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ABSTRACT OF THE DISSERTATION 

 

Measurement of Cytotoxic T Lymphocyte Diversity and Clonality in the Alloreponse of Acute 

Cellular Rejection Following Solid Organ Transplantation and the Early T Cell Immune 

Response in Human Immunodeficiency Virus-1 Infection  

 

by 

 

Joseph Younghan Kim 

Doctor of Philosophy in Microbiology, Immunology, and Molecular Genetics 

University of California, Los Angeles, 2016 

Professor Otto Orlean Yang, Chair 

 

 

 Cytotoxic T cells (CTL) play a central role in providing protective immunity in humans by 

eliminating infected cells and establishing immunologic memory against re-infection. The study 

of modern immunobiology has made many significant discoveries into the mechanisms involved 

in the CTL response against foreign allogeneic cells (alloresponse) and infecting pathogens. 

Using technologies refined in our laboratory for the study of genetic diversity in T cell 

populations, we have investigated how to effectively implement therapies to control 

alloresponses that lead to immune mediated disease, as well as examined the factors that direct 

a more effective antiviral response.  

 The population of lymphocytes mediating acute cellular rejection after solid organ 

transplantation is restricted in the usage of specific genetic elements of the T cell receptor 

(TCR) gene. We have shown this genetic bias in the graft infiltrating lymphocyte (GIL) 

population mediating rejection persists throughout periods of undetectable to severe clinical 
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rejection. In order to make use of this genetic restriction to implement more narrowly directed 

immunomodulatory therapies to treat acute rejection, we have developed an approach to 

categorize and predict these biases based on the alloreactive surface antigens present in donor 

and host. We have also devised a strategy to characterize CTL alloresponses within smaller 

populations of lymphocytes, allowing for the ability to detect and monitor for acute rejection 

through safer clinical sampling.  

 The immune response against HIV-1 infection is initially mediated by virus specific CTL, 

and this early response is likely key in determining the overall outcome of disease. We 

investigated how clonal breadth can influence the ability of the CTL response to avoid viral 

evasion in acute HIV-1 infection. We identified the HIV-1 specific CTL responses and target 

epitopes in six acutely infected individuals and tracked the evolution of viral variant species 

throughout early infection. CTL isolated ex vivo from these subjects demonstrated a limited 

ability to expand after activation in culture, constraining our ability to measure breadth based on 

cell expansion. We therefore developed a method to measure the clonal breadth of CTL 

responses based on cytokine secretion, allowing for breadth to be studied in acute infection 

without the limitations of poor ex vivo expansion of CTL. Our findings will give insight into the 

development of more effective cellular immunity based vaccines and gene therapies.  
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The Importance of the CTL Response in Human Health 

 

 The importance of protective immunity and immunologic memory was noted as early as 

2500 BC (1) by the Athenian historian, Thucydides, who documented that individuals surviving a 

potentially fatal illness would be protected from developing the same disease again. The 

practice of inducing this immunological protection, through the process of variolation, was first 

reliably described in China as early as the 16th century, and possibly as far back as the 10th 

century (2).  

 The cellular mediators of immunologic memory and protective immunity have come to 

light through more recent discoveries made in modern Immunobiology. Early studies showed 

that when lymphocytes taken from rats immunized against a particular antigen were transferred 

to irradiated syngeneic rats lacking immune cells, these irradiated rats were able to mount an 

immune response to the same antigen (3). It was later demonstrated that the specific cells 

mediating this process were comprised of two distinct populations: bone marrow derived, 

antibody-forming lymphocytes (B cells) and thymus-derived lymphocytes (T cells) (4). Moreover, 

certain T cells, if sensitized to alloantigens, displayed cytotoxicity against allogeneic target cells 

(5) and this did not depend on the presence of B cells (6). These cytotoxic T cells (CTL) have 

subsequently been shown to be central players in the human immune response by providing 

immunologic memory in human infection as well as mediating the immune response in various 

human diseases involving allo- and auto-immunity.  

 Our aims in performing the work described here were to track the clonality and diversity 

of the population of CTL mediating the HIV-1 targeted response during acute infection, as well 

as the population of CTL causing acute cellular rejection after solid organ transplantation. By 

doing so, we first can add to our understanding of how clonal breadth of the CTL response 

influences the establishment of effective control of early HIV-1 infection. This will advance our 

knowledge in the design of cellular immunity based vaccines and gene therapies that generate 
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protective immunity against HIV-1 and other serious viral infections. Secondly, we can set the 

foundation for developing targeted therapies to treat and prevent acute rejection by 

comprehensively characterizing the genetic biases in the CTL response mediating this process. 

This will allow for transplanted individuals to avoid broadly acting immunomodulatory treatments 

and maintain relative preservation of the immune response, improving mortality due to 

overwhelming opportunistic infections. This chapter will provide an overview of the mechanisms 

and characteristics of the CTL response that have been learned through the field of 

Immunobiology to give some context of where our work incorporates into this timeline of 

discoveries. 

 

 

Background of the CTL Response 

 

 The discoveries made in the last half century of work in modern immunobiology have 

demonstrated how CTL provide protective immunity against infecting pathogens. We now know 

that CTL are primarily responsible for the destruction of infected cells, and can establish lasting 

immunologic memory against cleared pathogens. This is mediated by recognition of pathogen-

derived antigens through a repertoire of antigen receptors each with unique specificity. The 

insights into the mechanisms of the CTL response are overviewed below, with emphasis on the 

generation and consequences of CTL specificity as well as the techniques that have been 

developed to measure the CTL response.  

 

Antigen Recognition 

 Specific recognition by lymphocytes of a diverse array of potential antigens derived from 

infectious pathogens forms the basis of the cellular adaptive immune response. This allows for 

the formation of a specific immune response against infecting agents and the development of 
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immunological memory. The instrument providing such diverse recognition is the T cell receptor 

(TCR), a heterodimeric structure on the T cell surface composed of an alpha and beta chain 

(Figure 1-1) (7). The actual identification of the TCR took longer to determine than the B 

lymphocyte antigen receptor as it is present in relatively less amounts on the cell surface. 

However, detection eventually came with the use of monoclonal antibodies that bound the TCR 

and restricted antigen recognition of specific T cell clones (8). 

 

TCR structure 

 Sequencing of the TCR alpha and beta chain mRNA demonstrated similarity to the 

immunoglobulin (Ig) sequence, having variable and constant (C) regions on each chain like the 

Ig Fab fragment (9-11). Later studies revealed the presence of a separate gamma delta TCR 

heterodimer. Like the heavy chain of the Ig molecule, the variable region of the beta chain is 

encoded by recombined variable (V), diversity (D), and junctional (J) gene segments. The alpha 

chain variable region corresponds to the Ig light chain and is encoded by V and J gene 

segments. The alpha and beta chains are linked by a disulfide bond within a short stalk segment 

in each molecule that extends into a transmembrane region and short cytoplasmic tail (Figure 

1-1).  

 The variable regions of the TCR alpha and beta chains contain the antigen recognition 

site. This area is composed of six amino acid chain loops, three from each TCR chain, called 

the complementarity determining regions 1, 2, and 3 (CDR1, CDR2, and CDR3). CDR1 and 

CDR2 are encoded by the V gene segment of each chain, while the CDR3 is encoded by an 

area spanning the V, D, and J gene segments in the beta chain and the V and J gene segments 

in the alpha chain (12).  

 

Establishing TCR antigen recognition site diversity 
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The immense potential diversity of the TCR antigen recognition site arises from the 

semi-random recombination of chromosomal DNA encoding the antigen recognition site of the 

TCR. The CDR3 of the beta chain is encoded by a one of at least 48 V beta (BV), one of two D 

beta (BD), and one of 13 J beta (BJ) gene segments (12); the CDR3 of the alpha chain is 

encoded by one of up to 45 V alpha (AV) and one of 50 J alpha (AJ)  gene segments (13). 

Further modifications to the TCR CDR3 genetic code are made during recombination by the 

addition of nucleotides into the DNA sequence. Short palindromic sequences (P nucleotides) 

resulting from cleavage of hairpin DNA structures formed during gene segment recombination 

(14) are inserted into the sequence, and random nucleotides (N nucleotides) are added by the 

enzyme terminal deoxynucleotidal transferase (TdT) to the single stranded ends of the DNA 

gene segments prior to ligation (15). Therefore, the vast diversity of the CDR3 resulting from 

genetic recombination and the addition of P and N nucleotides dictates the specificity of the 

TCR. The CDR1 and CDR2 are encoded by the unmodified portion of the V gene segment 

sequence, and are thus considered non-variable "germline" regions of the TCR (16).  

 

Major histocompatibility complex structure and co-receptor interaction 

 TCR recognition occurs through binding of antigen presented on Major Histocompatibility 

Complex (MHC) molecules (Figure 1-1), so named after being discovered as the major 

determinant of tissue rejection (17). In humans, this structure is referred to as the human 

leukocyte antigen (HLA). The overall structure of the MHC (18) is arranged as two pairs of 

protein domains, one pair closer to the plasma membrane that is similar in structure to the Ig 

molecule and one pair located distal to the membrane. The distal pair contains a structural cleft 

in the shape of a vice-like groove in which the presented peptide antigen binds. This groove has 

two flanking alpha-helices and a floor composed of parallel beta-strands.  

 The class I MHC (MHC-I) presents antigens to CTL (Figure 1-1). It is composed of an 

alpha chain made up of two plasma membrane distal protein domains (subunits 1 and 2) which 
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contain the peptide binding groove, and a membrane proximal domain (subunit 3) which is non-

covalently bound to the protein beta-2 microglobulin. Subunit 3 of the alpha chain spans the 

plasma membrane. The class II MHC (MHC-II), which presents antigens to CD4+ T cells, has a 

similar structural arrangement. It is composed of and alpha and beta chain heterodimer, with the 

alpha 1 and beta 1 subunit pair forming the distal protein domain pair, and the alpha 2 and beta 

2 subunit pair proximal to and spanning the plasma membrane.  

 After their initial discovery, it was noted that T cells could be differentiated into subtypes 

with distinct functions based on cell surface marker expression. CTL expressed CD8 whereas T 

helper subsets expressed CD4 (19). These molecules were shown to have an important role as 

co-receptors for the TCR, with CD8 molecules binding to MHC-I (Figure 1-1) and CD4 

molecules binding to MHC-II. The CD8 molecule structure is comprised of disulfide-linked dimer 

of alpha and beta chains, each with Ig-like domains. By binding the invariant portions of the 

MHC molecule during TCR antigen recognition, the CD8 co-receptor stabilizes this interaction 

and increases the avidity of the TCR to the MHC/antigen structure (20).  

 

Antigen presentation 

 The peptide antigens presented on MHC molecules are derived from proteolysis of 

proteins (21). Cytosolic proteins are degraded by the proteasome and peptide antigens derived 

from this process are loaded onto the MHC-I in the endoplasmic reticulum (ER). These antigens 

are transported to the ER by the transporter associated with antigen processing (TAP) (22). 

Peptide binding gives stability to the MHC molecule structure, as evidenced by restricted MHC-I 

surface expression in TAP deficient cells (23). Exogenous internalized proteins are degraded by 

lysosomal proteolysis and the resultant peptide antigens are moved to the late endosomal 

compartment and loaded onto MHC-II molecules. Both MHC-I and II can, however, access 

peptides from exogenous and endogenous sources. MHC-II molecules can bind peptides from 

endogenous membrane bound proteins that area degraded in the lysosome, and MHC-I 
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molecules can bind peptides from exogenous proteins through retrotranslocation channels 

recruited to the lysosome from the ER, a process referred to as cross-presentation.  

 The peptide antigens presented by class I molecules are typically 8-10 amino acids in 

length, and are derived from areas buried within protein structures. These antigens are 

stabilized by invariant regions in the MHC-1 molecule located at the ends of the cleft in the 

binding groove that interact with the free amino and carboxy termini of the peptide. There are 

also specific anchor residues located on peptide antigens that fit with specificity into pockets 

along the binding groove (24). Overall, this results in the ability of the MHC to bind a diverse set 

of peptides (26), but does set some restrictions on the potential antigens that can be presented. 

