg 

NLS 

CBA/B6.RAG 
allo + 0.75mg 

NLS 

CBA/B6.RAG 
allo + 3x2mg 

NLS 

CBA/B6.RAG 
allo + 3x3mg + 

C’ NLS 

 Allo Native Allo Native Allo Native Allo Native Allo Native Allo Native 

C4d staining 
(score) 

*†3.0 ± 
0.0 

NA *†2.0 ± 
0.0 

NA *†3.0 ± 
0.0 

NA *†2.0 ± 
1.7 

NA *†3.0 ± 
0.0 

NA *†3.0 ± 
0.0 

NA 

Capillary 
endothelial 

swelling (score) 

0.3 
±0.5 

0.1 
±0.3 

0.0 
±0.0 

0.0 
±0.0 

0.6 
±0.5 

0.0 
±0.0 

*1.0 
±0.0 

0.0 
±0.0 

*1.0 
±0.0 

0.0 
±0.0 

*†1.0 
±0.0 

0.0 
±0.0 

Capillary dilation 
(score) 

0.7 
±0.6 

0.1 
±0.3 

0.4 
±0.5 

0.0 
±0.0 

†2.2 
±0.4 

0.8 
±0.4 

†2.0 
±0.0 

0.3 
±0.6 

†2.6 
±0.5 

0.4 
±0.5 

†2.3 
±0.7 

0.5 
±0.7 

% Capillaritis 0.3 
±1.3 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

5.0 
±8.7 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

1.1 
±2.2 

0.0 
±0.0 

Glomerulitis 
(score) 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

Peritubular 
capillaritis 

(score) 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.3 
±0.6 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

Tubulitis (score) 0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.1 
±0.3 

0.0 
±0.0 

Tubular atrophy 
(score) 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

…table 3.5 continued on next page 
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…table 3.5 continued 

Histology 
scores 

CBA/B6.RAG 
allo + 0.1mg 

NLS 

CBA/B6.RAG 
allo + 0.1mg + C’ 

NLS 

CBA/B6.RAG 
allo + 3x0.3mg 

NLS 

CBA/B6.RAG 
allo + 0.75mg 

NLS 

CBA/B6.RAG 
allo + 3x2mg 

NLS 

CBA/B6.RAG 
allo + 3x3mg + 

C’ NLS 

 Allo Native Allo Native Allo Native Allo Native Allo Native Allo Native 

% Tubular 
cytoplasmic 
vacuolation 

15.3 
±11.4 

4.0 
±10.2 

7.0 
±2.7 

0.0 
±0.0 

*32.5 
±20.6 

3.0 
±2.6 

*26.3 
±7.1 

0.0 
±0.0 

*40.0 
±18.7 

3.0 
±2.7 

*42.7 
±27.2 

1.2 
±2.9 

% Necrotic 
tubules 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.3 
±0.7 

0.0 
±0.0 

% Tubular 
epithelial 
flattening 

12.7 
±11.3 

2.0 
±7.7 

6.0 
±2.2 

0.0 
±0.0 

*25.0 
±13.7 

3.0 
±2.6 

*31.7 
±24.7 

0.9 
±1.5 

*24.0 
±12.4 

3.0 
±2.7 

*29.0 
±15.1 

0.5 
±1.3 

Transplant 
glomerulopathy 

(score) 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

Interstitial 
inflammation 

(score) 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

Interstitial fibrosis 
(score) 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

Intimal arteritis 
(score) 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

Arterial fibrous 
intimal thickening 

(score) 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

…table 3.5 continued on next page 
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…table 3.5 continued 

Histology 
scores 

CBA/B6.RAG 
allo + 0.1mg 

NLS 

CBA/B6.RAG 
allo + 0.1mg + 

C’ NLS 

CBA/B6.RAG 
allo + 3x0.3mg 

NLS 

CBA/B6.RAG 
allo + 0.75mg 

NLS 

CBA/B6.RAG 
allo + 3x2mg 

NLS 

CBA/B6.RAG 
allo + 3x3mg + 

C’ NLS 

 Allo Native Allo Native Allo Native Allo Native Allo Native Allo Native 

Arteriolar 
hyalinosis (score) 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

% Global 
glomerular 
sclerosis 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 

0.0 
±0.0 
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3.2 – A mouse model that reproduces human acute 

antibody-mediated kidney transplant rejection 

3.2.1 - Overview 

Despite immunosuppression regimes for human kidney transplant patients, 

antibody-mediated rejection of transplanted kidney grafts remains a major problem.  The 

mechanisms of ABMR are not well understood, mainly due to the lack of a small animal 

model of this disease reproducing the same pathological features as those found in 

human ABMR patients (87).  The absence of a satisfactory animal model of ABMR is 

primarily due to the nature of kidney allograft rejection.  Typical rejection in human 

patients is a mix between ABMR and T cell-mediated rejection (TCMR).  With the 

exception of hyperacute ABMR, acute TCMR usually elicits allograft injury and rejection 

in the same timeframe to the development of ABMR phenotypes.  In this way, TCMR 

phenotypes tend to mask ABMR phenotypes in rejecting kidneys. 

In order to avoid TCMR phenotypes in a histocompatibility complex-mismatched 

kidney transplantation model, we transplanted kidneys from male CBA/J mice (H-2k: Kk, 

Dk, I-Ak) into male B6.Rag1 knock-out mice (H-2b: Kb, Db, I-Ab) which lack T-cells and 

B-cells.  To induce allograft injury, we adoptively transferred 3000µg monoclonal donor 

specific IgG antibodies into B6.Rag1 knock-out kidney allograft recipient mice via I.P. 

injections.  Injections were performed from day 5 post-transplant until day of harvest.  

Kidneys from allograft recipients were harvested either on day 7 post-transplant (in non-

life-supporting transplants) or when serum creatinine rises above 20% of baseline, 

sustained over 2 days (in life-supporting transplants).  Controls included kidney allografts 

in recipients which were treated with PBS or non-immune IgG.  Control allografts were 

harvested on the same day post-transplant as recipient allografts treated with DSA. 
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Treatment with DSA induced the activation of the complement pathway to 

terminal C5a and C5b-9 MAC generation, while inducing acute microvascular endothelial 

and tubular injury, as evidenced by traditional histopathology and transmission electron 

microscopy.  Injury to kidney allografts also induces renal dysfunction in life-supporting 

transplants at later time points (i.e. past D20 post-transplant).  By gene expression 

analysis, DSA treatment to allograft recipients also induces the expression of endothelial 

adhesion molecules, denoting the activation of the microvascular endothelium.  However, 

despite the presence of endothelial and tubular injury, minimal inflammation was 

detected. 

In this section, we establish a working mouse model of ABMR, showing acute 

injury phenotypes mimicking those seen in human patients. 
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Table 3.6 – Transplant and condition abbreviations applicable to section 3.2 

Donor  Recipient  Condition  Treatment  Abbrev.  
Day post 

tx  
N of 
mice  

B6.RAG1
-/-

 

(H-2
b

)  
-  Normal B6.RAG1

-/- 

kidney  
-  NRAG -  5  

B6.RAG1
-/-

 

(H-2
b

)  
-  Normal B6.RAG1

-/- 

kidney  

0.25mL rabbit complement / day, 
3 day treatment  

NRAG + C’ -  5 

CBA (H-2
k

)  
B6.RAG1KO 

(H-2
b

)  

Non-life supporting 

CBA/RAG allograft  

No treatment, OR 

0.2mL PBS / day, 3 day treatment  

CBA/ B6.RAG allo 
NLS  

D7  15  

CBA (H-2
k

)  
B6.RAG1KO 

(H-2
b

)  

Non-life supporting 

CBA/RAG allograft  
3mg DSA / day, 3 day treatment  

CBA/B6.RAG allo + 
3x3mg NLS  

D7  6  

CBA (H-2
k

)  
B6.RAG1KO 

(H-2
b

)  

Non-life supporting 

CBA/RAG allograft  

3mg DSA / day + 0.25mL rabbit 
complement / day, 3 day 

treatment  

CBA/B6.RAG allo + 
3x3mg + C’ NLS  

D7  9  

CBA (H-2
k

)  B6 (H-2
b

)  
Non-life supporting 

CBA/B6 allograft  

3mg DSA / day + 0.25mL rabbit 
complement / day, 1 day 

treatment 

CBA/B6 allo + 1x3mg 
+ C’ WT NLS  

varies 
(D1-3)  

2  

CBA (H-2
k

)  
B6.RAG1KO 

(H-2
b

)  

Life-supporting 

CBA/RAG allograft  
3mg non-immune IgG / day  CBA/ B6.RAG allo LS  

varies 
(D25-40) 

 5  

CBA (H-2
k

)  
B6.RAG1KO 

(H-2
b

)  

Life-supporting  

CBA/RAG allograft  

3mg DSA / day + 0.25mL rabbit 
complement / day  

CBA/B6.RAG allo + 
3x3mg + C’ LS  

varies 
(D25-40) 

5  

CBA (H-2
k

)  
B6.RAG1KO 

(H-2
b

)  

Life-supporting  

CBA/RAG allograft  

3mg pAb DSA / day + 0.25mL 
rabbit complement / day  

CBA/B6.RAG allo + 
3mg pAb + C’ LS  

varies 
(D11-13) 

2  
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3.2.2 – Results 

Injected monoclonal antibodies against H-2K
k
 successfully enters circulation and 

is reactive against donor cells 

Non-life supporting transplant recipients were injected via I.P. with either 3mg of 

DSA daily from day 5 post-transplant until day 7 or PBS for corresponding controls. Life 

supporting transplant recipients were injected I.P. with 3 mg of DSA from day 5 post-

transplant until sustained elevations of serum creatinine were evident. Starting on day 5, 

life-supporting negative controls were injected with 3 mg of non-immune mouse IgG 

(Alpha Diagnostic International, San Antonio, TX) for the same number of days as the 

corresponding DSA treated recipient.   

 To determine whether or not injected DSA successfully enters the circulation and 

to determine the alloreactivity of the DSA injected, we performed a flow cytometric cross 

match against donor (CBA) strain splenocytes.  Serum samples from allograft recipients 

treated with DSA show significantly increased MFI compared to B6.RAG allograft 

recipients treated with PBS or non-immune IgG, indicating significantly higher amounts of 

alloreactive IgG in DSA treated recipients compared to controls (Figure 3.9). 
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Figure 3.9 – Flow cytometric detection of fluid phase DSA.  Fluid phase IgG 

reactive to donor (H-2K
k
) splenocytes were significantly (p<0.001) higher in DSA 

treated allograft recipients than in either untreated, PBS treated, or non-immune IgG 

treated allografts recipients.  MFI values are normalized against naïve B6.RAG sera.  