 The region encoding the MHC is a multigeneic area of the genome containing 

polymorphic genes. These include the HLA genes encoding the class I molecule (HLA-A, HLA-B 

and HLA-C), as well as those encoding the class II molecule (HLA-DR, DQ, and DP). The 

polymorphic forms of the HLA mainly differ in the peptide binding cleft, affecting what type of 

anchor residues fit into the binding groove. This results in each particular MHC having a 

restricted set of potential peptides that can be presented to T cells (25). 

 

TCR binding to MHC/antigen 

 Crystal structure studies have revealed that the TCR binds at a diagonal angle with 

respect the the MHC peptide groove. In this alignment, the CDR1 and CDR2 contact the peptide 

and alpha helical segment of the MHC-I molecule, while the CDR3 interacts primarily with the 

presented peptide antigen in the binding cleft (26). Therefore, whereas the variable CDR3 

primarily directs the specificity towards the antigen, the germline encoded CDR1 and CDR2 

likely direct specificity towards the MHC.  

 3D structure analysis has revealed a degree of conformational change in the CDR3 

loops of the TCR during antigen binding, and these changes are also seen when TCR bind 

different antigens on the same MHC molecule. This "induced fit" can explain the cross-reactive 
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properties of TCRs, however it may also lead to changes in the overall strength of interaction 

between TCR and MHC/antigen (18).  

 

T cell thymic selection and influence of TCR specificity to the MHC 

 The importance of the thymus in establishing the peripheral lymphocyte population was 

demonstrated in early work showing thymectomized mice had depleted lymphocyte populations 

and immunological defects (27). Similar affects are seen in humans suffering from DiGeorge 

syndrome, a congenital disorder characterized by a lack of a thymus and parathyroid glands.  

T cell progenitors derived from hematopoietic stem cells (HSC) must migrate to the 

thymus for successful development (28). These developing cells, known as thymocytes, 

undergo successive stages of maturation marked by changes in cell surface molecule 

expression (29). They begin as CD34+ progenitors without CD3, CD4, or CD8 expression 

(Double Negative, or DN cells). A minority of these cells can go on to produce gamma delta 

TCR lymphocytes that remain CD4 and CD8 negative. The majority of thymocytes, however, 

become alpha beta TCR lymphocytes that give rise to CTL, first demonstrating CD4 

(CD4+/CD8-) and then CD8 expression to become Double Positive (DP) (CD4+/CD8+) cells.  

TCR recombination (30) begins in CD4+/CD8- thymocytes with beta chain 

rearrangement and expression on the cell surface by pairing to a surrogate pre-TCR alpha 

chain. Cells with these pre-TCR structures become selected to survive and further differentiate. 

Alpha chain rearrangement then occurs following deletion of the TCR gamma locus. This 

excised DNA persists episomally as TCR excision circles (TREC) that can identify recent thymic 

emigrants (31).  

After TCR rearrangement, alpha/beta T cells undergo positive selection, during which 

the TCR must bind to self-peptide presenting MHC with sufficient affinity in order to allow 

thymocytes to progress in development. This ensures that emerging lymphocytes will have 

enough affinity to the MHC to interact and bind recognized foreign antigens. Through negative 
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selection, those T cells that bind with high affinity undergo apoptosis (Figure 1-2), preventing 

auto-reactivity of lymphocytes to uninfected, self-peptide presenting cells. In order for negative 

selection to lead to effective elimination of self-reactive thymocytes, self-peptides from various 

tissue specific proteins must be encountered in the thymus. This process is controlled by the 

autoimmune regulator (AIRE), which works by promoting gene expression of tissue specific 

proteins (32). The MHC molecule class (I or II) that the TCR binds dictates the lineage of the 

developing lymphocyte (CD8+ or CD4+, respectively) (33). The selection process results in 

MHC restriction, such that only TCR with specificity to the particular HLA molecules present in 

the thymus would have completed development. Therefore, recognition of antigens presented to 

peripheral T cells is restricted to cells sharing the same HLA polymorphisms encountered in the 

thymus (34, 35). 

 T cell development and selection in the thymus frames the TCR specificity to the MHC in 

the unstimulated, or naïve, lymphocyte population. Although stochastic recombination of the 

TCR can theoretically lead to about 10^15 distinct clones in the T cell repertoire of one 

individual, strikingly less diversity (about 2.5 x 10^7 TCRs) is seen in peripheral lymphocyte 

populations (12). This is mainly due to the positive and negative selection limits established 

during thymic development (Figure 1-2). The TCR-MHC interaction that instructs selection is 

most likely directed by the specificity of the MHC molecule to the germline-encoded CDR1 and 

CDR2 of the TCR. Structural studies have revealed conserved amino acid residue interactions 

between the CDR1 and CDR2 and the MHC (36, 37), and mutations at certain TCR beta chain 

amino acid residues within these regions lead to decreased positive selection as well as 

diminished peptide and alloantigen recognition (38). Because these regions are encoded by the 

BV gene segment of the TCR gene, there is a preferential selection of thymocytes expressing 

the TCR BV gene segments with the greatest specificity to the MHC molecules presented in the 

thymus. This leads to distinct constraints on the naïve peripheral T cell repertoire that will be 

directed by the HLA profile of the individual (39). These constraints are shared between 
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individuals with similar HLA profiles, as evidenced by the conserved TCR gene segment 

recombination in the overall population against HLA-restricted infectious and autoimmune 

antigens (40). 

 

CTL Activation  

TCR signaling  

 TCR surface expression and signaling requires the interaction of the TCR heterodimer 

with CD3 molecules (Figure 1-1) (41). These CD3 molecules assemble in a complex with the 

TCR alpha and beta chains and stabilizes this heterodimer in the ER. The complex is composed 

three protein dimers: a delta epsilon dimer that interacts with the TCR alpha chain, a gamma 

epsilon dimer that interacts with the TCR beta chain, and a zeta chain disulfide linked dimer.  

 Signaling from the TCR/CD3 complex is initiated by tyrosine phosphorylation (42) of 

immunoreceptor tyrosine-based activation motifs (ITAM) in the cytoplasmic portion of the CD3 

chains (43). This is mediated by the SRC family kinase, Lck, a protein-tyrosine kinase 

associated with the cytoplasmic domains of the CD4 and CD8 molecules (44). Phosphorylation 

of ITAM at tyrosine residues allows for binding of the tyrosine kinase ZAP-70 (45), which itself is 

activated through phosphorylation by Lck (46).  

 These events lead to the formation of a signaling complex with a core composed of the 

adaptor proteins LAT and SLP-76. Phospholipase C-gamma (PLC-gamma) becomes activated 

within this complex by the Tec family kinase Itk. PLC-gamma then functions to cleave 

Phosphatidylinositol 4,5-bisphosphate (PIP2) into the second messengers inositol trisphosphate 

(IP3) and diacylglycerol (DAG) (47). IP3 increases intracellular Ca2+ (48) leading to the production 

of the transcription factor NFAT through activation of the phosphatase calcineurin (49). DAG 

recruits protein kinase C-theta (PKC-theta) (50), leading to activation of NFkappaB (51). DAG 

also recruits RasGRP, activating RAS and the MAP kinase cascade (52), and Fos, a component 
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of the AP-1 transcription factor. NFAT, NFkappaB, and AP-1 act to induce gene transcription, 

cell proliferation, and differentiation.  

 Co-receptor signaling is necessary for activation of naïve T cells; signaling solely 

through the TCR results in T cell anergy, a state where cells are unresponsive to re-stimulation. 

CD28 has been characterized as the most robust co-receptor (53), binding the B7 molecule on 

the surface of antigen presenting cells (APC) and having an overall effect of amplifying the TCR 

signal. 

 

Interaction with other cell types 

 Priming of T cells by mature APC, namely dendritic cells, is necessary for the generation 

of effector CTL from naïve CD8+ T cells. Lymphocytes continuously bind transiently to APC in 

lymph nodes. Three separate signals must be encountered by these naïve T cells in order for 

cells to become activated and expand. The first signal is antigen specific recognition of the 

MHC/peptide antigen structure by the TCR, with CD8 co-receptor ligation to the MHC. This 

initiates the cell to enter the G1 phase. The second signal comes from co-stimulatory 

stimulation, such as from CD28 binding to B7, and leads to production of IL-2. This promotes 

survival and expansion of the T cell through IL-2 mediated signaling that directs the cell to enter 

the rest of the cell cycle and differentiate into effector CTL. The third signal comes from other 

inflammatory cytokines and optimizes differentiation and clonal expansion. (54) 

 Most of the co-stimulatory signals required to drive CTL differentiation are provided by 

CD4+ T cells. These cells bind specifically to target antigens presented by MHC-II molecules on 

the surface of the dendritic cell, receiving TCR and co-stimulatory stimulation to produce IL-2 

and CD40L. IL-2 will drive CD8+ T cell proliferation and differentiation, and CD40L will bind 

CD40 on the dendritic cell surface prompting an increase in co-stimulatory signals for the CD8+ 

T cell.  
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Initiation of T cell effector function 

 CD8+ T cells that have proliferated and differentiated into CTL can go on to perform their 

effector functions with only antigenic stimulation and without the need for further co-stimulatory 

signals. The effector functions of CTL against target cells are initiated through cell-cell contact, 

forming a highly ordered interface on the plasma membranes of the CTL and target cell. This 

immunological synapse is structured as a bulls-eye shaped formation, with the center occupied 

by TCR and proteins involved in signaling, and a peripheral zone containing integrin and 

cytoskeletal proteins (55). The formation of this synapse re-orientates the cytoskeleton and 

alignment of the microtubule organizing center such that secretory granule release from CTL is 

directed at the synapse and target cell (56). 

 

CTL Effector Functions 

Induction of apoptosis  

 CTL induce apoptosis by contact mediated cytotoxicity. One pathway in which this 

occurs is through cytotoxic granule exocytosis and release of effector proteins. Perforin 

released from CTL allows for the delivery of other cytotoxic proteins into target cells. Its 

structure is similar to C9 of the complement membrane attack complex (MAC) (57), and it's 

generally believed to polymerize into form a pore like structure in the target cell plasma 

membrane. The importance of perforin in mediating T cell cytotoxicity can be demonstrated in 

mouse models lacking its expression that show increased susceptibility to lymphomas due to 

lack of CTL clearance of malignant cells (58), and in human diseases such as hemophagocytic 

lymphohistiocytosis caused by an ineffective elimination of activated APC by CTL (59). 

Granzymes are another key effector protein, which enter into target cells and activate the 

caspase pathway through cleavage of the pro form of caspase-3. Granzyme entry additionally 

results in release of cytochrome C from mitochondria, further leading to caspase-3 activation 

(60). Granulysin (61) is also released through exocytosis, a protein with antimicrobial activity 
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including against Mycobacterium tuberculosis. This factor contributes to immunity against 

intracellular pathogens.  

 Direct contact mediated cytotoxicity is also generated through the FAS/FASL (62) death 

receptor mediated killing of target cells. FASL is expressed on activated T cells and interacts 

with FAS on the surface of target cells. This results in activation of caspase-8 as well as the 

release of cytochrome C, ultimately leading to target cell apoptosis.  

 

Secretion of pro-inflammatory cytokines 

 Another key CTL effector function is the secretion of the pro-inflammatory cytokines, 

interferon-gamma (IFN-gamma) and tumor necrosis factor alpha (TNF-alpha). IFN-gamma 

released by CTL induces macrophage activation by promoting 1) the production of reactive 

nitrogen radials through the action of inducible nitric oxide synthase (iNOS) (63), 2) stimulating 

autophagy whereby macrophage phagosomes mature into phagolysosomes (64), 3) prompting 

the depletion of tryptophan (65), and 4) inducing the downregulation of iron sources, including 

transferrin receptors and intracellular ferritin (66). TNF-alpha released by CTL acts mainly on 

the endothelium to stimulate expression of adhesion molecules and facilitate extravasation. 

TNF-alpha also promotes the clotting of small vessels in order to prevent systemic spread of 

pathogens and better control infection, however systemic release of this cytokine can lead to 

septic shock.  

 

Development of the Memory Response 

 Memory cells develop from activated T cells and provide protective immunity against 

pathogen re-exposure. These cells are classically defined as having CD45 RO isoform 

expression and lack of the CD45 RA isoform. Two subsets of memory T cells have been 

identified that have different effector function responses (67). Effector memory T cells, which 

lack CCR7 expression and are present more in peripheral tissues (68), have the ability to rapidly 
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mature into effector T cells. Central memory T cells, which do have CCR7 expression, take 

longer to mature into effector T cells but have higher proliferative capacity (69). This subset 

produces more IL-2 and resides in lymphoid tissues. CD4+ T cell help is required in order to 

generate and maintain the survival of CTL memory cells of both classes.  

 

Important role of CTL in immunological memory 

 Evidence suggests that the CTL response can be more influential in clearing viral 

infection and providing immunological memory than the antibody response. In studies of 

influenza A virus (IAV) infection for example, early work showed that the presence of IAV 

specific CTL responses correlated to effective clearance of viral shedding (70). Measurement of 

infection rates of IAV during the 1957 pandemic suggest that having T cell immunity against 

multiple antigenic viral subtypes provided protection in adults compared with children (71) and 

animal hosts (72) without these responses. Among elderly adults, the functionality of CD8+ T 

cells for specific viral epitopes correlated to better protection from IAV infection, not antibody 

titer (73). Finally, in a prospective study of the H1N1 pandemic, individuals with higher 

frequencies of CD8+ T cell responses against conserved IAV epitopes had less severe disease 

(74). Therefore, CTL responses targeted at conserved viral epitopes may provide better 

protection than antibody responses targeted at frequently changing or antibody restricted 

antigens on the pathogen surface. The importance of CTL responses can also be demonstrated 

in HIV-1 infection, as escape from these responses leads to continued viral production and 

progression of disease (see Chapter 3).  

 

 

Characterization of the CTL Response 

 

Magnitude 
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 The magnitude of a CTL response against an antigen can be determined by many 

different methods. These include measuring antigen specific CTL proliferation, the ability of CTL 

to lyse target cells, secretion of cytokines, and assessment of cellular phenotypes (75). All 

techniques generally involve isolation and stimulation of cells ex vivo. Given the various 

techniques for characterizing magnitude, many inconsistencies arise when correlating these 

measures to the effectiveness of the CTL response. 

 There also exists some ambiguity in determining the factors that influence CTL response 

magnitude. The amount and duration of antigen presentation on MHC by APCs influences 

magnitude, however this has not been shown to affect the CTL effector function or formation of 

memory response (76). Precursor frequencies, defined as the frequency of antigen-specific 

naïve CD8+ T cells, have not consistently been shown to correspond to CTL response 

magnitude. This indicates that there are other factors dictating the magnitude of responses such 

as incomplete recruitment of precursors, unequal clonal expansion and proliferative capacity 

after stimulation, TCR affinity for antigen and the immunodominance of certain responses, level 

of antigen, and stability of antigen on MHC (77). Interestingly, precursor frequencies have been 

noted to be highly reproducible between MHC matched individuals (78). 

 

Immunodominance 

 Measurement of the magnitude of CTL response has revealed the presence of 

immunodominant and sub-dominant responses (79). Immunodominant responses are greater in 

magnitude and usually limited to a relatively smaller number of antigens. Sub-dominant 

responses targeted antigens that were more weakly immunogenic.  

 The immunodominance of CTL responses does not necessarily correspond to immune 

protection during infection. Although the magnitude of a specific response corresponded to the 

relative amount of presented peptide epitopes, this did not correspond to protective capacity in 

LCMV infection in mice (80). Evidence also exists that subdominant responses are important in 
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protective immunity, and in the case of HIV-1 infection, they can possibly be providing effective 

viral control (81). Finally, measurement of CTL response magnitude varies with different 

laboratory techniques and protocols (79), making accurate and reproducible measures in 

response size difficult.  

 

Breadth of responses 

 The number of different epitopes targeted by CTL against an infecting pathogen 

represents the breadth of responses. In HIV-1 infection, greater breadth may lead to a lower 

likelihood of escape from T cell responses (82, 83), and may be one factor contributing to viral 

control (84). Less is known about the clonal breadth, or the number of distinct CTL clones 

targeting a specific antigen (since more than one CTL clone may be targeting the same 

antigen), and its influence of effective viral control in infections such as HIV-1. Some evidence 

exists to suggest greater clonal breadth is associated with better viral control (85-87), however 

this is largely yet to be tested. 

 

Specificity of responses 

 The specificity of CTL responses is determined by identifying the particular targeted 

peptide antigen. As will be discussed later, each CTL clone can target an index epitope as well 

as peptide epitope variants.  

 

 

Measurement of the CTL Response 

 

 As reviewed in (75), there have been significant advancements in the tools for the 

measuring the CTL response. These technologies have allowed for important discoveries into 

the mechanisms of cell mediated immunity and cell mediated allo- and auto-responses in 
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human health and disease. This knowledge has been applied to vaccine design, gene therapy, 

and cell based immunotherapy. 

 

Isolation of lymphocytes 

 Two approaches for lymphocyte isolation are routinely utilized for the isolation of 

lymphocyte populations: magnetic bead based and flow cytometry based methods.  

 In the magnetic bead based approach, magnetic beads are coated with antibodies 

against specific lymphocyte cell surface markers, binding cells to these particles. Using strong 

magnetic fields, these lymphocyte bound beads are utilized to separate specific T cell 

populations from PBMCs and other cell mixtures. This method is particularly useful for 

separating T cells in large quantities. Fluorescence-activated cell sorter (FACS) technology is 

also utilized to separate T cell populations. In this approach, lymphocytes are stained with 

labeled, cell surface protein specific antibodies and separated by FACS sorting. This technique 

works well when isolating small numbers of cells from larger populations. Cells can remain 

viable with both magnetic bead and FACS based methods.  

 

Determining magnitude of specific CTL responses 

 Several approaches have been developed to measure the magnitude of antigen specific 

CTL responses. One of the most widely utilized is the measurement of T cell proliferation in 

response to antigenic stimulation. This has the benefit of allowing responding cells to also be 

phenotyped, however these assays have significant issues with precision. Prior 3H-Thymidine 

incorporation based methods have been largely replaced with dye-dilution based flow cytometry 

assays (88). Here, proliferation of cells is measured by loss of dye intensity in stained cells by 

the halving of fluorescence in daughter cells, allowing the number of cell divisions to be 

estimated. This has significant benefits from prior radioisotope based assays, in that cells can 

be further used for staining with other labeled antibodies. Other approaches for measuring cell 
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proliferation include measurement of 5-bromo-2-deoxyuridine incorporation into nascent DNA 

with an antibody against the molecule (89) as well as intracellular staining for the proliferation 

marker Ki-67 (90). 

 The magnitude of a specific CTL response is also determined by measurement of 

cytokine secretion in T cell populations. ELISA assays (91) can measure a large variety of 

cytokines secreted by activated CTL as well as other T cell subsets. Similar measurements can 

be made with cytometric bead assays (CBA) (92). These tests use microparticle beads that are 

each marked with a fluorescent dye and covalently bound to antibodies against specific 

cytokines. After binding of the secreted cytokine by the beads, fluorescently labeled detection 

antibodies against the captured cytokines are used to stain the microparticles. These beads are 

then analyzed with flow cytometry to estimate the levels of captured cytokines based on 

fluorescence levels. Multiple beads with specificity to different cytokines can be mixed and used 

to detect multiple factors simultaneously. 

 Determining the number of activated, antigen specific cells within a lymphocyte 

population is also used to measure the magnitude of CTL responses. With intracellular staining 

(ICS), T cells are permeabilized and treated with golgi inhibitor after stimulation. Cells are then 

stained with fluorescent labeled, cytokine specific antibodies to identify activated cells. Multiple 

markers can be used at once to provide a detailed phenotypic analysis of cells (93). Cytokine 

secretion assays (CSA) (94) similarly measure activated cells, however this is done through 

capturing secreted cytokines on the cell surface. Cells are first stained with a cytokine specific 

antibody conjugated to a cell surface molecule (i.e. CD45) specific antibody and are then 

stimulated. The conjugated antibodies bound to the cell surface will bind, or "capture" secreted 

cytokines from activated cells. A labeled detection antibody specific for the bound cytokine is 

then used to stain cells, and activated CTL can be identified and sorted with FACS or enriched 

with magnetic beads specific for the detection antibody.  
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 The level of cytotoxic activity of CTL is also a measure response magnitude. In 

chromium release assays (CRA) (95), chromium (51Cr) labeled target cells are loaded with 

target peptide antigen on their MHC-I. The ability of CTL effector cells to lyse these target cells 

is then measured by the release of (51Cr) from the peptide loaded target cells. Several non-

radioisotope assays have also been designed to function similarly to CRA but with use of 

fluorescent molecule labeling of target cells or measurement of LDH activity as a measure of 

cytotoxicity. Flow cytometry based assays also determine CTL cytotoxicity against target cells 

by measuring cell killing with antibodies targeting markers of apoptosis such as annexin V or by 

measuring 7-amino-actinomycin (7-AAD) or propidium idodide (PI) incorporation. This approach 

allows simultaneous phenotypic analysis of CTL.  

 

Determining specificity of CTL responses 

 The specificity of the CTL response can also be determined by measurement of T cell 

activation. In the ELISpot assay (96), cells are placed on a membrane coated with cytokine 

specific capture antibodies. These are then stimulated with antigen, and cytokines released by 

activated cells will bind the membrane surface. Cells are then washed off and bound cytokines 

visualized with an enzymatically-labeled antibody and chromogen, leaving a colored spot on the 

membrane. By testing CD8+ T cells with many separate antigens at once in 96-well plates, the 

specificity of CTL responses to different targets can be tested. Additionally, the frequency of 

cytokine secreting cells will give a measure of CTL response magnitude against the particular 

activating antigen.  

 The FLOUROSpot (97) assay similarly detects secreted cytokines, however this method 

can detect the release of multiple different factors at once through the use of multiple 

fluorophores to label spots.  

 Tetramers of four complexed MHC molecules can also be used to assess CTL response 

specificity (98). These MHC tetramers are loaded with antigens, and are conjugated to 
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fluorescent molecules. CTL specific for loaded antigens will bind these structures and be 

identified and sorted with FACS. These complexes can also be assembled with more than four 

(i.e. pentamer) MHC molecules.  

 

Assessing CTL repertoire diversity and clonality 

 Quantitative spectratyping (87) assays measure clonal breadth by RT-PCR of TCR 

mRNA of stimulated and expanded CTL. This technique can show the relative strength of 

response magnitude by quantifying the proliferation of CTL clones. By sequencing the TCR 

mRNA of these expanded clones, the genetic diversity of activated CTL clones can also be 

revealed, providing information of conservation of TCR alpha and beta gene segment usage 

against particular antigen targets. The incorporation of high-throughput TCR sequencing in the 

measurement of T cell diversity has greatly improved the level of resolution of characterization 

of the T cell response. Significant improvements in cost and efficiency can allow for detailed 

studies of the TCR repertoire in CTL responses (99). 

 

 

Overview and Goals of this Project 

 

 Quantitative spectratyping has been an important experimental technique utilized by our 

laboratory in various different investigations into the CTL response. We have built on this 

approach to obtain insights into cellular immunity in HIV-1 infection (87, 100, 101), and have 

refined this method to be implemented with high efficiency. The focus of this thesis was to apply 

this technology to measure the clonal diversity and stability of CTL allo-responses causing 

detrimental outcomes in organ transplant as well as to measure the clonal breadth in CTL 

responses targeting HIV-1 in early infection. By doing so, we can answer key questions about 
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approaches to controlling harmful CTL responses and designing approaches to induce effective 

CTL responses to treat infection. 

 In our second chapter, we investigate the clonal stability and TCR repertoire bias of the 

CTL response mediating acute rejection of donor tissue following solid organ transplantation. 