Values are reported as mean ± SEM.  Significance in difference determined by Mann-

Whitney U-test 
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Injected DSA was sufficient in inducing the activation of the complement pathway 

 Since DSA primarily elicit damage through activation of the complement 

pathway, we examined whether increased MFI values in flow cytometric crossmatch 

experiments translates into increased complement activation.  After euthanization and 

harvest of transplant recipient mice, we measured levels of complement C5a split product 

and C5b-9 levels in freshly thawed serum. 

 By ELISA, transplant recipients treated with sham controls (PBS injections) 

showed the same levels of serum C5a levels compared to normal B6.RAG mice and 

normal B6.RAG mice treated with rabbit complement injections only.  In contrast, we 

found a statistically significant increase in serum C5a levels in DSA treated mice 

compared to sham control mice or normal B6.RAG mice, with an approximately 20 fold 

increase in fluid phase C5a (Figure 3.10a).  When examining MAC complex formation 

through C5b-9 ELISA, there was increased serum C5b-9 levels in DSA treated transplant 

recipients compared to sham treated groups and normal B6.RAG mice (Figure 3.10b). 
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Figure 3.10 – Detection of serum C5a and C5b-9 by ELISA in allograft recipients treated with DSA, control injections, or normal 

kidney controls.  Generation of terminal complement pathway product (A) C5a is significantly higher in DSA treated allograft recipients than 

untreated allograft recipients.  (B) Generation of terminal C5b-9 complex shows a trend in increasing serum concentrations, with significantly 

differential (p=0.006) levels between conditions.  Values represented as mean ± SEM.  Significance in difference determined by (A) Mann-

Whitney U-test, or (B) Kruskal-Wallis one-way analysis of variance 
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DSA treated allografts show acute microvascular and tubular injury with diffuse 

C4d staining  

  As another indicator for allograft injury in addition to measurements of renal 

function, FFPE sections of kidney tissue were stained with conventional histopathological 

stains and scored by two pathologists (Dr. Sufia Husain and Dr. Paula Blanco) based on 

the previously established Banff pathology scoring systems.  In addition, transmission 

electron microscopy was performed on allograft kidneys of life-supporting transplants to 

further elucidate pathological signs of tissue injury.  

 By histopathology (Figure 3.11, Table 3.4), control allografts displayed 

unremarkable renal cortex and medulla with no rejection lesions (negative for tubulitis, 

arteritis, capillaritis, glomerulitis, capillary dilatation, vascular thrombi, and remarkable 

interstitial inflammation). However, allografts in recipients who received 3000 µg DSA 

with or without low toxicity rabbit complement showed increased acute microvascular and 

tubular injury with tubular epithelial cell cytoplasmic vacuolization, flattening of tubular 

epithelium, peritubular capillary dilation, capillary endothelial swelling/prominence, and 

mild aggregates of neutrophils and mononuclear leukocytes in lumens of peritubular 

capillaries (Table 3.5). Despite the presence of acute injury in microvascular network and 

tubular epithelial cells, high doses of DSA evoked only minimal light microscopic 

inflammation with focal leukocyte aggregation in capillary luminal and peritubular 

interstitium. 

 Immunostaining for complement C4d showed diffuse linear C4d deposition along 

peritubular capillaries and glomerular capillaries only in allografts with DSA treatment. 

Control allografts, contralateral native kidneys in mice with non-life supporting allografts, 

and baseline normal kidneys were negative for capillary C4d staining. By 

immunohistochemical IgG staining, we also demonstrated intragraft DSA deposition in 

allografts of mice that received adoptive transfer of DSA.  IgG staining was negative in 

control allografts and baseline RAG kidneys.  
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Electron microscopy (Figure 3.12) showed presence of peritubular capillary injury 

with disruption and lysis of endothelial cells, adhesion of platelet aggregates onto 

disrupted microvascular endothelial surface, fibrin-like material deposition in capillary 

lumens, and focal capillary basement membrane multilayering in allograft kidneys after 

adoptive transfer of DSA. No such changes were observed in control allografts. (4 

kidneys examined by electron microscopy). The glomeruli in kidneys from mice that 

received DSA showed electron dense immune complex deposits in the mesangium. 

Otherwise, there were no abnormal glomerular ultrastructural changes: well-preserved 

podocyte foot processes, endothelial morphology and preserved fenestrations, and 

normal mesangial cellularity were noted. Despite presence of mesangial immune 

complexes, there were no signs of glomerulonephritis: no increased cellularity and/or 

mesangial matrix were seen by electron microscopy and light microscopy. Glomerular 

immune complexes were not seen in control kidneys of mice that received non-immune 

IgG.  In summary, electron microscopy confirmed the light microscopy findings and 

showed that DSA treatment induced acute peritubular capillary endothelial injury. 
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CBA/B6.RAG allografts + 3000µg monoclonal donor 

specific antibodies + complementCBA/B6.RAG allografts

A. C.B.

D. E.

A. C.B.

D. E. F.

Figure 3.11 – Histopathology of allograft controls and DSA treated allografts.   
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CBA/B6.RAG allografts  + 3000µg monoclonal donor specific antibodies + complementCBA/B6.RAG allografts  

Figure 3.12 – Electron microscopy of DSA treated life-supporting allograft recipients and non-immune IgG treated life-supporting 

allograft recipients. Electron microscopy shows presence of peritubular capillary injury with disruption and lysis of endothelial cells, adhesion 

of platelet aggregates onto disrupted microvascular endothelial surface, fibrin-like deposition, and capillary basement membrane multilayering 

in allograft kidneys after adoptive transfer of DSA and complement. No such changes are observed in control allografts. (4 kidneys examined 

by EM).  
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Monoclonal DSA treated conditions show increased levels of serum creatinine 

 From mice receiving life-supporting transplants with I.P. injections of DSA or non-

immune IgG, 50µL of whole blood was collected daily from one day prior to 

transplantation to the day of harvest.  Serum was extracted from whole blood, and serum 

creatinine levels were measured to assess kidney function.  Serum creatinine 

measurements from one day prior to transplantation served as baseline pre-treatment 

controls. 

 Serum creatinine in both DSA treated mice and sham treatment controls are 

comparable from day -1 to day 11 post-transplant, and although injections of DSA are 

administered beginning day 5 post-transplant, the effects of circulating DSA are not 

reflected in kidney function until day 11 post-transplant onwards.  Although serum 

creatinine becomes significantly different between DSA treated and sham treatment 

control mice by day 11 post-transplant, graft dysfunction in DSA treated mice does not 

occur until roughly day 20 post-transplant (Figure 3.13). 



75 
 

Day post transplant

S
e
ru

m
 c

re
a
ti

n
in

e

(m
g

/d
L

)

-5 0 5 10 15 20 25

0.2

0.4

0.6

0.8

1.0
CBA/B6.RAG allo 3x3mg + C’ LS
CBA/B6.RAG allo LS 

p<0.001

 

Figure 3.13 – Serum creatinine measurements of DSA treated life-supporting allograft recipients and IgG treated life-supporting 

allograft recipients.  Significantly (p<0.001) higher serum creatinine levels were detected in DSA treated allograft recipients than non-immune 

IgG treated controls.  Injections of either DSA or IgG control treatments were administered from day 5 post-transplant until graft dysfunction.  

Significance in difference calculated between all creatinine values from day 16 to 25 between DSA treated and non-immune IgG treated 

allograft recipients.  Values are represented as mean ± SD.  Significance tested by Mann-Whitney U-test. 
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Increased endothelial activation in DSA treated allografts 

 In human patients, endothelial activation and gene expression changes 

associated with graft injury arises prior to deterioration in graft function or the 

manifestation of histopathological signs of graft injury.  Here, we examined the extent of 

gene expression changes in animals treated with DSA in which allograft tissue already 

shows signs of injury and dysfunction. 

 By ANOVA analysis on NanoString gene expression data, there was significant 

differential expression of endothelial adhesion and activation markers Pecam 1 and Cd34 

between allograft tissues treated with monoclonal DSA, control allografts, and normal 

kidney controls, with increased expression of both Pecam1 and Cd34 in DSA treated 

allograft recipients than in allograft controls or normal kidney controls (Figure 3.14).   
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Figure 3.14 – Gene expression of endothelial adhesion molecules Pecam1 and Cd34 between DSA treated allografts, allograft 

controls, and normal kidney controls.  DSA treated allografts show increased expression of both Pecam1 and Cd34 endothelial adhesion 

molecules compared to allograft controls and normal kidney controls.  Differential expression of Pecam1 and Cd34 between all conditions 

reached statistical significance (p=0.006 and p=0.038, respectively).  Values represented as mean ± SEM.  Differential expression tested by 

Kruskal-Wallis one-way analysis of variance. 
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Polyclonal donor specific antibodies from immunized mice show reactivity against 

donor splenocytes 

 Since the adoptive transfer of 3mg of monoclonal DSA for 3 days induced 

endothelial and tubular injury, but failed to elicit inflammation or leukocyte recruitment into 

transplanted graft tissue, polyclonal DSA was examined to determine the effect of 

increased antigen recognition capabilities of DSA and resulting pathology generated. 

 Polyclonal IgG DSA was generated by immunizing wildtype C57BL/6 mice with 

H-2
k
 expressing B and T cell lymphoma cell lines twice weekly with adjuvant.  By day 29 

of immunization, serum from immunized mice show significantly increased reactivity to 

donor splenocytes than serum from naïve C57BL/6 mice (Figure 3.15).  We purified IgG 

DSA from serum of sensitized mice after day 60 post exposure to allogeneic cells for 

injection into allograft recipients. 
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Figure 3.15 – C57BL/6 mice immunized with B / T lymphoma generate polyclonal 

DSA antibodies reactive against donor splenocytes.  C57BL/6 mice were injected 

via I.P. with B and T lymphoma cell lines expressing donor H-2
k
 antigens.  By day 29 

post injection with lymphoma cell lines, MFI values, denoting donor reactivity, is 

significantly increased compared to naïve C57BL/6 mice that have not been exposed 

to allogeneic lymphoma cell lines (* denote p<0.05 when comparing mean median 

fluorescent intensity of donor reactivity between immunized C57BL/6 mice and naïve 

C57BL/6 mice) 
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Allograft between wild-type CBA/J donor and C57BL/6 recipient mice treated with 

DSA do not show immediate rejection 

 In order to determine if the lack of pathology in DSA treated allografts between 

CBA/J donors and B6.RAG recipients is due to the absence of T cells in RAG knockout 

C57BL/6 mouse allograft recipients, kidney allografts were performed between wild-type 

CBA/J donor mice and wild-type C57BL/6 recipient mice. 