This work adds to the advancement of narrow-based immunomodulatory therapies for treating 

rejection as well as to novel approaches to monitoring for rejection after transplantation. In the 

third chapter, we characterized the CTL response in early HIV-1 infection with the goal of 

measuring the effects of clonal breadth on limiting CTL escape. This work will have important 

implications in the design of effective HIV-1 cell immunity based vaccines and therapies.  
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Figure 1-1: Outline of the structure and TCR/MHC interaction stabilized by CD8 co-receptor 

binding. 
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Figure 1-2: T cell selection occurs during thymocyte development and is dependent on 

interaction with self-MHC molecules. Sufficient affinity for self-MHC molecules is necessary 

(positive selection) without such high avidity to induce apoptosis (negative selection). MHC 

specificity to the germline-encoded BV region of the TCR directs selection, leading to peripheral 

TCR repertoire with BV constraints directed by the host HLA profile. Allo-responses that develop 

against foreign-MHC among mature lymphocytes are also instructed by BV specificity. 
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Determination of TCR Variable Gene Segment Usage Can Lead to Improved Therapies for 

Acute Rejection 

  

Success of solid organ transplantation and limitations of current immunomodulatory therapies 

 Advancements in solid organ transplantation have allowed for significant improvement in 

outcomes for patients with end-stage organ failure (1, 2). Effective immunomodulatory therapies 

(directed mostly at suppressing the cellular immune response) have reduced the incidence of 

organ rejection and improved mortality. However, these broadly acting agents cause significant 

immunosuppression leaving recipients with diminished immunity against infections, such that 

infections are the leading cause of death following transplantation (3). Additionally, acute 

rejection still frequently occurs despite use of this therapy (4-9). 

 

Alloresponse is an important mechanism of acute rejection 

 The cellular alloresponse against donor HLA antigens (10) is an important cause of 

acute rejection. In this process, T lymphocytes become activated through direct recognition of 

donor MHC molecules and propagate the inflammatory response leading to rejection (11). The 

basis for this response is that host thymocytes are not exposed to mismatched donor HLA 

during maturation in the thymus, and therefore do not undergo negative selection against these 

molecules. Without this exposure, T cells with potentially high affinity for foreign HLA complete 

development and can mediate this direct alloresponse. 

 

Determination of TCR variable gene usage bias can lead to narrow based therapies for rejection 

 The potential exists to treat acute cellular rejection with more targeted therapies directed 

by the specific TCR BV gene segment usage of alloreactive T cells. Proof-of-concept of this 

strategy has been demonstrated in a mouse model of acute rejection where use of BV-specific, 

lymphocyte depleting antibodies prolonged graft survival by specifically reducing the population 
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of alloreactive cells (12). This narrow based strategy of eliminating only a BV-specific portion of 

the peripheral TCR repertoire will leave the remaining non-alloreactive T cell population intact to 

function in protective immunity, limiting the need for broad based immunosuppression and 

decreasing mortality for transplant recipients from opportunistic infections. 

 

 

TCR BV Usage Bias Occurs in Acute Rejection 

 

T cell alloresponses mediating acute rejection show TCR BV gene segment restrictions 

 Alloantigen-specific T cells mediating acute rejection infiltrate and expand in graft tissue 

(13-15), and are detected throughout the period of histopathologically defined rejection (16, 17). 

These graft infiltrating lymphocytes (GILs) represent an oligoclonal population as revealed by 

the biased usage of particular TCR BV gene segments in cell lines derived from transplanted 

organs (14, 18-20) as well as T cell populations directly isolated from donor tissue (21-24). 

These GIL have also been demonstrated to maintain BV bias throughout clinical rejection (16, 

17). 

 In the reprint entitled "Clonal CD8+ T cell Persistence and Variable Gene Usage Bias in 

a Human Transplanted Hand" we built upon these findings by performing a comprehensive 

evaluation of the cellular immune response in an individual experiencing acute rejection after 

hand transplantation. By taking advantage of this unique clinical circumstance, we characterized 

the population of GILs with repeated skin biopsy sampling over the course of 178 days. This 

individual was maintained on immunosuppressive therapy throughout and experienced varying 

levels of histopathologically defined acute rejection (Kim et al, Figs. 1 and 2, pg 5-6). We 

uncovered the presence of oligoclonal expansions of CD8+ T cells infiltrating graft tissue, which 

were absent in the peripheral blood (Kim et al, Figs 1 and 3, pg 5, 7). Despite sampling 

limitations that likely yielded incomplete representation of the repertoire of GIL (Kim et al, Fig 5, 
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pg 9), we found 11 distinct TCR BV clonal sequences representing individual CD8+ T cell clonal 

expansions that were present at multiple time points (Kim et al, Fig 4, pg 8). These clones 

persisted for periods spanning 27 to 171 days, and were restricted to the usage of three (BV5a, 

BV07, and BV27) out of 23 BV gene segment families (Kim et al, Table 1, pg 9). Our results 

confirm that BV restriction occurs in the oligoclonal population of skin GIL following 

transplantation, and that despite sampling restrictions, individual CD8+ T cell clones utilizing a 

limited BV repertoire persisted stably for long periods of time.  

 

 

BV Based Targeted Treatment of Acute Rejection 

 

 Use of BV directed therapy described above in transplantation recipients requires 

knowledge of the BV usage bias in T cell alloresponses. In animal models of acute rejection, BV 

usage of GIL is conserved among recipients with similar HLA mismatched graft tissue because 

hosts are genetically identical and are transplanted with tissue from similarly genetically 

identical donors (25, 26). This allows for prediction of BV usage based on known HLA 

mismatches between donor and recipient (12). In studies of human transplantation however, the 

genetic diversity among donors and recipients in clinical practice and the difficulty in studying 

large numbers of recipients has limited the ability to clearly demonstrate “public” T cell BV 

usage (27, 28). Prediction of the BV usage among alloreactive GIL was shown on an individual 

level through in vitro testing in mixed lymphocyte reactions (MLR) with recipient PBMCs as 

responders and donor cells as stimulators (29). However these time consuming techniques 

would have limited clinical application. Therefore, understanding the factors that determine BV 

usage specificity in alloresponses would allow for prediction of the TCR repertoire during acute 

rejection and utilization of BV-specific therapies. 
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BV constraints due to TCR and MHC interaction during thymic development 

 The peripheral lymphocyte population shows significantly less diversity than theoretically 

possible through stochastic TCR gene segment rearrangement (30) due to the process of 

positive and negative selection during thymic development. As outlined in Chapter 1, evidence 

suggests that the TCR-MHC interaction is directed by specificity of the germline BV-encoded 

CDR1 and CDR2 of the TCR towards the MHC molecule. This preferential selection of 

lymphocytes then leads to distinctive restrictions on the naïve peripheral TCR BV repertoire, 

and this is directed by the host MHC molecules present in the thymus (31).  

 

Lymphocyte alloresponses demonstrate BV restrictions 

In vitro studies of T cell alloresponses have demonstrated conservation of BV gene 

segment usage among responder cells derived from different individuals targeting the same 

MHC class I (32) or class II (33-37) molecule. This suggests that the CDR1 and CDR2 

interaction with the MHC molecule also instructs BV specificity in the direct allorecognition of the 

TCR to specific HLA antigens. However, unlike the TCR-MHC interaction in the thymus that 

guides selection of immature T cells, mature lymphocytes encountering of foreign HLA leads to 

their activation and proliferation.  

The degree of BV bias reported in the current literature is variable, likely due to the 

limitations in overall number of alloresponses tested in each report and inconsistencies in the 

type of T cell responder cell type (PBMCs, lymphocyte cell lines, or T cell clones) and stimulator 

cell (EBV-immortalized B cells, PBMCs, and murine fibroblast cells) (38) studied. One report did 

not show BV conservation of alloresponses among different responder/stimulator cell pairings 

with shared HLA-mismatches. However, BV conservation was noted within each responder cell 

population when targeting different HLA targets (27), and so this observation supports the 

importance of host HLA profile in influencing BV specificity. Therefore, a more consistent and 

systematic approach in necessary to reveal BV bias conservation in lymphocyte alloresponses. 
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Revealing the BV-encoded germline specificity to direct narrow-based immunomodulatory 

therapy 

 The presence of BV repertoire constraints established during thymic selection and the 

BV specificity instructed by the TCR-MHC interaction of direct allorecognition suggest that the 

donor/host HLA profile combination will determine the BV bias seen in alloreactive T cell 

mediated acute rejection. Systematically categorizing the BV usage of HLA targeted T cell 

alloresponses in vitro will therefore demonstrate the trends in BV usage specificity. This can be 

done by performing MLR using peripheral blood mononuclear cells (PBMC) from healthy donors 

as responder cells set to target cells engineered to present a single HLA. By conducting these 

tests on a large scale, we can determine the likely BV biases that result from specific HLA 

combinations between responder and target cells. This information can then be used to predict 

the BV usage bias among GIL alloresponses mediating acute rejection. Concurrently, certain 

HLA combinations between responder and target cells may not be associated with a BV usage 

bias, indicating a lack of alloresponse against the targeted HLA. Because foreign HLA antigens 

are not constrained to a particular T cell subtype among responder PBMCs, alloresponses of 

both CD4+ and CD8+ lymphocytes may occur to either class I or class II molecules, and both 

types can be used as targets in MLR. 

 To demonstrate how this could be accomplished, we measured the BV usage of an in 

vitro alloresponse by PBMC isolated from an HLA-B27 negative subject targeting an HLA-B27 

molecule expressed on irradiated T1 target cells. BV usage in the population of PBMC 

responder cells was assessed by quantitative spectratyping, and revealed a significant biased 

usage of the BV03 family when compared to control PBMC targeting T1 without the HLA-B27 

target antigen (Figure 2-1).  

 Categorization of the BV usage trends in T cell alloresponses into a specificity library will 

allow for prediction of the BV constraints in the population of alloreactive lymphocytes mediating 
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acute rejection. With this ability, narrowly directed, BV-targeted immunomodulatory therapies 

can be implemented that would control the graft directed inflammatory response and preserve 

protective immunity in the host. Additionally, this prediction library can also provide information 

as to the likelihood of direct alloresponses to occur for particular recipient/donor HLA 

mismatches, giving an indication of the probability of a successfully tolerated transplantation.  

 

 

Use of BV Usage Bias Measurement to Monitor for Acute Rejection 

 

The need for innovations in methods for monitoring for rejection 

 Detecting the onset of acute rejection relies on insensitive laboratory and clinical 

measures, and confirming this process typically involves invasive sampling for histopathological 

analysis. This method has variable sensitivity depending on the type of transplanted tissue 

sampled, and can place patients at significant risk for procedural complications. Investigation 

into non-invasive measurement of biomarkers that can signal rejection and present minimal risk 

has resulted in many promising approaches. However, these measures have been limited in the 

ability to differentiate between rejection and other causes of graft failure (39). As reported in the 

Appendix, we have sought to improve the specificity of this process by developing a technique 

to measure donor tissue derived microparticles as markers for rejection. 

 

Detecting BV bias in non-invasively obtained samples 

 For certain types of organ transplantation, lymphocytes can be isolated through less 

invasive techniques, such as urine sampling after renal transplantation and bronchoalveolar 

lavage (BAL) sampling after lung transplantation. These cells will reflect the BV restrictions of 

the GIL from which they are derived. However, the concentration of lymphocytes isolated would 

be much less than compartments such as donor tissue or peripheral blood.  
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 In order to overcome limitations in sampling due to the low cell numbers, 5’-rapid 

amplification of cDNA ends (5’-RACE) can be utilized to first non-specifically amplify TCR 

cDNA. Performing this non-specific amplification allows for accurate measurement of relative 

BV usage in limited numbers of T cells, and minimizes the introduction of any experimental bias. 

Quantitative spectratyping can then be performed on this amplified cDNA to measure BV usage. 

This approach was used to measure BV usage in a population of cells isolated from urine 

obtained of a renal transplant recipient undergoing histopathologically confirmed acute rejection 

(Figure 2-2). Bias is apparent in several BV gene segment families (BV5b, BV6a, BV6b, BV09, 

BV10, BV11, BV12, BV18, and BV27), with the greatest usage seen in families BV06a, BV09, 

BV10, BV11, BV12, and BV27. This distribution is consistent with the BV biases noted in prior 

studies of graft tissue undergoing rejection (16-20, 22-24, 27, 40).  

 Incorporation of 5'-RACE into measurement of BV bias will allow for detection of 

alloreactive lymphocytes in samples with relatively few cells. As suggested by our work as well 

as prior investigations, identification of a BV restricted oligoclonal lymphocyte population derived 

from graft tissue would indicate the presence of an alloresponse mediating rejection. 

Conversely, lymphocytes obtained from compartments with no active alloresponse will have a 

broad BV repertoire (Kim et al, Fig 3, pg 7). Therefore, this technique can be used as a sensitive 

monitor for acute rejection through protocol sampling of GIL populations that have been 

obtained with minimal risk such as urine and BAL fluid.  

 

 

Conclusions 

 

 In conclusion, we have demonstrated that graft infiltrating CD8+ T cell clones persist in 

donor tissues for prolonged periods of time, and that this oligoclonal population of cells is 

restricted in BV family usage. These findings further support the importance of BV directed 
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immunomodulatory therapies as a treatment for acute rejection. We have established 

approaches to systematically categorize the BV biases of in vitro T cell alloresponses in order to 

reveal BV restriction trends based on MHC profiles, and to determine BV alloresponse biases in 

individuals undergoing acute rejection by examining small sample populations of GIL. These 

techniques will allow BV directed therapies to be implemented to prevent and treat acute 

rejection, both by predicting BV bias based on MHC profiles of donor and host, and by 

measuring BV restriction through minimally invasive sampling. Finally, by measuring BV bias in 

the oligoclonal populations of GIL present in samples such as urine and BAL fluid, we can 

detect the presence of acute rejection with improved sensitivity and less risk than current 

methods. 
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METHODS 

 

PBMC collection from human subjects: PBMC were isolated by Ficoll-Hypaque gradient from 

whole blood. Low resolution testing of HLA profiles was performed on blood samples.  

Creation of T1 cell lines expressing HLA-B57 antigenic target: The T1 lymphoblast cell line was 

used to transgenically express the HLA-B57 antigen. This cell line has endogenous expression 

of the HLA serotypes: A2, Aw30, B5, Bw4, Bw6, and DR7. The DNA sequence of the HLA B57 

antigen was inserted into a lentiviral vector containing the CD24 reporter gene by Infusion 

Cloning (Clontech, Takara Bio, Japan). This vector, along with a VSV-G containing plasmid and 

packaging vector, was transfected into 293T cells. Pseudovirus containing the MHC gene were 

be isolated and transduced into T1 cells. Expression of the HLA antigen was confirmed by 

detection of the CD24 reporter molecule by flow cytometry, and stably expressing clones were 

selected.  

Mixed lymphocyte reactions: Standard protocol were utilized for one-way MLR. HLA B57 

expressing target T1 cells were irradiated and combined with PBMC responder cells from a B57 

negative donor. Cells were kept in culture for five days and then the whole culture harvested for 

BV usage measurement. 

BV usage measurement with Quantitative Spectratyping: Quantitation of BV gene usage in 

responder cells was determined by measuring TCR mRNA expression as previously described 

(41). Separation of responder cells from MLR culture prior to BV gene segment mRNA 

measurement was not necessary as irradiated target cells cannot expand. International 

ImMunoGeneTics (IMGT) information system nomenclature was followed for labeling of variable 

gene families. Total RNA from the MLR reaction culture was isolated using Trizol reagent 

(Invitrogen, USA), and reverse transcribed to cDNA with use of random primers (High-Capacity 

Reverse Transcription Kit, Applied Biosystems, USA). Quantitative PCR (IQ5, BioRad, USA) 

was then performed on cDNA samples using beta variable (BV) region-specific forward primers 
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and fluorescently tagged beta constant (BC) region-specific reverse primers. 5'-labeled Cy5 

probe against the BC region was used for quantitation and threshold of detection (42) 

determined. Standard concentrations were set with use of a control plasmid containing the 

BV20 gene run in parallel, and starting copy number of each PCR reaction estimated based on 

control plasmid copy numbers. The relative concentration of each BV family was calculated as 

the ratio of copy number to the mean copy number across all families. The size distributions of 

amplified PCR products was determined by capillary electrophoresis (3130 Genetic Analyzer, 

Applied Biosystems, USA) and the area under the curve of each peak was calculated 

(GeneMapper v3.7, Applied Biosystems, USA). The relative concentration of each peak was 

calculated as the fraction of the area under the curve of all peaks within the respective BV family 

and multiplying this to the relative concentration of the family. Based on the normal variation of 

BV usage seen in control experiments previously performed in healthy, unstimulated PBMC 

populations (41), a cutoff of four standard deviations (1.6 in relative concentration) was be used 

as defining increased usage of a BV family. 

5’-rapid amplification of cDNA ends (5’-RACE): Whole mRNA was reverse transcribed using 

oligo(dT) primers (SMARTScribe Reverse Transcriptase, Clontech, Takara Bio, Japan) with the 

incorporation of an oligonucleotide sequence at the 5' end. TCR cDNA was then amplified with 

primers specific for the 5' oligonucleotide sequence and BC region.  

Measurement of associations between BV family and HLA target antigens: For each HLA target 

tested (HLA-X), the specificity of each HLA-type (HLA-Y) represented among responder PBMC 

samples will be determined for each BV family (BV-K). This will be done by comparing the 

proportion of responder PBMC samples with the HLA type (HLA-Y) that show increased BV-K 

usage to the proportion of responder PBMC samples without the HLA type (non-HLA-Y) that 

show increased BV-K usage. This can be visualized in the 2x2 table below: 

 

Target antigen: HLA-X                                      
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                                                          PBMC samples        PBMC samples  
                                                           with HLA-Y               without HLA-Y 
 
Number of samples with  
increased usage of BV-K 
 
 

Number of samples without  
increased usage of BV-K 
 

 

 

Proportion of PBMC samples from individuals with HLA-Y and increased BV-K usage =  

P1 = a / (a + c) 

Proportion of PBMC samples from individuals without HLA-Y and increased BV-K usage =  

P2 = b / (b + d) 

 

A chi-square test of equity of two proportions will then be calculated to compare P1 and P2 to 

assess for statistically significant differences in these two values. The cost of low resolution HLA 

typing will limit the number of samples able to be processed for this study to 100. Certain HLA 

types (HLA-Y) will be expected to be present in up to 50% or more of responder PBMC samples 

(i.e. A*02, B*07, C*07, DQA1*01, DRB1*01), and therefore we can consider the total number of 

samples in P1 and P2 to be approximately equal. If we assume usage of any particular BV family 

(BV-K) to be 20% in non-HLA-Y samples, then with 50 PBMC responder samples from HLA-Y 

individuals and 50 from non-HLA-Y profile individuals, we will have 80% power to detect a 46% 

difference in BV-K usage proportions (P1 - P2) in a two sample Chi-square test with a 0.05 two-

sided significance level. If we consider HLA-Y to be less frequent among responder PBMC 

samples at 25% of the total, then with 25 PBMC responder samples from individuals with HLA-Y 

and 75 from non-HLA-Y individuals, we will have 80% power to detect a 51% difference in BV-K 

usage proportions (P1 - P2).  

a b 

c d 
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Figure 2-1: In a MLR, BV usage of responder PBMCs (Class I HLA profile: A2/A24; B60/B46; 

C1/C7) targeting T1 cells (HLA profile: A2, Aw30, B5, Bw4, Bw6, and DR7) that express HLA-

B*27 were compared the same PBMCs targeting T1 cells not expressing HLA-B*27.  
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Figure 2-2: BV usage measured in ratio to median copy numbers (log) of the population of 

lymphocytes obtained from the urine of a renal transplant recipient with acute rejection. 
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Importance of Understanding the Characteristics of a Successful CTL Response Against 

HIV-1 Infection 

 

 CTL are an important component of the immune response during HIV-1 infection. 

Several key findings exist to support this concept, including the temporal association between 

the development of HIV-1 antigen specific CTL responses and the decline of plasma viremia 

during acute infection (1, 2) and the suppression of HIV-1 replication by CTLs ex vivo (3, 4). 

Additionally, depletion of CD8+ lymphocytes in rhesus monkeys infected with the Simian 

Immunodeficiency Virus (SIV) leads to an increase in viremia, and reappearance of these cells 

correlates to restoration of viral control (5, 6). Finally, certain HLA class I alleles are strongly 

associated with the rate of disease progression in infected individuals, highlighting the 

importance of CTLs in viral control through interactions between the T cell receptor (TCR) and 

MHC molecule.   

 In a successful CTL mediated adaptive immune response, pathogen replication and 

disease are halted, and the formation of memory cells allows for rapid control of pathogen re-

exposure. This process also forms the basis of CTL based vaccines. Despite the development 

of this immune response in HIV-1 infection, CTL mediated immunity does not lead to 

containment or eradication of the virus.  

 The reasons for the failure of CTL mediated immunity during HIV-1 infection is 

multifactorial, and includes effects from Nef mediated downregulation MHC-I molecule 

expression (8), loss and impaired function of memory CD4+ T cells (9), T-cell exhaustion (10), 

and the evasion of CTL responses by viral epitope escape (11). Exploring the reasons why the 

HIV-1 specific CTL response does not lead to successful natural immunity and uncovering the 

characteristics that may inhibit this failure is crucial for understanding what factors contribute to 

effective viral control. 
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 In this work we focus on examining the aspects of the CTL response that limit viral 

escape, specifically, the effect of clonal breadth and the development of new CTL responses. 

This knowledge will add to vaccine design and development as well as T cell gene therapies. 

 

 

Viral Escape Contributes to Evasion of the CTL Response  

 

 Among the multiple processes leading to CTL response failure, viral epitope escape is 

an important contributor. This process occurs as a result of the high mutation rate of the HIV-1 

genome during viral replication due to the error prone viral reverse transcriptase as well as viral 

recombination. Based on estimates of the rate of virion production, the mutation rate, and 

genome size, there is the potential for a point mutation in every nucleotide of the HIV-1 genome 

sequence to be produced every day in the viral pool of an infected individual (12). Some 

mutations may lead to significant effects on viral protein structure and function, resulting in a 

fitness cost to certain variant species (13) and therefore limiting the number of potential viable 

viruses. However, sufficient variations in viral sequences occur to produce epitope escape. 

These mutations allow for reduced epitope binding to the MHC-I molecule, altered epitope 

processing, epitope antagonism, and non-recognition of targeted epitopes by the TCR (14).  

 

Effect of escape during early CTL responses 

 Epitope escape has been shown to occur readily in acute HIV infection, as early as 16 

days following the onset of symptoms (15). This is in contrast to chronic infection, during which 

CTL responses have been shown to persist but with infrequent episodes of epitope escape (16). 

Genome-wide deep sequencing of viral variants in an acutely infected individual showed a 

faster rate of escape from immunodominant acute phase CTL responses when compared to 

subdominant responses, and that early, low frequency mutations in targeted epitopes of 
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immunodominant responses coincided with the halting of viral blood level decline. This suggests 

that immune control in early HIV-1 infection is influenced by these early escape events (17). 

Mathematical modeling of early infection suggest the CTL response significantly effects the 

early reduction in viremia (18), and the specific CTL responses that develop in acute infection 

are associated with an infected individual’s viral set point (19). Additionally, the speed at which 

CD8+ T cell response peaked and the absolute magnitude of activation corresponded to a lower 

viral set point (20). This set point is closely linked to disease outcome (21), and therefore 

understanding the characteristics of the CTL response that may limit escape in early infection is 

key to discovering the factors that would contribute to effective immunity against HIV-1 (22). 