Experiments were designed to examine allografts from days 1 to 3 post-

transplant in transplants between wildtype animals in order to avoid TCMR phenotypes, 

since histopathological signs of TCMR have been previously shown to manifest around 

day 5 post-transplant, beginning with interstitial inflammation by day 5 post-transplant 

and development of tubulitis from day 7 post-transplant. (27).  Histopathological lesions in 

transplants in DSA treated wildtype recipient and those in kidney allografts in DSA 

treated B6.RAG recipient show comparable histopathological lesions, suggesting that the 

presence of T cells in allograft recipients do not increase the severity of rejection or the 

amount of histological lesions of ABMR. 
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Histology Scores CBA/B6.RAG allo + 
3x3mg + C’ NLS 

CBA/B6 allo + 1x3mg + 
C’ WT NLS 

 Allo Native Allo Native 

C4d staining (score) 3.0 ± 0.0 NA NA NA 

Capillary endothelial swelling (score) 1.0 ± 0.0 0.0 ± 0.0 0.5 ± 0.7 0.0 ± 0.0 

Capillary dilation (score) 2.3 ± 0.7 0.5 ± 0.7 2.0 ± 0.0 0.0 ± 0.0 

% Capillaritis 1.1 ± 2.2 0.0 ± 0.0 1.5 ± 0.7 0.0 ± 0.0 

Glomerulitis (score) 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Peritubular capillaritis (score) 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Tubulitis (score) 0.1 ± 0.3 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Tubular atrophy (score) 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

% Tubular cytoplasmic vacuolation 42.7 ± 27.2 1.2 ± 2.9 12.5 ± 3.5 0.0 ± 0.0 

% Necrotic tubules 0.3 ± 0.7 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

% Tubular epithelial flattening 29.0 ± 15.1 0.5 ± 1.3 10 ± 7.1 0.0 ± 0.0 

Transplant glomerulopathy (score) 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Interstitial inflammation (score) 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Interstitial fibrosis (score) 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Intimal arteritis (score) 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Arterial fibrous intimal thickening 
(score) 

0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Arteriolar hyalinosis (score) 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

% Global glomerular sclerosis 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Table 3.7 – Histopathology assessment shows no significant differences in early allografts transplanted into B6.RAG1 knockout 

versus wild-type C57BL/6 mice 
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Polyclonal donor specific antibodies induce graft dysfunction 

 Preliminary data shows that when examining graft function by measure of serum 

creatinine, treatment with low and high dose polyclonal DSA show elevated serum 

creatinine levels compared to pretreatment and control animals (Figure 3.16).  The 

timeframe in which graft dysfunction was achieved between low and high dose polyclonal 

DSA treatment was similar, with high dose polyclonal DSA treatment eliciting graft 

dysfunction by day 12 post-transplant, whereas low dose polyclonal DSA treatment 

achieved graft dysfunction by day 16 post-transplant.  Each condition is represented by 

n=1 animal, with error bars representing replicate serum creatinine readings each day 

post-transplant. 

 When compared to monoclonal DSA treatments, which required roughly 20 days 

post-transplant before graft dysfunction was achieved, treatments with polyclonal DSA 

show greater potency in generating graft dysfunction in transplanted kidney tissues.
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Figure 3.16 – Treatment of polyclonal DSA induce graft 

dysfunction.  Allograft recipients were treated with either (A) PBS 

control treatments, (B) 25µg/g polyclonal DSA, or (C) 100µg/g 

polyclonal DSA from day 5 post-transplant until day of harvest.  

Animals treated with 25µg/g polyclonal DSA show increased serum 

creatinine and graft dysfunction at a later time-point than that of 

100µg/g treated recipients.  Graft dysfunction was defined as an 

increase of >20% in serum creatinine sustained over a minimum of 2 

days.  Each graph represents n=1 animals with replicate serum 

creatinine readings each day post-transplant. 
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Polyclonal donor specific antibodies promote leukocyte recruitment to allograft 

tissues 

 In addition to being more potent in generating allograft dysfunction, polyclonal 

DSA treatment also promoted increased recruitment of leukocytes into allograft tissues.  

Unlike control tissues and allografts treated with monoclonal DSA which do not show 

inflammation or any significant amount of leukocytes exiting circulation into graft tissue, 

allografts treated with polyclonal DSA show greater leukocyte staining in peritubular 

capillaries and interstitial spaces (Figure 3.17b).  Furthermore, in addition to the 

recruitment of leukocytes to allograft tissue, treatment with polyclonal DSA over 14 days 

post-transplant also induced tubular basement membrane multilayering and glomerular 

double contours, indicative of the presence of chronic ABMR in these animals (Figure 

3.17c).  The results from polyclonal antibody treated transplant recipients are preliminary 

in nature, as mice demonstrating acute or chronic ABMR are composed of experimental 

group sizes of n=1 in each group.  In this way, further experimentation to increase 

sample sizes is required prior to statistical analyses of these findings. 
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A. B. C.A. B. C.

CBA/B6.RAG allograft with 100µg/g DSAControl CBA/B6.RAG allograft

C.

CBA/B6.RAG allograft with 25µg/g DSA

Figure 3.17 – Acute ABMR phenotypes shown in allografts treated with polyclonal DSA.  (A) Control allografts treated with non-immune 

IgG do not show any histopathology in transplanted allograft kidney.  (B) Allografts treated with 100µg/g polyclonal DSA induces the recruitment 

of leukocytes into the interstitial space in the allograft kidney.  Recruitment of leukocytes is more intensive, mimicking acute ABMR, better than 

allografts treated with 25µg/g polyclonal DSA.  (C) Allografts treated with 25µg/g polyclonal DSA show phenotypes of chronic ABMR, including 

tubular atrophy (black arrows) and glomerular basement membrane double contours (green arrows). 
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3.3 – Natural Killer cells cause apoptotic cell death 

and micro-inflammation in early mouse kidney 

allografts 

3.3.1 – Overview 

When examining our established mouse model of ABMR, we noticed a lack of 

inflammation and leukocyte recruitment in allograft kidneys treated with DSA, despite the 

presence of full complement activation to terminal MAC formation and the presence of 

pro-inflammatory molecules C3a and C5a.  Furthermore, we noticed slight injury in 

control allograft kidneys treated with non-immune IgG in the form of increased serum 

creatinine at later time points (D20 post-transplant and later).  Although observable 

histopathological injury was absent, we hypothesized that NK cells have a role in 

inducing the increased serum creatinine. 

 Rejection of kidney allografts in human patients is classified as either ABMR or 

TCMR, depending on cause of allograft injury and pathological features seen in the 

rejecting tissue (87).  Current immunosuppression regimens can target B and T 

lymphocytes via inhibition of biochemical pathways or antibodies against the lymphocytes 

themselves.  However, these treatments do not target innate inflammatory cells such as 

NK cells.  This is a problem as studies have shown the involvement of NK cells in 

allograft injury (50). 

 The pathway by which NK cells invoke cell injury is different than that of T cells or 

antibodies.  Unlike B cells or T cells, NK cells utilize apoptosis in order to eliminate target 

cells.   There are two major pathways by which NK cells induce apoptosis.  Firstly, with 

the release of perforin and granzyme, NK cells can first form pores in a targeted cell with 

the perforin protein, then release proteases such as granzyme into the target cell.  

Granzymes act within a cell to elicit the induction of apoptosis and cell death.  The 
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second major method by which NK cells activate apoptosis is through death receptors 

such as the Fas receptor / Fas ligand pair.  Fas receptors are expressed on the 

membrane of cells, and when it is bound with its Fas ligand pair expressed on the NK 

cell, the Fas receptor initiates the caspase cascade to begin the stages of apoptosis 

within that cell (76). 

 NK cells utilize the expression of cell surface antigens on target cells to 

determine whether or not cytotoxic action is required.  Certain cell surface antigens (such 

as altered MHC I molecules (107)), or the Fc portion of IgG binding onto its Fcg3 

receptor, have an activating effect for NK cells to induce apoptosis and release of 

cytokines, while other surface molecules such as the expression of normal MHC I has an 

inhibitory effect to prevent NK cell induced apoptosis (107). 

 Similar to NK cells, other innate inflammatory cells such as macrophages and 

neutrophils also express activating and inhibitory Fc receptors.  Here, we focus on FcγR 

binding Fc portions of IgG antibodies.  With four different forms of the FcγR, binding of 

the Fc portion of IgG onto the Fc receptor would have different immunomodulatory 

effects, depending on the specific FcγR bound. 

In the first portion of this chapter, we examine the effects of NK cells on the 

recognition and injury to allograft tissues by establishing a MHC I mismatched kidney 

transplant model in mice.  We performed MHC mismatched kidney transplantation by 

implanting wild-type H-2k CBA donor kidneys into T-cell/B-cell-null B6.Rag1-/- H-2b 

recipients. We also studied CBA into CBA kidney isografts, Rag1-/- into Rag1-/- kidney 

isografts, and normal CBA or Rag1-/- kidneys as controls.  Transplanted kidneys were 

harvested on day 7 post-transplant and analyzed by histopathology, 

immunohistochemistry, and Affymetrix gene expression microarrays.  Apoptosis was 

visualized by cleaved caspase-3 immunohistochemistry. Intrarenal burden of NK cells 

and macrophages was quantified by immunostaining using Ly49G2 and CD68 

antibodies, respectively.  By histopathology, Rag1-/- allografts did not show rejection 
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detected by conventional stains and were not different from controls.  However, by 

microarrays Rag1-/- allografts displayed significantly increased expression of interferon-

gamma gene, interferon-gamma inducible genes, and NK receptor genes when 

compared to normal kidneys, CBA isografts, and Rag1-/- isografts.  By immunostaining, 

Rag1-/- allograft tissues displayed significantly higher numbers of NK cell infiltrates in the 

interstitium and increased cleaved caspase-3 (CC3) positive apoptotic tubular epithelial 

cells and glomerular cells in comparison to controls, including Rag1-/- isografts.  The 

amounts of intragraft macrophages were not different among Rag1-/- allografts, Rag1-/- 

isografts, and CBA isografts.  Our results indicate that T- and B-cell deficient mouse 

kidney recipients display signs of kidney allograft injury associated with NK cell activation 

causing allograft parenchymal apoptotic cell death and intragraft production of interferon-

gamma.  Thus, findings in this model suggest that NK cells recognize missing self MHC 

in allograft tissues and are capable to induce early allograft injury. 