 

 

Escape May Be Limited by Greater Clonal Breadth 

 

 Given the stochastic development of the TCR, each CTL clone has distinct promiscuity, 

such that each clone can target a unique set of epitope variants (23). A CTL response against a 

particular epitope can also involve more than one T cell clone, and the number of clones 

comprising a response shared between individuals can vary (24, 25). The sum total of all CTL 

clones specific for a given epitope, each with its respective promiscuity, represents the clonal 

breadth of a CTL response to a particular epitope. Because the number of variant epitopes 

targeted would be greater, CTL responses with larger breadth may better restrict viral escape by 

reduced recognition of the TCR.  

 A limited amount of work has yet been performed examining the effect of clonal breadth 

on CTL escape and viral control, and this relationship has not been investigated in early HIV-1 

infection. CTL responses from chronically HIV-1 infected subjects targeting epitopes presented 

on HLA molecules associated with delayed disease progression had a greater degree of 

promiscuity (26). Conversely, CTL escape was associated with higher viral blood levels and not 
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associated with less breadth in a study of disease free, chronically infected individuals. 

However, the epitope mutation examined was attributed to decreased epitope presentation and 

not decreased TCR recognition (27). Breadth of CTL responses targeting HLA-B restricted 

epitopes versus HLA-A restricted epitopes were not different in chronically infected individuals, 

suggesting that greater clonal breadth is not associated with slower disease progression. 

However, factors such as conservation of targeted epitopes not factored (25). 

 

CTL response mapping during early infection 

 In order to determine the effect of CTL breadth on escape in early HIV-1 infection, we 

studied the CTL responses in six acutely infected individuals. Each subject demonstrated 

detectable viral blood levels and had negative detuned ELISA and/or Western blot tests at the 

day of enrollment (day 0). The HLA types of subjects are shown on Table 3-1. PBMC and 

plasma samples were obtained spanning a time frame of seven to 13 weeks. The plasma 

viremia during the testing time period for each subject is shown on Figure 3-1. The level of virus 

decreases and stabilizes in most subjects, indicating that their clinical time frame reflects Fiebig 

stages IV or V. The fall and then rebound of viremia seen in subject 4 is not typical of early 

infection, however this could represent a loss of HIV-1 specific CTL response. 

 ELISpot mapping was performed on expanded CD8+ T cells derived from subject PBMC 

with 15-mer screening peptides spanning the whole HIV-1 protein sequence, as well as with a 

panel of previously known epitope antigens. Figure 3-2A demonstrates a representative CTL 

response against a peptide (WASQIYAGIKVKQLC) in subject 1 measured with five sampling 

points over a span of 77 days. A total of 80 screening peptides led to positive ELISpot response 

in CD8+ T cells. After accounting for overlaps in amino acid sequences, 55 distinct responses 

were determined. 33 known epitopes also led to positive ELISpot responses; nine of these were 

located within a screening 15-mer peptide sequence, likely representing the corresponding 

specific target epitope.  
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 The online programs SYFPEITHI Epitope Prediction (28) and BioInformatics and 

Molecular Analysis Section (Bimas) (29, 30) were used to predict the minimal epitopes 

underlying 26 screening 15-mers within Gag, Pol, and Nef (corresponding to 19 distinct 

responses when accounting for sequence overlap). SYFPEITHI and Bimas utilize a sequence-

based methodology dependent on a database of known peptide epitopes for different HLA 

molecules. Each amino acid residue of an inputted peptide sequence is given a score based on 

the frequency of that residue at its respective position relative to known epitopes within the 

database. The scores are then totaled to give an overall score for a potential peptide epitope.  

 Using these programs, lists of the most likely targeted epitopes within each 15-mer 

screening peptide amino acid sequence were complied based on totaled scores. The highest 

scored of these potential epitopes were then tested by ELISpot to determine if any could induce 

activation of expanded CD8+ T cells. 12 minimal epitopes were determined in this fashion. 

Almost all determined minimal epitopes fell within the top ten scores of predicted epitopes for 

both programs. The rank of each minimal epitope on its respective prediction list is charted in 

Figure 3-3A for each prediction program. The average rank for SYFPEITHI was 3.1 and for 

Bimas was 4.1. The consistency between rankings given by the two prediction programs for 

each minimal epitope was also investigated. As shown in Figure 3-3B, no clear correlation was 

seen between SYFPEITHI and Bimas of the rankings of minimal epitopes.  

 The location of each final determined peptide antigen for all six subjects is shown in 

Figure 3-4, with the number of responses within each HIV-1 protein shown in Table 3-2. The 

number of responses varied between each individual from four to 26, and the majority were 

directed at targets within Gag-Pol, Nef, and Env. 

  

Establishing viral epitope variants 

 For each PBMC sample, the corresponding plasma was isolated and autologous viral 

epitope variants within Gag-Pol and Nef targeted epitopes were sequenced. The frequencies of 



 73 

each detected variant were determined as shown for the representative CTL response in Figure 

3-2B. Gag-Pol region epitope mutations would be expected to affect the proteins involved in 

viral replication, thus increasing the likelihood for demonstrating the effect of greater breadth on 

limiting escape. 

 

Number of CTL responses and effective viral control 

 In studies of early HIV-1 infection, a greater response breadth, or number of HIV-1 

specific CTL responses, was associated with less likelihood of escape from T cell responses 

within one studied individual (31). Mathematical modeling of the effect on CTL response breadth 

in HIV-1 infection suggested that a broader response would lead to less viral escape in early 

infection from a combined effect of all CTL responses in killing infected cells balancing out the 

production of infected cells (32).  It was also shown that increasing CTL response breadth 

corresponded to lower viremia in HIV-1 infected individuals, however this association was only 

noted for Gag-specific antigen responses (33). Thus, although response breadth likely affects 

immune control in viral infection, there are other factors such as the conservation of targeted 

antigen targets that will possibly affect this relationship. Among our subjects, there was no clear 

association with number of CTL responses and lower viral set point (determined by the last viral 

blood level measurement in each subject). Larger numbers of individuals must be studied to 

make more definitive conclusions about the relationship between response breadth and viral set 

point and propensity for escape.  

 

Determination of clonal breadth 

 In order to measure the clonal breadth of each CTL response, subject 5 PBMC were 

stimulated with targeted minimal epitopes and cultured for seven days as previously described 

(25). Activated CTL within the PBMC population would be expected to expand after stimulation, 

however quantitative spectratyping revealed minimal expansions among all antigens tested. 
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Figure 3-5 shows a representative result from stimulation of subject 5 PBMC isolated at day 55 

with the peptide KRQDILDLWVY, an antigen that was shown to elicit a significant ELISpot 

response.  

 It is possible that the ability for ex vivo expansion of HIV-1 specific CTL may be limited in 

acute infection, and several findings support this outcome. A distinct population of CD8+ T cells 

that were CD27-/CD38+ and had low expression of TCR was shown to emerge during acute 

infection. The presence of these cells was associated with a lower CD4+ T cell nadir and higher 

viremia. While there was a high frequency of HIV-1 specific CTL responses among these  

CD27-/CD38+ cells, they were less efficient at suppressing viral infection (34). T cells activated 

without CD4 help that lack CD27 expression were demonstrated to be less efficient at 

proliferation and more prone to apoptosis after TCR stimulation (35). In a study of hyperacute 

infection, or the period immediately following inoculation with virus, the majority of activated 

CD8+ T cells were HIV-1 specific and had high expression of CD95, decreased expression of 

CD127, and were more susceptible to apoptosis in culture (20). This suggests that these CD8+ 

T cells were undergoing activation induced cell death.  

 Experimental variation and technical inconsistencies is also a consideration, as peptide 

stimulation of PBMC from subject 3 at day 14 with the minimal peptide epitope YTAFIPSI 

revealed an expansion in BV07 (Figure 3-6). However, unlike what has been demonstrated with 

CTL responses in chronic infection (25), the relative magnitude of expansion in subject 3 was 

more modest.  

 

Modified approach to measuring breadth 

 Determination of clonal breadth without expansion of activated clones can be performed 

by basing the measurement of breadth on IFN-gamma secretion of target peptide stimulated 

cells. CD8+ T cells can be expanded non-specifically from PBMC as performed for ELISpot 

measurement, and with use of an IFN-gamma capture antibody, activated cells secreting this 
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cytokine can be labeled with fluorescent antibody against the IFN-gamma held on the cell 

surface. Activated cells can then be sorted, and TCR cDNA amplified through 5'-rapid 

amplification of cDNA ends (RACE). The diversity of this population of activated cells can be 

determined through cloning of the amplified cDNA. An outline of this approach is shown in 

Figure 3-7. 

 Because activated cells will be isolated prior to expansion, the yield of cells will be 

relatively limited in number. Based on values of spot forming units for positive CTL responses 

with ELISpotting, the frequency of activated cells can be as low as 60 per one million CD8+ T 

cells. To show the feasibility of 5'RACE to successfully create and amplify TCR mRNA for 

cloning, we took 100 cells of a specific CD8+ T cell clone and performed the above protocol. 

The bulk amplified TCR cDNA was sequenced and demonstrated the presence of one distinct 

DNA sequence that was consistent with the endogenous TCR of the CD8+ T cell clone. The 

translated amino acid sequence was (CSASRNGLSGSEAFF) consisted of BV20, BJ1, and BD2 

gene segments.  

 

 

Conclusions and Future Directions 

 

 In conclusion, we have detected and monitored the CTL responses in early HIV-1 

disease of six acutely infected individuals, and surveyed for the presence of viral epitope 

variants over this same period of time. These responses, targeting mostly epitopes in Gag-Pol, 

Nef, and Env, varied in number between individuals and did not appear to clearly correlate with 

viral set point. The measurement of clonal breadth of each response by detecting ev vivo CTL 

expansions from peptide stimulated PBMC did not reveal clear evidence of clonal expansions, 

possibly reflecting a CD8+ T cell population in acute infection with decreased proliferative 
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capacity and greater tendency towards apoptosis. Clonal breadth may be better measured 

through selection of activated clones by IFN-gamma secretion.  

 In future work, both quantitative spectratyping of peptide stimulated PBMC and isolation 

of activated CD8+ T cells with IFN-gamma capture antibody and FACS will be utilized to 

measure the breadth of the CTL responses in the remaining subject samples. We will expect 

that CD8+ T cells from PBMC will continue to demonstrate limited expansion in culture, and that 

breadth will be more accurately determined through FACS sorting of IFN-gamma secreting 

cells.  
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METHODS 

 

 

Study Subjects: Six acutely infected individuals were studied, each with detectable level of HIV-

1 virus in blood and negative detuned ELISA and/or Western blot at the time of enrollment. 

PBMC and plasma were collected at multiple time points in each subject beginning from the 

time of enrollment to seven to 13 weeks post enrollment.  

Cell culture: All cell culture utilized medium consisting of RPMI 1640 (Sigma, USA) 

supplemented with 10% heat inactivated fetal calf serum, 10mM N-2-hydroxyethylpiperazine-

N9-2-110 ethanesulfonic acid (HEPES), and 2mM glutamine unless otherwise noted. 

Non-specific expansion of CD8+ T cells from PBMC: CD8+ T cells were non-specifically 

expanded from PBMC in culture with the addition of 50 U/ml of recombinant human interleukin-2 

(NIH AIDS Reference and Reagent Repository) and CD3:CD4 bispecific antibody that inhibits 

CD4+ T cells and stimulates CD8+ T cells (36). Cells were fed with medium every three to four 

days for a total of two weeks.  