In the second portion of this chapter, we examine the FcγR effects in modulating 

the inflammatory response in ABMR.  Utilizing our previously established ABMR model, 

we compared the inflammatory state of allograft recipients treated with 3000µg DSA for 

three days compared to control allografts treated with non-immune IgG.  Briefly, MHC 

mismatched kidney transplantation were performed by implanting wild-type H-2k CBA 

donor kidneys into T-cell/B-cell-null B6.Rag1-/- H-2b recipients.  3000µg DSA were 

injected on days 5, 6, and 7 post-transplant, with allograft harvest on day 7.  Control 

allografts were treated with either dose-matched non-immune IgG or PBS on days 5, 6, 

and 7 post-transplant, with allograft harvest on day 7.  As evidenced by the first portion of 

this chapter, allografts with no DSA treatment experience NK cell recruitment, exposure 

to interferon gamma release, and apoptotic cell injury.  We examined our ABMR model 

and compared the extent to which DSA binding onto allograft tissues could modulate 

inflammatory responses via interactions with FcγR.  By gene expression analysis, our 

data shows significantly increased expression of inhibitory receptor FcγR2b in DSA 

treated allografts compared to control allografts.  Furthermore, there is a significantly 
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decreased expression of inflammatory cytokines in DSA treated compared to control 

allografts.  Our results suggest that the binding of DSA onto allograft tissues may induce 

a self-protective anti-inflammatory response, potentially via the increased expression of 

inhibitory FcγR2b. 
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Donor Recipient Condition Treatment Abbrev. Day post 
tx 

N of 
mice 

CBA (H-2
k

) - Normal CBA kidney - NCBA - 29 

CBA (H-2
k

) CBA (H-2
k

) Non-life supporting 
CBA/CBA isograft - CBA iso NLS D7 9 

B6.RAG1
-/-

 (H-

2
b

) 
- Normal B6.RAG1

-/- 

kidney - NRAG - 5 

B6.RAG1
-/-

 (H-

2
b

) 
B6.RAG1KO 

(H-2
b

) 
Non-life supporting 
RAG/RAG isograft - B6.RAG iso NLS D7 4  

CBA (H-2
k

) 
B6.RAG1KO 

(H-2
b

) 
Non-life supporting 
CBA/RAG allograft - CBA/ B6.RAG allo NLS D7 12 

CBA (H-2
k

) 
B6.RAG1KO 

(H-2
b

) 
Non-life supporting 
CBA/RAG allograft 

0.2mL PBS / day, 3 day 
treatment 

CBA/B6.RAG allo + PBS 
NLS D7 6 

CBA (H-2
k

) 
B6.RAG1KO 

(H-2
b

) 
Non-life supporting 
CBA/RAG allograft 

0.25mL rabbit complement / 
day, 3 day treatment CBA/B6.RAG allo + C’ NLS D7 5 

CBA (H-2
k

) 
B6.RAG1KO 

(H-2
b

) 
Non-life supporting 
CBA/RAG allograft 

3mg DSA / day, with or 
without complement, 3 day 

treatment 
CBA/B6.RAG allo + 3x3mg 

NLS D7 15 

CBA (H-2
k

) 
B6.RAG1KO 

(H-2
b

) 
Life-supporting  

CBA/RAG allograft 3mg non-immune IgG / day CBA/B6.RAG allo LS varies 
(D25-40) 5 

CBA (H-2
k

) 
B6.RAG1KO 

(H-2
b

) 
Life-supporting  

CBA/RAG allograft 3mg DSA / day CBA/B6.RAG allo + 3x3mg 
LS 

varies 
(D25-40) 5 

Table 3.8 – Transplant and condition abbreviations applicable to section 3.3 
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3.3.2 – Results 

NK cells recruited to allograft tissue and induce apoptosis 

 Allograft, isograft, and normal kidneys were harvested and stained with 

conventional histopathological stains, NK cell stains, and stains revealing apoptosis in 

order to determine the extent to which NK cells are activated in allograft transplants in the 

absence of lymphocytes. 

 By normal hematoxylin and eosin stain, there is no noticeable pathology or any 

signs of large-scale injury in any of the transplant or control conditions.  When tissues 

were stained for NK cells via anti-Ly49G2 antibodies, no significant numbers of Ly49G2+ 

cells were seen in either B6.RAG or CBA isografts, nor were there any Ly49G2+ cells 

seen in normal kidney controls.  However, there were significantly higher numbers of 

Ly49G2+ cells in allograft tissues, recruited to intragraft parenchymal space (Figure 

3.18).  In addition to Ly49G2 stains, we examined tissues for evidence of apoptosis by 

staining for cleaved caspase 3 (CC3).  Similar to Ly49G2 stains, we found very little signs 

of CC3+ cells in isografts or normal kidney controls, but found significantly higher number 

of CC3+ cells in allografts (Figure 3.19). 

 Finally, we examined kidney tissues for signs of macrophage recruitment, as an 

indicator of tissue injury.  Stains for Cd68 shows higher amounts of Cd68+ cells in both 

isograft transplants and allograft transplants compared to normal kidney controls (Figure 

3.18 and Figure 3.19).  Allografts showed the same amount of Cd68+ cells as CBA and 

B6.RAG isografts, most likely representing non-specific transplantation related injury.   
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Figure 3.18 – Recruitment of Ly49G2+ cells in allograft tissues do not cause observable injury by H&E.  CBA/B6.RAG allografts showed 

the presence of Ly49G2+ cells, CC3+ cells and Cd68+ cells, while isografts show only Cd68+ cells in graft tissue.  Normal CBA and normal 

B6.RAG kidneys are negative for injury, Ly49G2, CC3, and Cd68 stained cells. 
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Figure 3.19 – Significantly increased Ly49G2+ and CC3+ cells in allografts compared to allograft controls and normal kidney 

controls.  By quantifying stained cells in kidney sections, allograft tissues showed significantly higher (p<0.05) numbers of both Ly49G2+ and 

CC3+ cells compared to allograft controls or normal kidney controls.  No significance (denoted by ns, not significant, p>0.05) is observed in 

Cd68+ staining between allograft and isograft kidneys, but there is significantly higher number of Cd68+ cells compared to normal kidney 

controls.  Significance was determined by Mann-Whitney U-test.  Values are represented as mean ± SEM. 
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Allograft tissues show increased expression of interferon gamma inducible genes 

 Since NK cells can carry out effector functions through the release of interferon 

gamma, we examined, by microarray, the extent to which interferon gamma is released in 

the Ly49G2+, CC3+ tissues by measuring expression of a previously established list (31) 

of interferon gamma-inducible genes. 

 By Kruskal-Wallis analysis comparing normal CBA kidney controls, CBA 

isografts, B6.RAG isografts, and CBA / RAG allografts, we found highly significant 

(p=0.008) differences in expression of interferon gamma-inducible genes between 

groups.  Furthermore, by Mann-Whitney U test comparing expression of gamma 

interferon-inducible genes between CBA/B6.RAG allograft tissues and B6.RAG isografts, 

we found significantly (p=0.021) different expression between these two groups.  Allograft 

tissues show a 7 fold increase in expression of interferon gamma-inducible genes 

compared to normal CBA kidneys, roughly 2.5 fold increased expression compared to 

CBA isografts, and 3.5 fold increased expression compared to B6.RAG isografts (Figure 

3.20). 

 It is interesting to note the difference in expression of interferon gamma-inducible 

genes between CBA isografts and B6.RAG isografts.  We originally expected very similar 

expression profiles between CBA and B6.RAG isografts. 

Gene expression changes of macrophage associated transcripts confirm 

immunohistochemistry findings 

 By immunohistochemistry, we stained for Cd68 in kidney tissues, and found 

increased Cd68+ cells in tissues that have undergone transplant surgery compared to 

normal kidney controls.  We examined gene expression of previously established 

macrophage associated transcripts gene list (30) to determine whether there are gene 

expression differences between CBA isografts, B6.RAG isografts, and CBA / RAG 

allografts which all show Cd68+ staining. 
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 By Kruskal-Wallis analysis, we find significant (p=0.021) changes in expression 

of macrophage associated transcripts between normal CBA kidneys, CBA isografts, 

B6.RAG isografts, and CBA / B6.RAG allografts (Figure 3.20).  However, when we 

compare expression differences between allograft and isograft tissues, we do not find 

statistical significance in expression differences when comparing CBA/B6.RAG allografts 

to either B6.RAG or CBA isografts (p= 0.2, 1.00, respectively). 

NK cell receptor gene expression differs between transplant tissues 

 With increased recruited NK cell presence in allograft tissues visualized by 

significant increases in Ly49G2+ cells, we examined the gene expression of activating 

and inhibitory NK cell receptors to determine whether there is a shift in receptor 

expression to favor either activating or inhibitory receptors when NK cells are recruited 

into allograft tissues.  Gene lists were constructed by literature review. 

 When comparing gene expression between all groups by Kruskal-Wallis, we 

found significant differences in gene expression of both activating NK cell receptors and 

inhibitory NK cell receptors (p=0.044 and p=0.013, respectively).  However, increased 

expression of both activating and inhibitory NK cell receptors in allograft tissues are 

minimal in that Mann-Whitney comparisons between CBA/B6.RAG allografts to either 

CBA or B6.RAG isografts yield statistically insignificant values (Figure 3.20) 

No significant molecular changes associated with injury 

 The measurement of molecular changes in injury-related genes has been 

previously shown to be a sensitive method in detecting the initial onset of allograft injury.  

Changes in gene expression can reveal itself prior to the manifestation of other pathology 

phenotypes (69).  Here we examined the extent to which injury is present as a result of 

NK cell recruitment and activation of apoptosis. 

 We found no significant differences in gene expression of injury and repair 

associated transcripts, endothelium associated transcripts, or renal transcripts.  Although 
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there is a trend towards increased expression of injury and repair associated transcripts 

in isografts and allograft kidneys compared to normal kidney controls, the changes did 

not achieve statistical significance. 

 Gene sets representing renal solute carriers show a decreasing trend in 

expression between normal kidney controls and allograft tissues.  Although no direct 

significance between allograft tissues and isograft tissues is established, we attribute the 

trend of decreasing expression to micro-inflammation, apoptotic injury, and interferon-

gamma effects in allograft kidneys. 