Detection of CTL responses with ELISpot Mapping: 96-well nitrocellulose filter plates (Millipore, 

Burlington, Mass.) were coated with monoclonal anti-IFN-gamma antibody (Pharmingen, BD 

Biosciences, San Diego, Calif.) and plated with 2 x 105 expanded CD8+ T cells per well in 

medium. Cells were treated with a library of HIV-1 peptides (consecutive 15-mer peptides 

overlapping by 11 amino acids) spanning all HIV-1 proteins (NIH AIDS Research and Reference 

Reagent Repository). Cells were treated with peptides at a concentration of 5ug/ml. Each plate 

also contained four negative control wells without peptide stimulation, and a positive control well 

treated with 1mg/ml of PHA. After incubation for 12-16 hours, cells were stained with a 

biotinylated second IFN-gamma specific antibody labeled with streptavidin-peroxidase. Each 

well was then treated with streptavidin-peroxidase and developed with a peroxidase color 

reagent. Spots formed on well filters representing individual IFN-gamma secreting CD8+ T cells 
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were counted as spot forming units (SFU) with an automated counter (Cellular Technologies 

Limited, Cleveland, Ohio) and confirmed manually. Positive responses were defined as having 

at least 60 SFU per million cells or more than the mean plus three times the standard deviation 

of the negative wells. Peptides were screened with pools of 12 to 16, and individual CTL 

responses identified with individual peptides. 

Sequencing of autologous viral variants within Gag-Pol and Nef sequences: Viral RNA was 

isolated from plasma using QIAamp UltraSens viral isolation kit (Qiagen, Germany). Viral RNA 

was then reverse transcribed and Gag-Pol and Nef regions of the HIV-1 genome were amplified 

using multiple primers spanning these regions. These PCR products were then cloned into 

vectors and transformed into competent E. coli. Amplified vectors containing the PCR products 

were then sequenced by Sanger sequencing with use of capillary electrophoresis, and 

sequences aligned (Bioedit).  

HIV-1 peptide epitope stimulation of PBMC: PBMC were cultured in medium with the addition of 

12.5U/ml recombinant human interleukin-2 (NIH AIDS Research and Reference Reagent 

Repository) and stimulated with 1µg/ml of the specific epitope peptides (Sigma). Cells were 

refed after three to four days by replacing one ml of medium. At sever days, CD8+ T cells were 

isolated using magnetic bead selection (Miltenyi Biotech, Germany). 

Determination of clonal breadth with quantitative spectratyping: TCR beta chain spectratyping 

was performed on stimulated PBMC as previously described (25, 37). International 

ImMunoGeneTics (IMGT) information system nomenclature was followed for labeling of variable 

gene families. Briefly, total mRNA was isolated from CD8+ T cells separated from peptide 

stimulated PBMC using TRIzol Reagent (Invitrogen, USA), and reverse transcribed to cDNA 

with use of random primers (High-Capacity Reverse Transcription Kit, Applied Biosystems, 

USA). Quantitative PCR, capillary electrophoresis, and calculation of relative concentrations of 

BV families and amplified DNA fragment size distributions were then performed as outlined in 

Chapter 1.  
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Determination of clonal breadth through detection of IFN-gamma secretion: As demonstrated in 

Figure 3-6, non-specifically expanded CD8+ T cells will be stimulated with the appropriate 

peptide (Sigma) in medium with similar to above however with 5% heat inactivated fetal calf 

serum for up to 12 hours. Negative control samples without stimulation and positive control 

samples stimulated with 10ng/ml PMA and 1ug/ml Ionomycin will also be tested. Cells will then 

be washed and stained with capture antibody (Miltenyi, Germany), a conjugated antibody 

specific for IFN-gamma and a cell surface protein. This is followed by a second, PE linked IFN-

gamma detection antibody (Miltenyi, Germany). FACS will then be used to sort stained cells 

directly into lysis buffer (0.2% Triton X-100 with 2 U/ul RNase inhibitor). TCR cDNA is then 

amplified by 5'RACE (Clontech, Takara Bio, Japan). First, cDNA formed through reverse 

transcriptase of whole mRNA with oligoI(dT) primers with the incorporation of an oligonucleotide 

sequence at the 5' end. TCR cDNA is then amplified with primers specific for the 5' 

oligonucleotide sequence and the BC region. The TCR diversity and clonal breadth can then be 

determined through In-Fusion cloning (Clontech, Takara Bio, Japan) of the amplified PCR 

product. 
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Table 3-1: HLA antigen profiles of study subjects 1-6. 
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Figure 3-1: Viral blood levels of the six study subjects measured at several time points over the 

course of the sampling period, each colored line represents a different subject (legend). 
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A) 

 

B)  

 

  

 

 

Figure 3-2: A) Magnitude of the CTL response determined by ELISpot from stimulation with the 

15-mer peptide WASQIYAGIKVKQLC (pol 421-435), measured in spot forming units per million 

cells (SFU/Million Cells); B) Frequencies of each detected variant of the targeted peptide, 

dashes represent similarity to index sequence. 



 83 

 

Figure 3-3A: The ranking based on prediction scores of each minimal epitope determined for a 

screening peptide eliciting a positive response in ELISpot mapping, left column represents 

results from SYFPEITHI and the right column from Bimas, black bars represent average rank.  
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Figure 3-3B: The correlation between prediction programs SYFPEITHI and Bimas of the 

rankings based on prediction scores for each minimal epitope determined for a screening 

peptide eliciting a positive response in ELISpot mapping, r2 value of a linear correlation line is 

0.19.  
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Figure 3-4: Location of each targeted peptide antigen (arrows) for all six subjects in the 

nucleotide sequence of HIV-1 (x-axis); colors correspond to the specific protein sequence map 

(7) describing which protein each target peptide is located. 

 

 

 

 

 

 

Subject	1	
	
	
Subject	2	
	
	
Subject	3	
	
	
Subject	4	
	
	
Subject	5	
	
	
Subject	6	

5’LTR	

Gag	

Pol	

Vif	

Env	 Nef	
1										636 	 							2088	 	 	 													5099			 		 			 		6230		 	 	 										8805			8807				9431			

1																										2295 	 					 		 										5044					5622					5973					6048 	 									8368									8663	 		

		5834						6048 	 							8368								8458	

Rev1	 Rev2	

Tat1	 Tat1	

Vpr	 Vpu	
			5562					5853							6070				6302	
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Table 3-2: Number of responses within each HIV-1 protein (columns) identified for each subject 

(rows). 
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Figure 3-5: Representative quantitative spectratyping result of subject 5 PBMC isolated at day 

55 against the peptide KRQDILDLWVY; each bar represents a distinct fragment size peak 

within each BV family; change in relative concentration was measured as the difference in 

relative concentration of stimulated vs. control unstimulated PBMC. 
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Figure 3-6: Quantitative spectratyping of subject 3 PBMC isolated at day 14 against the minimal 

epitope YTAFIPSI revealing modest peak expansions in BV07; each bar represents a distinct 

fragment size peak within each BV family; change in relative concentration was measured as 

the difference in relative concentration of stimulated vs. control unstimulated PBMC. 
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Figure 3-7: Overview of the determination of clonal breadth through detection of IFN-gamma 

secretion 
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Summary of Findings 

 

 This dissertation work utilizes advancements in technologies for the characterization of 

TCR repertoires of T cell populations to reveal insights into CTL responses mediating acute 

rejection after solid organ transplantation as well as CTL responses targeting HIV-1 epitopes in 

acute infection.  

 In the first part of our work described in chapter two, we demonstrated that the specific 

CD8+ T cell clones representing the population of GIL targeting donor tissue were remarkably 

stable throughout a clinical course marked by fluctuating levels of acute rejection following hand 

transplantation. Importantly, these cells showed restricted BV gene segment usage, consistent 

with prior studies of GIL isolated during acute rejection. We then designed an approach to 

catalogue the BV biases underlying direct alloreactivity, with the goal of using this data to 

predict the likely BV restriction based on the HLA mismatches of recipient and donor. Finally, we 

enhanced our approach to describe the TCR repertoire of relatively small populations of 

lymphocytes, allowing for the measurement of BV bias in transplant recipient samples obtained 

with minimal risk such as urine and BAL fluid.  

 In the second part of this dissertation explained in chapter three, we sought to determine 

how the clonal breadth of HIV-1 specific CTL responses affects the likelihood of viral escape in 

early infection. We were able to identify CTL responses in six subjects experiencing acute 

infection as well as the corresponding epitope targets, and track the magnitude of these 

responses as well as the evolution of viral epitope variants over time. CTL isolated from these 

subjects expanded poorly ex vivo after epitope stimulation, consistent with recent 

characterizations of this T cell population. We devised a strategy to characterize clonal breadth 

without the need for expansion in culture, and have shown initial feasibility of this method.  
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Implications In the Field of Transplant Immunology 

 

Novel therapeutic approach for acute rejection 

 As described in chapter 2, current broadly acting immunomodulatory treatments have 

increased the availability of solid organ transplantation as a therapeutic option for individuals 

facing irreversible end organ disease. However, these also lead to significant infectious 

complications (1). The use of BV directed elimination of alloreactive lymphocytes has been 

demonstrated to work to prolong graft survival in a mouse transplantation model (2). Utilizing 

this strategy for treatment of human diseases has not been possible because of the greater 

genetic diversity among the population of organ recipients and donors. This diversity makes 

determining BV usage bias among the population of organ recipients difficult to predict, and thus 

there is an inability to accurately and practically measure BV restriction in individuals with acute 

rejection. In one study, use of MLR with host lymphocytes as responder cells and donor cells as 

targets revealed BV restriction that correlated well to cells isolated from the graft tissues 

undergoing rejection (3). Use of MLR at an individual recipient level could be a feasible 

approach to determining BV bias, however this would require a relatively high degree of effort. 

Applying the BV bias prediction system described in chapter 2 will also allow for direction of BV 

based therapies with greater applicability without the need for ex vivo testing.  

 

Improved methodology for the prediction and monitoring of acute rejection 

 Using the prediction system described above, a lack of a predicted BV bias for a 

particular host/donor HLA profile combination will suggest that acute rejection would be less 

likely to occur. Thus, this method can determine the probability of acute rejection occurring for 

specific host/donor HLA combinations.  

 We enhanced our approach for measuring BV usage to be applied to relatively small 

populations of lymphocytes. From our own observations of clinical samples, we have noted 
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small populations of cells in BAL fluid and urine samples, where many of these cells would be 

expected to be alloreactive lymphocytes. The complication rate for current histopathological 

sampling and analysis can be significant (for example almost 1% risk of serious bleeding in 

renal biopsy sampling) (4). Therefore identifying and measuring BV bias in fluid obtained with 

less risk such as urine and BAL fluid will allow for the detection and monitoring of acute rejection 

with high sensitivity and considerably decreased risk. 

 

 

Impact of this Work on HIV-1 Treatment and Prevention Strategies  

  

 Early escape of immunodominant CTL responses during acute HIV-1 infection likely 

leads to massive CD4+ T cell depletion and the development of suboptimal responses to more 

conserved viral epitopes. CTL memory responses become limited in this setting, and ongoing 

viral replication contributes to chronic immune activation and a further mutational escape. It is 

therefore necessary for an effective cellular immunity based vaccine to interrupt this pattern of 

events by directing CTL responses to more conserved viral epitopes (5).  

 The work presented in this dissertation aims to demonstrate that clonal breadth should 

also be an important consideration when attempting to generate effective CTL responses 

because greater breadth can place greater limits on the ability of the virus to escape. This 

aspect of the CTL response would also be important to consider in designing cell based gene 

therapies, where T cells engineered to express HIV-1 specific TCR are used to treat infection.  
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Donor Specific Microparticles Detected in a Hand Transplant Recipient Increase with 
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Introduction 

 

Acute rejection remains a significant complication following solid organ transplantation 

despite important advances in immunomodulatory therapies (1, 2). Making a diagnosis of 

rejection in patients presenting with graft dysfunction typically involves invasive biopsy sampling 

for histopathological analysis. This approach has variable sensitivity depending on the type of 

transplanted tissue sampled, and can place patients at risk for procedural complications. 

Investigation into non-invasive measuring of biomarkers that can indicate rejection has resulted 

in many promising approaches. However, these measures have been limited in the ability to 

differentiate between rejection and other causes of graft failure (3).  