 It is also interesting to note an increased expression of cytotoxic T cell 

associated transcripts in allograft tissues compared to normal CBA kidneys and isograft 

tissues.  Although statistical significance is not achieved, we do not expect any 

expression of lymphocyte associated transcripts in the B6.RAG recipient, as it has no 

mature T or B cells present due to the knockout in the Rag gene.  The presence of the 

cytotoxic T cell associated transcripts in RAG
-/-

 mice would most likely be due to the 

nature of the transcript list.  Expression of cytotoxic T cell associated transcripts are not 

specific for T lymphocytes, as other cell types (such as NK cells) share overlapping 

molecular signatures represented here in the cytotoxic T cell associated transcript list. 
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Figure 3.20 – Significantly increased interferon gamma inducible genes in allograft kidneys.  By microarray, only expression differences 

in interferon gamma inducible genes reached significance by Mann-Whitney U-test (p=0.008) between allograft and isograft tissues.  Kruskal-

Wallis one way analysis of variance was performed as well, with several gene sets showing significantly differential expression. 
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NK cells favor Fas pathway to induce apoptosis in allograft tissues 

 After finding the presence of apoptotic cells in allograft tissues that are missing in 

isograft controls or normal kidney controls, we wished to determine which pathway NK 

cells utilized in order to bring about apoptosis.  We examined gene expression 

associated with two major NK cell pathways: the perforin / granzyme pathway, and the 

Fas / Fas ligand pathway. 

 By microarray gene expression analysis, we found no significant differences or 

increases in expression in perforin (Figure 3.21) or granzyme B (not shown) in allograft 

tissues compared to isografts or normal kidneys.   However, gene expression of Fas was 

significantly upregulated in CBA / B6.RAG allografts compared to B6.RAG isografts.  

Allografts also show an increased expression of Fas ligand, but it does not reach 

statistical significance. 

 As a means to confirm that the increase in expression of interferon gamma-

inducible genes are indeed due to the presence of interferon gamma, we examined the 

gene expression of interferon gamma itself.  In agreement with the increased expression 

of interferon gamma inducible genes, we found a significantly increase in gene 

expression of interferon gamma in allograft tissues compared to B6.RAG isografts. 
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Figure 3.21 – Allograft tissues show significantly increased Fas, but not perforin expression.  Allograft tissues show significant Fas 

(p=0.021) and Interferon-gamma (p=0.021) expression compared to isograft kidneys.  Increased expression of Fas ligand in allograft tissues 

does not reach statistical significance (ns, not significant, p>0.05).  Perforin expression does not show a meaningful trend.  Each gene was 

analyzed by Mann-Whitney U-test and Kruskal-Wallis one way analysis of variance 
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Gene expression favors interferon gamma inducible genes 

 We examined broad-scale gene expression in allograft tissues in order to glean 

information as to biological pathways which could be involved in NK cell recruitment and 

activation of apoptosis in allograft tissues. 

 The top 5 most highly expressed genes in allografts compared to isografts show 

a higher expression of 15 to 30 fold increase compared to CBA or B6.RAG isografts.  The 

expression of all 5 genes in allografts compared to isografts reached statistical 

significance.  We found that the list of these genes confirm previous results in that 

expression heavily favors transcripts inducible by interferon gamma (Table 3.10). 
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Allograft: 
Isograft 

ratio 

Corrected 
p value 

Gene 
symbol 

Description 

30.10 0.0274 Ubd Tags proteins for cellular processes / 
destruction 

27.91 0.0434 Mpa2l 
(Gbp6) 

Interferon gamma induced GTPase 

23.52 0.0205 Gbp2 Interferon gamma induced GTPase 

19.32 0.0334 Iigp1 Interferon gamma induced GTPase 

15.27 0.0173 Cxcl10 Chemoattraction of monocytes/mac, NK,  
T cells 

Table 3.9 – Top 5 differentially expressed genes between allograft tissues 

compared to isograft tissues show propensity towards interferon gamma 

effects.  Allografts show a 15-30 fold increase in expression of interferon-gamma 

inducible genes.  Significance was measured by Mann-Whitney U-test. 
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No significant changes in expression of activating Fc receptors FcγR1, FcγR3, 

FcγR4, but DSA induces increased expression of inhibitory Fc receptor FcγR2b in 

early time-points after transplantation 

 We examined the expression of Fcγ receptors in non-life supporting DSA-treated 

allograft tissues showing acute endothelial and tubular injury compared to control 

allografts with no distinguishable injury.  Since DSA treated allograft recipients showed 

no noticeable inflammation despite endothelial and tubular injury, and the activation of 

the terminal MAC, we hypothesized that inhibitory Fc receptors may play a role in 

inhibiting inflammation. 

 By gene expression profiling, we found no significant differences in expression of 

activating Fcγ receptors between control allografts or allografts that was exposed to DSA 

treatment.  However, expression of inhibitory Fc receptor FcγR2b was significantly 

increased in DSA treated allograft recipients compared to control allografts treated with 

PBS (Figure 3.22 and Table 3.11). 
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Figure 3.22 – Increased FcγR2b expression in DSA treated allografts.  DSA treated allografts show significantly (p=0.009) increased 

expression of inhibitory receptor FcγR2b compared to PBS treated allograft controls.  Expression of all other FcγR do not show significantly 

different expression (ns, not significant, p>0.05) 
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Expression of inflammatory cytokines decreases with treatment of DSA in early 

time-points after transplantation 

 With the increased expression of inhibitory FcγR2b in DSA treated non-life 

supporting allograft recipients, we further examined the expression profile of DSA treated 

allograft recipients in relation to inflammatory cytokines.  Again, due to the lack of 

inflammation seen by histopathology in the DSA treated tissues, we hypothesized that 

DSA treated allografts express similar levels of inflammatory cytokines as control allograft 

tissues. 

 The data reveals that the expression of inflammatory cytokines such as the cxcl 

family, granzyme b / perforin, tumor necrosis factor related cytokines, and interferon 

gamma itself is significantly reduced in non-life supporting allografts treated with DSA in 

early time-points after transplantation (Table 3.11) 
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Table 3.10 – Increased expression of FcγR2b accompanied with decreased expression of inflammatory cytokines in 3x3mg DSA 

treated allografts early after transplantation.  Allografts treated with 3mg DSA until D7 post-transplant show an anti-inflammatory response 

with increased inhibitory FcγR2b expression compared to PBS treated allograft controls.  Genes were obtained by univariate analysis of 

expression values.  FDR multiple test correction was applied for an additional, stricter filtered list (FDR<0.05, italicized)  

 
Geometric mean of expression intensity  CBA/B6.RAG allo + PBS NLS vs. 

CBA/B6.RAG allo + 3x3mg NLS  

  Gene  NCBA  NRAG  CBA/B6.RAG 
allo + PBS NLS  

CBA/B6.RAG allo 
+ 3x3mg NLS  

Adjusted p-
value  FDR  

Chemokine Ligand 10 (Cxcl10)  62  71  2822  557  0.00003  0.001  
Granzyme B (Gzmb)  10  8  218  54  0.0002  0.005  

Fas  130  101  232  144  0.0005  0.008  
Chemokine ligand 11 (Cxcl11)  72  24  5065  1095  0.001  0.016  
Tumor necrosis factor (ligand) 

superfamily, member 10 (Tnfsf10)  3594  1438  7096  2289  0.001  0.016  

Lymphocyte protein tyrosine kinase 
(Lck)  48  28  350  133  0.002  0.016  

Chemokine Ligand 9 (Cxcl9)  79  47  5927  1556  0.003  0.026  
Interferon gamma (Ifng)  20  9  20  14  0.007  0.042  

Caveolin 1 (Cav1)  989  763  836  1130  0.007  0.042  
Fc-gamma receptor 2b (Fcgr2b)  3748  2242  3410  4269  0.009  0.049  

Perforin 1 (Prf1)  8  10  63  34  0.012  0.056  
Myeloperoxidase (Mpo)  6  5  28  17  0.013  0.056  

Chemokine receptor 3 (Cxcr3)  53  41  151  94  0.023  0.090  
T-box 21 (Tbx21)  8  4  22  14  0.039  0.143  
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Increased expression of FcγR2b is only an early time-point phenomenon 

 With an increased expression of inhibitory Fc receptor FcγR2b at day 7 post-

transplant in DSA treated non-life supporting allografts, we explored whether this 

increased expression of inhibitory receptors is maintained into late timeframes after 

transplantation, represented by life-supporting transplants harvested between the days of 

approximately 25-40 post-transplant. 

 We found that the previously observed phenomenon showing significantly 

increased expression of FcγR2b is limited to early time points.  The expression of 

FcγR2b at late time points in allograft recipients treated daily with 3mg DSA decreases to 

the point it has lower expression levels than non-immune IgG treated controls and normal 

CBA kidney controls (3310 vs. 3748 in NCBA and 3718 in non-immune treated 

recipients) (Table 3.12).  As such, the increased expression of the same inhibitory 

receptor loses statistical significance when progressing from early post-transplant to later 

time points. 

Decreased expression of inflammatory cytokines revealed in both early and late 

post-transplant 

  With the increased expression of FcγR2b waning with time in DSA treated 

allograft recipients, we examined whether the expression of inflammatory cytokines 

would increase in DSA treated life-supporting allograft recipients in late time points post-

transplant as a result of reduced inhibitory receptors. 

 Surprisingly, despite the expression of inhibitory FcγR2b dropping to levels below 

baseline, we found that the decreased expression of pro-inflammatory cytokines in DSA 

treated allograft recipients (compared to non-immune IgG treated controls) seem to be 

maintained in late time-points post transplantation (Table 3.12).  Although statistical 

significance is lost in some inflammation-related genes, especially after the more 
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stringent FDR multiple test correction, the overall trend of decreased expression of pro-

inflammatory cytokines remains. 
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…table 3.11 continued on next page 

 Geometric mean of expression intensity CBA/B6.RAG allo + non-immune 
IgG LS vs. CBA/B6.RAG allo + 

3x3mg + C’ LS  

Gene  NCBA  NRAG  
CBA/B6.RAG allo 

LS  
CBA/B6.RAG allo 

+ 3x3mg LS  
Adjusted p-value  FDR  

Fas ligand (Fasl)  37  35  60  32  0.001  0.027  
Chemokine ligand 11 

(Cxcl11)  
72  24  804  140  0.001  0.027  

Perforin 1 (Prf1)  8  10  33  13  0.001  0.027  
Histocompatibility 2, K1 

(H2-K1)  
3091  5204  43863  10581  0.002  0.035  

Chemokine Ligand 10 
(Cxcl10)  

62  71  704  164  0.005  0.044  

Lymphocyte protein 
tyrosine kinase (Lck)  

48  28  263  64  0.005  0.044  

Chemokine receptor 3 
(Cxcr3)  

53  41  181  43  0.006  0.044  

Histocompatibility 2, 
class II antigen A, 

alpha (H2-Aa)  
4098  6969  50753  14666  0.008  0.050  

Granzyme B (Gzmb)  10  8  45  11  0.010  0.050  
Myeloperoxidase (Mpo)  6  5  21  7  0.011  0.050  

Chitinase 3-like 3 
(Chi3l3)  

6  9  51  15  0.011  0.050  

Chemokine Ligand 9 
(Cxcl9)  

79  47  1875  398  0.012  0.050  

Table 3.11 – Anti-inflammatory effect remains in 3x3mg DSA treated life-supporting allografts despite lowered expression of FcγR2b.  

Allografts treated with 3mg DSA daily until graft dysfunction show decreased levels of FcγR2b expression compared to allograft controls or 

NCBA kidneys.  However, gene expression of several pro-inflammatory cytokines are significantly decreased in life-supporting allograft 

recipients treated with DSA compared to non-immune IgG treated life-supporting allograft recipients.  Genes were obtained by univariate 

analysis of expression values.  FDR multiple test correction was applied for an additional, stricter filtered list (FDR<0.05, italicized)  
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…table 3.11 continued 

 

 Geometric mean of expression intensity CBA/B6.RAG allo + non-immune 
IgG LS vs. CBA/B6.RAG allo + 

3x3mg + C’ LS  

Gene  NCBA  NRAG  
CBA/B6.RAG allo 

LS  
CBA/B6.RAG allo 

+ 3x3mg LS  
Adjusted p-value  FDR  

Fas ligand (Fasl)  37  35  60  32  0.001  0.027  
Chemokine ligand 11 

(Cxcl11)  
72  24  804  140  0.001  0.027  

Perforin 1 (Prf1)  8  10  33  13  0.001  0.027  
Histocompatibility 2, K1 

(H2-K1)  
3091  5204  43863  10581  0.002  0.035  

Chemokine Ligand 10 
(Cxcl10)  

62  71  704  164  0.005  0.044  

Lymphocyte protein 
tyrosine kinase (Lck)  

48  28  263  64  0.005  0.044  

Chemokine receptor 3 
(Cxcr3)  

53  41  181  43  0.006  0.044  

Histocompatibility 2, 
class II antigen A, 

alpha (H2-Aa)  
4098  6969  50753  14666  0.008  0.050  

Granzyme B (Gzmb)  10  8  45  11  0.010  0.050  
Myeloperoxidase (Mpo)  6  5  21  7  0.011  0.050  

Chitinase 3-like 3 
(Chi3l3)  

6  9  51  15  0.011  0.050  

Chemokine Ligand 9 
(Cxcl9)  

79  47  1875  398  0.012  0.050  
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Chapter 4: 

Discussion 
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4.1 – Correlation between dosages of DSA to extent 

of allograft injury  

Complement split product C4d deposition in human organ transplants is a 

biomarker of classical complement activation triggered by antibody binding to donor 

antigens, but this process does not always result in allograft rejection.  In cases such as 

ABO blood group mismatched transplants, deposition of C4d can occur in the absence of 

any detectable injury in the transplanted organ.  We tested the hypothesis that antibody-

induced complement activation fails to produce allograft rejection if distal complement 

effector products are not generated. We transplanted wild-type H-2
k
 donor kidneys into T-

cell/B-cell-null Rag1
-
/
-
 H-2

b 
recipients. Adoptive transfer of donor specific anti-class I 

antibodies into allograft recipients was followed by intragraft antibody deposition and 

triggered initiation of classical complement activation resulting diffuse C4d staining in 

allograft peritubular capillaries. However, by histopathology, antibody-induced 

complement activation did not cause detectable allograft injury or inflammation. 

Furthermore, using expression microarrays, there is a lack of molecular signs of injury, 

inflammation, and endothelial activation in C4d positive allografts compared to control 

allografts, confirming the lack of allograft injury and inflammation by histology. Because 

intragraft C4d deposition was not accompanied by graft inflammation, we asked if potent 

chemoattractant complement effectors i.e., C5a were generated. Supporting our 

hypothesis, serum levels of distal complement effector product C5a were not increased in 

mice with C4d positive allografts. Thus, bound DSA induced the initiation of complement 

activation (as indicated by intragraft C4d staining), but this process did not progress to 

distal stages of the complement cascade, but was terminated, implying rapid termination 

of complement cascade by natural regulators. 

By quantitative histopathology, the data shows that the dosage of DSA 

treatments is significantly correlated with complement C5a generation as well as certain 
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forms of acute tubular and microvascular injury.  However, the extent of inflammation in 

transplanted kidneys is not correlated.  In this way, the data suggests that the absence of 

tissue injury in C4d positive (but C5a and C5b-9 negative) transplants is related to the 

absence of distal complement effector products.  With the presence of both circulating 

DSA and diffuse C4d staining in transplanted allograft tissue, one can see that the 

phenotype shown in the DSA treated mice satisfy two Banff requirements for the positive 

diagnosis of ABMR.  However, without the presence of morphologic evidence of injury, 

ABMR is not present in these mice. 

ELISA experiments specific for mouse IgG clearly showed the presence of DSA 

in sera, denoting the successful transfer of injected DSA into circulation.  It is interesting 

to note that trace amounts of IgG was detected in sera of control B6.RAG mice with 

allografts which did not receive antibody transfer.  This was an interesting observation 

because B6.RAG mice do not have mature B cells and endogenous antibodies. The trace 

serum IgG detected in control B6.RAG mice with allografts was approximately 0.2% of 

serum IgG amount found in healthy wild-type B6 mice (17;29;75) and thus, likely 

represents passage of donor IgG originating from the vascular lumens of transplanted 

wild-type CBA donor kidney into the recipient’s circulation.   

The apparent lack of allograft inflammation and injury and absence of C5a 

activation in the presence of bound donor specific antibody and C4d suggests that 

complement cascade terminated prior to the conversion of C5. The low amount and 

monoclonal nature of the transferred donor specific antibody in this model were likely 

limiting factors for generation of acute rejection.  This would lead to a weak complement 

activation that was easily quelled by normal regulation. Since the activation of the 

complement cascade is normally tightly regulated, the extent of progression through the 

complement cascade may have been terminated by naturally present complement 

inhibitors (131). The regulatory step truncating the complement cascade seems to be 

after the formation of C4d but prior to formation of C5a. Without C5a, downstream 
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complement-induced effects such as intragraft endothelial activation, injury, and 

inflammation did not occur. 

Microarray findings suggest that there was also no local C5a formation in the 

allografts.  Furthermore, allograft tissues showed no changes in transcript expression of 

pro-inflammatory cytokines and endothelial activation molecules inducible by C5a 

(4;43;49;55;95). Thus, combined with total serum C5a levels and intragraft microarray 

findings, our data indicate that C5a was not generated. The prevention of C5a formation 

does not seem to be due to a resistance to antibody binding onto transplanted graft 

tissue, but more likely due to the effects of the basal levels of complement regulatory 

proteins (131).  The data suggest that DSA treatment did not elicit an active complement 

inhibitory response by increased complement regulatory protein expression, as transcript 

levels of intragraft complement regulators did not change after donor specific antibody 

exposure, suggesting that normal levels of complement regulatory proteins are capable 

of halting complement activation by DSA treatment. 

Analysis of allograft tissues by histopathology and microarrays shows that C4d is 

an inert molecule incapable of causing allograft injury. Clinical studies already identified a 

number of limitations of the C4d stain as a biomarker for antibody-mediated rejection: 

C4d is neither specific nor sensitive for detecting antibody-mediated rejection 

(47;70;74;102;104). Analyzed on its own, C4d deposition is not a sign of graft injury, but 

merely denotes the initiation of the classical complement cascade. It should be used in 

conjunction with morphological and/or molecular assessments in order to determine 

whether allograft tissue is suffering from inflammation and/or injury.  It is noteworthy that 

our observations in the C4d positive mouse kidney allografts with no injury/inflammation 

and no C5a are analogous to ABO incompatible transplants in humans, and to the C4d 

positive kidney allografts with no histological features of antibody-mediated rejection in 

highly sensitized patients who were treated with anti-C5 (eculizumab) (111).  In 

comparison to ABO incompatible transplants, the mouse model described here elicit C4d 
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deposition through IgG antibody recognition of peptide antigens present on MHC I 

molecules, whereas C4d deposition in ABO incompatible transplants are due primarily to 

IgM antibodies recognizing carbohydrate blood group antigens (53). 

C4d deposition in this model was not associated with a protective molecular 

phenotype in allografts. Resistance to antibody-mediated injury has been observed in a 

number of xenografts and human ABO-incompatible or crossmatch-positive allografts, a 

condition termed ‘accommodation,’ implying that the endothelium has developed 

resistance to antibody-mediated injury (82;116). Lately, graft accommodation is defined 

as acquired resistance of an organ transplant to immune-mediated injury (116). A handful 

of previous studies found increased expression levels of survival or cytoprotective genes 

such as bcl2, bcl2l1, hmox1, tnfaip3  (7;48;82), and complement regulatory genes such 

as Cd59 (20) in accommodation of ABO-incompatible allografts or xenografts.  DSA 

treated allograft tissues with positive C4d deposition do not show any changes in gene 

expression of cytoprotective or accommodation-associated transcripts.  In this way, the 

data suggests that the deposition of C4d on graft tissue in the presence of donor specific 

antibodies does not induce expression of accommodation-associated genes to confer a 

protective effect on allograft kidney tissues. 

Injections of increasing DSA dosages show a significant correlation with both 

serum C5a levels and extent of observable histopathology.  This dose dependency of 

injury hints that allograft injury may require a threshold level of DSA binding on any given 

allograft cell.  With increasing DSA dosages, greater numbers of cell surface antigens are 

recognized, thereby increasing bound DSA density on allograft cells until a threshold is 

reached, and the full complement cascade to terminal MAC formation is achieved.  Along 

this train of thought, greater allograft injury may be achieved in our mouse ABMR model 

by increasing bound DSA density on allografts.  Further increasing DSA injection 

dosages could be one method to increase DSA density, but may eventually yield 

diminishing returns for increasing DSA dosages at a certain point.  However, we 
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hypothesize that increasing the number of antigens recognized by DSAs instead of 

merely increasing the injection dosage of DSA may have a significant effect in the 

generation of pathology in allograft tissue.  By increasing the number of DSA clones, or 

by utilizing polyclonal DSA instead of a combination of several monoclonal DSAs, a 

greater variety of allograft cell surface antigens could be recognized, leading to a greater 

density of DSAs bound onto allograft cells. 

The lack of inflammation and leukocyte recruitment to allograft tissues in DSA 

treated B6.RAG recipients may be due to the nature of the RAG mutation.  Since T 

helper cells aid in the activation of lymphocytes, it can be postulated that T lymphocytes 

are also required here in leukocyte recruitment and generation of inflammation.  We 

tested this hypothesis by performing allograft kidney transplantation from wild-type CBA/J 

into wild-type C57BL/6 mice with treatment of DSA antibodies.  Despite the presence of 

intact T lymphocytes with treatment of DSA antibodies, no noticeable ABMR injury was 

seen in short term post-transplant, prior to the onset of TCMR, demonstrating that the 

lack of T lymphocytes may not be crucial to the production of ABMR phenotypes.  

However, in this experiment, time may be an important factor which cannot be examined 

with kidney allografts between wild-type CBA/J and wild-type C57BL/6 mice.  Since T 

lymphocytes are intact in the C57BL/6 recipient mice, TCMR manifests fairly rapidly, 

thereby potentially rejecting the graft prior to the onset of ABMR.  In this way, 

examination of allograft transplants between wild-type mice was limited to short 

timeframes post-transplant, prior to the onset of TCMR. 

4.2 – Mouse model demonstrating allograft 

rejection 

 With increasing dosages of DSA correlated with increasing amounts of 

detectable injury in kidney allografts, the mouse model of antibody-mediated kidney 

allograft rejection is based on MHC I mismatched kidney transplant model between wild 

type H-2
k
 expressing CBA kidneys into H-2

b
 expressing B6 mice with a knockout in the 
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Rag gene, with injections of 3mg DSA with addition of rabbit complement.  Due to the 

current lack of suitable small animal models of pure ABMR in kidney allografts, we aim to 

utilize this mouse model to reproduce pathological features as seen in human allografts 

undergoing ABMR.  

By ELISA measuring C5a / C5b-9 proteins, the treatment of monoclonal DSA in 

MHC I mismatched transplant is sufficient to activate the complement pathway to terminal 

C5a / C5b-9 formation.  Furthermore, allograft injury and graft dysfunction is 

demonstrated in the form of measuring changes in serum creatinine levels in graft 

recipients.  With the presence of these signs of graft injury, we further examine tissue 

samples for pathological evidence of ABMR. 

By histopathology and gene expression, the data confirms the validity of the 

ABMR model, as it demonstrates activation and injury to the microvascular endothelium, 

which are pathological hallmarks of human acute ABMR.  Taken together with the 

presence of DSA and C4d deposition, our animal model satisfies the consensus Banff 

diagnostic criteria for type I acute ABMR, designated by C4d positivity, presence of donor 

specific antibodies in circulation, and ATN-like phenotypes with minimal inflammation, 

representing morphological features of acute tissue injury.  (85;86;105).  In addition to 

evoking endothelial circulation injury in transplanted kidney allografts, there was also the 

presence of tubular injury as well.  However, as described in the previous experiment, 

despite the presence of potent pro-inflammatory agents and chemokines such as 

complement C5a, we were unable to generate a strong inflammatory response or recruit 

large numbers of leukocytes to allograft tissue.  We hypothesized that greater antigen 

recognition and antibody binding onto donor cells would be required in order to enhance 

pathology phenotypes. 

Polyclonal DSA treatments were performed on allograft recipients in order to test 

this hypothesis.  Through preliminary experimental data, the hypothesis seems to be 

confirmed, as both histopathological observations and measurement of graft function 
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demonstrates that polyclonal antibody treatment induces greater antibody-mediated 

allograft injury compared to monoclonal antibody treatment.  Further experimentation is 

required to test the reproducibility of these results. However, taken together, it seems as 

though the increased recognition of donor MHC I molecules by polyclonal antibodies 

does indeed lead to increased pathological phenotypes.  This may be due to an 

increased density of bound antibodies onto donor tissue.  The greater antibody density 

and closer proximity of individual antibodies would then be conducive to antibody cross-

linking to further promote antibody-mediated immune responses. 

 Control allografts injected with non-immune IgG showed a slight gradual increase 

in serum creatinine, denoting a slow decrease in graft function over time.  Since the 

allograft recipient had sufficient time to recover from the initial transplant surgery, and it 

did not undergo DSA treatments, nor does it have mature T or B lymphocytes, we 

hypothesize that graft injury is originating from NK cells present in the transplant 

recipient.  We explore this observation in subsequent experiments in this thesis.   

 The pathology in DSA treated mice show promising results as phenotypes are 

purely ABMR pathology in the absence of TCMR pathology.  The mouse model also 

shows diagnostic criteria for ABMR, including the presence of DSA, diffuse C4d staining, 

and morphological changes in transplanted kidney tissue.  This model is based on IgG 

antibodies specific against donor MHC class I antigens.  Although this model is based on 

one immunoglobulin sub-type, immunoglobulin subtype distribution in humans is skewed 

heavily favoring high levels of IgG.  Furthermore, recognizing only donor MHC class I 

molecules is not a limitation to the mouse model itself due to two reasons: Firstly, mice 

do not express MHC II molecules on endothelial cells (57), and secondly, ABMR of renal 

allografts is predominately an MHC class I driven disease in humans(124).  

 4.3 – Inflammatory trend in allograft 

transplants 
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 Currently, the specific involvement of NK cells and the role they play in allograft 

injury is largely unknown.  Here we tested the hypothesis that NK cells play an active role 

to independently cause early kidney allograft injury.  We transplanted wild-type H-2
k
 

expressing CBA mice kidneys into T-cell / B-cell null Rag1
-/-

 H-2
b
 expressing B6 mice.  

Resultant analysis of early allograft injury in the MHC I mismatched transplant by 

conventional histopathological stains show no signs of broad-scale tissue injury despite 

the recruitment of NK cells into the allograft and induction of tubular apoptosis.  Although 

statistically significant, we believe that the amount of tubular apoptosis in allograft tissues 

is too few and far between to form distinctly visible large scale injury in the transplanted 

allograft.  The lack of histopathological signs of tissue injury may also be due to the 

insufficient time in which NK cells were able to act on allograft tissue (tissues were 

harvested 7 days post-transplant).  When examining previous experiments (Fig 3.13), the 

kidney function of control allografts with no DSA treatment began deteriorating over time, 

as seen in the gradual increase in serum creatinine.  Since there were no DSA 

introduced to the allograft, nor were there any T lymphocytes present, a likely source of 

injury could be through NK cell action.  The increase in serum creatinine of control 

allografts did not occur until later time points (day 10-15+ post-transplant), and as such, 

we believe that the lack of injury caused by NK cells in allograft tissues harvested on day 

7 post-transplant is in part due to reduced time for the injury to manifest itself.  The 

recruitment of macrophages into transplanted kidney tissues was constant within all 

groups undergoing transplantation; therefore it seems that the localization of 

macrophages to renal tissue is to clean up cellular debris caused by the transplantation 

surgery itself, and not due to allorecognition or rejection of the graft.  We believe that, 

similar to the induction of apoptosis, the recruitment of monocytes / macrophages by 

activated NK cells (via secretion of cytokines such as interferon gamma) is on a small 

scale.  As such, any recruitment of macrophages by activated NK cells would be masked 

by the effects of macrophage localization due to general injury arising from surgery 

procedures, as described above. 
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 Gene expression analysis reveals that interferon gamma is present and seems to 

have a large impact on gene expression in allograft tissues.  Since T lymphocytes are 

absent in the recipient mice due to the Rag gene knockout, we attribute the source of the 

interferon gamma as from NK cells.  As expected from an increased expression of 

interferon gamma in allografts, a large response in the form of increased expression of 

interferon gamma inducible genes in allografts is seen as well.  It is interesting to note, 

however, that there is variation in expression of interferon gamma inducible genes in 

CBA and B6.RAG isografts even though they were not transplanted with allogeneic 

kidneys.  We attribute this finding as due to expression variation and differences present 

between two different strains of mice. 

 Changes in gene expression within several transcript gene sets are most likely a 

result of non-specific effects arising due to the experimental design.  For example, we 

believe that the increase of T cell associated transcripts in allograft conditions are not due 

to the presence of T lymphocytes present in the animal, but instead due to the presence 

of genes in the gene set that are associated with NK cell activation as well.  Furthermore, 

increases in both macrophage-associated and injury and repair-associated transcripts 

are primarily due to general non-specific injury sustained during transplantation surgery, 

and not due to allospecific injury / rejection.  Thus, contributions of NK cells in recruiting 

macrophages or inducing injury and repair responses (as seen through gene expression) 

may be masked by the high background of expression in these transcript sets. 

 Activated NK cells show a propensity towards the Fas / Fas ligand pathway to 

induce apoptosis, demonstrated by gene expression changes, which are also inducible  

by interferon gamma (8;81;115).  The upregulation of Fas / Fas ligand expression in the 

absence of expression in other apoptotic pathways (namely the perforin / granzyme 

pathway) suggests that the Fas / Fas ligand pathway is the primary way by which 

apoptosis is activated in allograft recognition, and that interferon gamma release only 
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enhances the apoptotic effects of Fas / Fas ligand binding (119).  Further experiments 

will be required in order to confirm these findings. 

 Examining Fcγ receptor and inflammatory cytokine gene expression in DSA 

treated allografts yielded interesting results.  The data shows that treatment of DSA in 

allograft recipients induces significantly increased expression of the inhibitory FcγR2b 

early after transplantation, but decreases with time, to the point where expression of the 

inhibitory receptor is below baseline levels in DSA-treated allograft recipients harvested 

at days 25-40 post-transplant.  FcγR2b is typically expressed on inflammatory cells such 

as macrophages, neutrophils, and dendritic cells (14).  However, in our animal model of 

allograft injury, there are very few numbers of infiltrating cells observable by histology in 

both early and late time-point DSA treated allografts.  As such, we hypothesize that the 

increase in FcγR2b early after transplantation is arising from kidney mesangial cell 

expression.  Furthermore, we hypothesize that the binding of DSA onto allograft tissue 

induces the expression of a ‘self-protecting’ phenotype namely by decreasing 

inflammation.  Studies by Sharp et al., Callaghan et al., and Radeke et al. (16;88;98) 

have shown similar findings of increased FcγR2b expression in renal mesangial cells 

when stressed, leading to a protective effect on renal tissue.  Although our comparison 

between DSA treated allograft recipients and PBS treated allograft recipients in early 

post-transplant timeframes could be improved to include early post-transplant harvested 

allograft recipients treated with non-immune IgG, the data still shows a decreased 

inflammatory response in both early and late time points post-transplant in these controls.  

Although the anti-inflammatory cytokine effect is reduced in late time-points post-

transplant, we suspect this reduction in number of cytokines reaching statistical 

significance through FDR multiple test correction may be due, in part, to the reduced 

levels of inhibitory FcγR2b expression. 

 These findings contribute interesting insights towards the further development of 

the ABMR model.  Allografts seem to naturally express a slight innate inflammatory 
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phenotype to recruit NK cell to allograft tissue.  This NK cell recruitment is capable of 

inducing small amounts of apoptotic injury and interferon gamma release.  Although NK 

cell induced injury is not detectable by general histology, the effects of NK cell 

recruitment gradually accumulate and show noticeable graft dysfunction in allografts in 

later time points.  However, when treated with DSA, the allograft’s anti-inflammatory 

response in addition to increased FcγR2b expression is a possible reason why leukocyte 

recruitment and inflammation is absent in our mouse ABMR model. 
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Chapter 5: Conclusions and Future 

directions 
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5.1 – Conclusions 

Here, we developed a mouse model demonstrating pure ABMR in response to 

MHC mismatched kidney transplantation and anti-donor MHC class I antibodies.  We 

examined the complement components and inflammatory components that combine to 

form ABMR phenotypes as seen in our model.  The data shows that the fluid phase level 

of DSA and terminal complement effector proteins C5a and C5b-9 is correlated with the 

extent of ABMR pathology in mouse renal allografts.  The presence of C4d deposition in 

the absence of the formation of terminal complement components C5a and C5b-9 is not 

indicative of pathological phenotypes, and, on its own, is not a marker for ABMR; it 

merely indicates the activation of the initial portions of the complement cascade.  In this 

way, the basis to which C4d is deposited without allograft injury can be explained by the 

lack of distal complement effector proteins.  The mouse model of ABMR developed here 

is very promising as it mimics human endothelial and tubular injury, as seen in ABMR.  

However, optimization is required as there is weak inflammation shown.  This model can 

be improved on by increasing antigen recognition by DSA, such as through the use of 

polyclonal antibodies.  Here, preliminary data shows that the increased recognition of 

donor antigens led to greater graft dysfunction with increased inflammation and 

recruitment of leukocytes to allograft tissues. 

 With this observation, we examined the recruitment of inflammatory cells and 

generation of pro-inflammatory cytokines in the ABMR model.  The data shows that NK 

cells are capable of allorecognition (possibly via the ‘missing self’ hypothesis), and are 

capable of causing tubular apoptotic injury in allografts, most likely via the Fas / Fas 

ligand pathway.  Finally, gene expression data suggests that, contrary to expectations, 

the biding of high levels of DSA onto allograft tissue seems to induce a ‘self-protective’ 

phenotype by reducing the expression of pro-inflammatory cytokines and inhibiting the 

inflammatory process, despite experiencing visible endothelial and tubular injury.  The 

data suggests that inhibitory receptor FcγR2b is possibly playing a role to inhibit the 
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inflammatory response in the presence of DSA, and thereby reduce leukocyte 

recruitment in this model at early post-transplantation timeframes. 

 

5.2 – Future Directions 

 Having a model of ABMR in mice has provided new insights into the mechanisms 

and progression of pathology in this disease, but further development of this animal 

model is required.  As the development of pathology has been shown to be correlated 

with serum levels of DSA, we plan to examine the effects of increasing DSA recognition 

and binding of cell surface antigens.  We aim to optimize the use of polyclonal DSA in the 

generation of ABMR injury, as opposed to the use of monoclonal DSA, which cannot 

successfully induce inflammation or recruit leukocytes into allograft tissue.  

 Further study into NK cell involvement of ABMR is necessary.  General 

importance of NK cells can be determined through depletion experiments, through the 

use of antibodies such as NK1.1 to eliminate the presence of NK cells (52).  Similarly, the 

importance of interferon-gamma in the progression of ABMR can be studied by 

examining the effects from eliminating interferon-gamma in the model system through the 

use of antibodies such as Xmg1.2 antibody targeting against mouse interferon gamma.  

Furthermore, additional exploration into the importance of inhibitory FcγR2b will provide 

valuable insights into the development of inflammation in ABMR.  We aim towards more 

concrete evidence of FcγR2b expression through immunohistochemical staining and 

ELISA, and to improve gene profiling analysis by incorporating allograft recipients treated 

with non-immune IgG early post-transplant.  We aim to potentially examine the effects of 

non-DSA IgG in circulation, as it may shed insights into the mechanisms by which 

treatments of non-immune IgG in human patients (namely IVIG) induce anti-inflammatory 

and immunomodulatory effects. 
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Appendix A – Pathology Scoring Guide 

Lesions Score 

 0 1 2 3 

Interstitial 
inflammation 
(100;105;108) 

Interstitial 
mononuclea
r 
inflammator
y cells in 0-
9% of cortex 

Interstitial 
mononuclear 
inflammatory 
cells in 10-25% 
of cortex 

Interstitial 
mononuclear 
inflammatory 
cells in 26-50% 
of cortex 

Interstitial 
mononuclear 
inflammatory 
cells in >50% 
of cortex 

Tubulitis 
(100;105;108) 

No tubulitis 1-4 
mononuclear 
inflammatory 
cells / tubular 
cross-section 

5-10 
mononuclear 
inflammatory 
cells / tubular 
cross-section 

>10 
mononuclear 
inflammatory 
cells / tubular 
cross-section 

Intimal arteritis 
(100;105;108) 

No arteritis Subendothelial 
mononuclear 
inflammatory 
cells involving 
<25% of 
luminal area 

Subendothelial 
mononuclear 
cells involving 
>25% of luminal 
area, no 
necrosis 

Transmural 
inflammation 
and/or arterial 
fibrinoid 
necrosis with 
mononuclear 
cells 

Glomerulitis 
(100;105;108) 

No 
glomerulitis 

Mononuclear 
cells in <25% 
of glomeruli 

Mononuclear 
cells in 26-75% 
of glomeruli 

Mononuclear 
cells in >75% 
of glomeruli 

Peritubular 
capillaritis 
(41;100;105;1
08) 

Absent or 
<10% of 
cortical 
peritubular 
capillaries 
with 
inflammator
y cells 

3-4 luminal 
inflammatory 
cells in ≥10% of 
cortical 
peritubular 
capillaries 

5-10 luminal 
inflammatory 
cells in ≥10% of 
cortical 
peritubular 
capillaries 

>10 luminal 
inflammatory 
cells in ≥10% 
peritubular 
capillaries 

C4d 
peritubular 
capillary 
staining 
(100;105;108) 

0% of 
biopsy area 
that has a 
linear, 
circumferent
ial staining 
in 
peritubular 
capillaries 

1-9% of biopsy 
area that has a 
linear, 
circumferential 
staining in 
peritubular 
capillaries 

10-50% of 
biopsy area that 
has a linear, 
circumferential 
staining in 
peritubular 
capillaries 

>50% of 
biopsy area 
that has a 
linear, 
circumferential 
staining in 
peritubular 
capillaries 

Transplant 
glomerulopath
y 
(100;105;108) 

Double 
contours in 
<10% of 
capillary 
loops in 
most 
severely 
affected 
glomerulus 

Double 
contours in 10-
25% of 
capillary loops 
in most 
severely 
affected 
glomerulus 

Double contours 
in 26-50% of 
capillary loops in 
most severely 
affected 
glomerulus 

Double 
contours in 
>50% of 
capillary loops 
in most 
severely 
affected 
glomerulus 
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Interstitial 
fibrosis 
(100;105;108) 

Interstitial 
fibrosis in 0-
5% of cortex 

Interstitial 
fibrosis in 6-
25% of cortex 

Interstitial 
fibrosis in 26-
50% of cortex 

Interstitial 
fibrosis in 
>50% of 
cortex 

Tubular 
atrophy 
(100;105;108) 

No tubular 
atrophy 

Tubular atrophy 
in 1-25% of 
cortical tubules 

Tubular atrophy 
in 26-50% of 
cortical tubules 

Tubular 
atrophy in 
>50% of 
cortical 
tubules 

Arterial fibrous 
intimal 
thickening 
(100;105;108) 

No arterial 
fibrous 
intimal 
thickening 

Arterial fibrous 
intimal 
thickening with 
1-25% luminal 
narrowing 

Arterial fibrous 
intimal 
thickening with 
26-50% luminal 
narrowing 

Arterial fibrous 
intimal 
thickening with 
>50% luminal 
narrowing 

Arteriolar 
hyalinosis 
(100;105;108) 

No arteriolar 
hyalinosis 

Mild-moderate 
hyalinosis in at 
least one 
arteriole 

Moderate-
severe 
hyalinosis in 
more than one 
arteriole 

Severe 
hyalinosis in 
many 
arterioles 

Capillary 
endothelial 
swelling 
(100;105;108) 

Absence of 
prominent 
(larger of 
hyperchrom
atic) cortical 
PTC 
endothelial 
cell nucleus 
compared to 
those in 
normal left 
kidney 

Presence of 
prominent 
(larger of 
hyperchromatic
) cortical PTC 
endothelial cell 
nucleus 
compared to 
those in normal 
left kidney 

n/a n/a 

Capillary 
dilation 
(100;105;108) 

Cortical 
peritubular 
capillary 
dilation 
present in 0-
9% of cortex 

Cortical 
peritubular 
capillary 
dilation present 
in 10-25% of 
cortex 

Cortical 
peritubular 
capillary dilation 
present in 25-
50% of cortex 

Cortical 
capillary 
dilation 
present in 
>50% of 
cortex 

 

% Tubular 
cytoplasmic 
vacuolation 
(11) 

Approximate visual estimation of the cytoplasmic vacuolization of 
tubular epithelial cells in a section of mouse kidney (see comment) 

% Epithelial 
cell flattening 

Approximate visual estimation of the flattening/thinning of tubular 
epithelial cells in a section of mouse kidney (see comment) 

% Necrosis of 
tubules (9) 

The number of tubular cross sections with necrosis of tubular 
epithelial cells per 3285 tubular cross sections (average number of 
cross sections in a longitudinal / sagittal section of mouse kidney) 
(see comment) 

% Capillaritis 
(41) 

% of cortical peritubular capillaritis 
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Comments:  

- We counted the number of cortical tubular sections in 4 transplanted kidneys and 

calculated the median number.  We used this number as a denominator for 

tubular lesions 

 

- Tubular sections (longitudinal) in 4 transplanted kidneys are as follows: 3049, 

3284, 3286, 3350.  The median is 3285 tubular sections (longitudinal).  For 12 

cases we did an absolute count of various parameters and an approximate visual 

estimation for each and then correlated the values.  To assess the reproducibility, 

we calculated the coefficient of variance for the various parameters. 

 