 

 

Microparticle (MP) levels can signal graft rejection 

 

There is evidence to suggest that levels of circulating microparticles (MPs) may correlate 

with the development of acute rejection and can therefore serve as a non-invasive biomarker (4-

7). MPs are submicron vesicles that are produced during activation or apoptosis. They are 

generated through budding from the plasma membrane (PM) of cells, and thus carry the surface 

proteins and intracellular contents from their cells of origin (8). MPs have been shown to act as 

transcellular effectors in processes such as inflammation and thrombosis (9). Levels of MPs 

measured by determining their procoagulant activity (procoagulant MPs) were shown to 

increase in patients experiencing transplanted islet cell dysfunction due to apparent rejection, 

and subsequently decrease after immunosuppressive treatment (7). Endothelium-derived MP 

(EMP) levels identified by flow cytometry with staining for CD31 were shown to be elevated in 

renal transplant recipients with histological evidence of rejection compared to those with normal 

appearing graft tissue (6). In a prospective study of heart transplant recipients, increased levels 
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of procoagulant MPs bearing E-selectin, fas, and tissue factor were associated with allograft 

rejection (5).  

 

 

Improving specificity and accuracy of detecting rejection by measurement of donor 

derived MP 

 

An important limitation in these studies is that the PM markers used to detect MPs 

(procoagulant molecules, apoptotic factors, and endothelium specific proteins) cannot 

differentiate if MPs were from host or donor cell origin. MP level measurement in this instance 

would consequently not be able to indicate donor tissue specific injury occurring during 

rejection. However, the ability to distinguish donor cell MP release is possible by detection of 

MPs through donor cell specific surface markers, namely the mismatched Human Leukocyte 

Antigens (HLAs). The majority of solid organ transplantations take place between donor and 

recipient pairs with multiple differences in HLA profiles (10). Therefore, graft cell derived MPs 

can be specifically detected through flow cytometry by staining for donor specific HLAs. 

 

 

MP levels were measured during acute rejection of a transplanted hand 

 

We sought to test the feasibility of detecting MP shed specifically from donor cells during 

acute rejection experienced by the recipient of a transplanted hand by flow cytometry with donor 

HLA molecule staining. In demonstrating this process, we will then be able to go on to test the 

hypothesis that measurement of donor specific MP can serve as an early non-invasive indicator 

for rejection. 
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Description of clinical course of post hand transplantation 

 As described in Chapter two, the study subject had serial skin biopsies taken to evaluate 

for acute rejection during her post transplant course. As outlined in Figure A-1, she experienced 

episodes of mild to moderate rejection throughout this period that were managed by adjusting 

her immunosuppressive regimen (Tacrolimus, Everolimus, Cellcept, and Prednisone). However, 

after a period of medication non-adherence, the subject began to experience severe rejection 

noted first on post transplant day 717, gauged clinically and through histological analysis of skin 

biopsies. This persisted despite treatment with high dose steroids and anti-thymocyte globulin 

(ATG). As a result, the subject elected to stop immunomodulatory medications and undergo 

graft resection on day 771. 

 

Donor derived HLA-A2 positive MP detected in plasma 

 Detection of HLA-A2 positive MP was done in six samples (taken on days 642, 717, 723, 

744, 751, and 771 post transplant) spanning the period of 130 days leading up to graft 

resection. The first five sampling time points correspond to days which biopsies were also 

performed. The gating strategy for detection of HLA-A2 positive MP (A2+MP) in a 

representative sample of platelet-free plasma (PFP) is shown in Figure A-2.  

As shown in Figure A-3, the level of detected A2+MP remained relatively stable (range 

1.2 - 1.43 A2+MP/ul PFP) during the initial period of sampling, with a 16% change in levels from 

day 642 to 723. After this period, A2+MP levels began to trend higher, eventually peaking at the 

time of resection (4.93 A2+MP/ul PFP). This reflects a 311% increase in levels from day 723 to 

day 771. This elevation in detected A2+MP corresponded to a period of worsening clinical 

rejection (from day 717 until graft resection) as evaluated through histopathological and clinical 

examination.  

 To our knowledge, this is the first study measuring the levels of graft derived MPs in the 

peripheral circulation of a transplant recipient by flow cytometry with staining for donor specific 
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HLAs. Differentiating between host and graft derived MPs by detecting donor cell specific 

membrane proteins has previously been proposed, however this was suggested only for EMPs 

(11). While prior studies (4-7) have shown that increases in circulating MPs correlated with 

acute rejection in transplant recipients, the source of these MPs could not be differentiated 

between donor or host cells. In contrast, our technique measures the levels of MPs derived 

specifically from all donor cells, thus giving the most accurate assessment of MP release due to 

graft tissue specific injury during transplant rejection.  

 As the severity of rejection progressed in the study subject there was a coincident rise in 

A2+MP levels, suggesting that this measure may correlate directly with rejection status. 

Interestingly, A2+MP were present in similar concentrations during clinical stability (day 642) 

until the onset of severe rejection (day 717). Our previous findings demonstrated the presence 

of infiltrating CD8+ T cell clonal expansions in the graft during this same period, spanning 

varying degrees of acute rejection (12). This persistent immune response against graft tissue 

would result in ongoing graft cell apoptosis and MP production, in line with the observed stable 

levels of A2+MPs.  

 Our data supports the hypothesis that donor cell derived MP levels increase due to the 

cell death and tissue damage that occurs during acute rejection. Monitoring for these increases 

in MP levels in the plasma of transplant recipients can therefore signal when rejection is 

occurring and give an indication of the intensity of this process. Using this approach to assess 

the condition of a transplanted graft over time would have the obvious benefit of reducing or 

eliminating the need for routine biopsies, as well as aid in making the diagnosis of acute 

rejection. Importantly, as we have shown that graft derived MP levels can be detected when an 

underlying T cell alloresponse was present but clinical or histopathological evidence for rejection 

was not seen, MP levels have the potential to be a more sensitive gauge of ongoing graft 

directed immune responses. This would help instruct when adjustments should be made to 

immunomodulatory treatments in recipients earlier in the course of rejection. Finally, HLA typing 
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is routinely performed in clinical laboratories, and donor and host HLA profiles are typically 

determined prior to transplantation. The specific HLAs targeted for staining on donor MPs can 

therefore be obtained a priori and customized for each individual recipient allowing this 

technique to be easily incorporated into clinical practice. 

 An important consideration of using donor cell derived MPs as a biomarker for acute 

rejection is that other processes affecting graft tissue could induce MP release. In addition to 

apoptosis and inflammation, MP formation has been shown to mediate the intercellular transfer 

of functional cellular components such as cytoplasmic proteins, bioactive lipids, and nucleic acid 

(8). The MPs produced in graft tissue during these regulated events can affect levels measured 

in the peripheral circulation. Additionally, other causes of transplanted tissue damage such as 

drug toxicity and graft infection can also potentially lead to increasing levels of donor cell 

derived MPs. One study demonstrated that sepsis as well as rejection led to increased EMP 

and hepatic cell derived MPs following liver transplantation (4). Elevated levels of EMPs were 

also noted in transplant recipients with cardiovascular disease, renal failure (13), and CMV 

infection (14). 

 Our report is based on a single case and is designed to assist in forming objectives for 

future studies in determining the correlation of graft derived MPs to acute rejection. Because all 

measurements were taken from a set clinical time frame of only one individual, each measure of 

A2+MP levels can only be interpreted as relative to those taken at other time points. 

  

 

 

Conclusion 

 

 In conclusion, donor HLA positive MPs were measured in the peripheral circulation of a 

hand transplant recipient who developed severe cellular rejection. The levels of these donor 
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derived MPs increased with the intensity of rejection based on histopathological and clinical 

assessment. This hypothesis generating data suggests that measurement of MPs shed from 

graft tissue can be detected by staining for donor specific HLAs, and increases in levels of these 

particles could correlate to the development of acute rejection. Graft derived MPs therefore 

have the potential for serving as a specific biomarker for rejection of solid organ transplantation, 

reducing the need for invasive tissue sampling and being more informative of the underlying 

alloresponses mediating graft injury. Our results demonstrate the feasibility of this approach and 

submit that more studies are necessary to further develop flow based methods of detecting 

donor MPs through HLA specific staining as well as investigate changes in these MP levels in 

transplant recipients undergoing rejection and other forms of graft dysfunction. 
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METHODS 

 

Description of study subject and sampling: As reported in Kim et al, the study subject is a 27 

year-old woman (HLA profile: A1, B8, B72, DR8, DR17, DQ2, and DQ4) who was the recipient 

of a right hand transplant from a male honor (HLA profile: A2, A11, B35, B51, DR4, DR7, DQ2, 

and DQ8) resulting in multiple HLA mismatches including HLA*A2. The HLA profile was 

provided by the United Network for Organ Sharing (UNOS). This subject was studied under a 

research protocol approved by the UCLA Institutional Review Board, and consent was provided 

in written form (12).   

Description of histopathological evaluation: Histopathological evaluation was performed by 

taking punch biopsy specimens of graft skin from the transplanted hand. These samples were 

examined by the UCLA Pathology Department and descriptions of inflammatory cell infiltrate 

made. These specimens were given a rejection grade based on standard Banff Criteria (15). 

Description of MP detection Platelet-free plasma (PFP) samples were prepared as previously 

described using serial centrifugations (15 min at 1,500g followed by 2 min at 13,000g), and 

stored at -80 °C until use. For MP (16) labeling, Alexa 488 labeled HLAA2 antibody, (Serotec 

Inc, clone BB7.2) and the isotype matched control conjugate (IgG2b) were used at a final 

concentration of 10 µg/ml and were incubated with 30 µl of PFP for 30 min at room temperature, 

protected from light and then diluted with 500 µl double filtered (0.25 µm) PBS (df PBS) buffer. 

The isotypic control was matched in final concentration with its relevant antibody conjugate by 

diluting stock solution in df PBS buffer. Counting beads (TruCount, BD Biosciences) were added 

in order to derive absolute counts as previously described. For flow cytometric analysis (17-19) 

the Beckman-Coulter FC500 flow cytometer was used. To limit background noise from dust and 

crystals, instruments were operated using a pre-filtered sheath fluid (IsoflowTM; Beckman-

Coulter). All parameters were plotted on logarithmic scales. The forward scatter data (10) were 

collected using the wide angle position (W = 1-19°) present on FC500. MP measurements were 
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performed according to the previously described standardized protocol using fluorescent 0.5 

and 0.9 µm beads (Megamix, BioCytex) to define the size-related MP gate between 0.5 and 1 

µm bead-eq2. Because there is no current consensus on the threshold setting (which 

determines the smallest size MPs analyzed) for analysis of MPs by flow cytometry, our 

threshold level is based on the number of background “noise”/events per second when double 

filtered (0.2 µm) phosphate buffered saline (PBS) is passed through the machine. We also use 

double filtered PBS as an instrument quality control for background “noise”. Samples were run 

in triplicates. 
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Figure A-1. The total daily doses of the subject’s immunosuppressive drug regimen (consisting 

of Tacrolimus, Everolimus, Cellcept, and Prednisone) are shown over time leading up to graft 

rejection; the gray shading on the graphs correspond to the points when significant rejection 

was noted on physical examination and with histopathological analysis; the black arrow 

indicates when high dose solumedrol and ATG were administered; gray arrows indicate points 

when skin biopsies were taken and below each are the corresponding histopathological Banff 

scores of the specimens. 
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Figure A-2. Detection of HLAA2 (+) MP using flow cytometry. 1A. MP measurements were 

performed according to the previously described standardized protocol using fluorescent 0.5 

and 0.9 µm beads (Megamix, BioCytex) to define the size-related MP gate between 0.5 and 0.9 

µm size area as described in Methods. 1B. MP gate in a representative sample. Counting beads 

(TruCount, BD Biosciences) were added in order to derive absolute counts as described in 

Methods. 1C. HLAA2+ gate is shown in a representative sample. Contour plots are shown for 

staining with the isotype matched control conjugate (IgG2b) (blue) and Alexa 488 labeled HLA 

A2 antibody (2).  1D. Overlay histogram is shown to demonstrate signal (stain with Alexa 488 
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labeled HLA A2 antibody in red) to noise (stain with the isotype matched control conjugate 

IgG2b in blue) in a representative sample.  
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Figure A-3 Levels of HLA A2 expressing MP detected in the plasma of the study subject over a 

period of 130 days; levels are expressed in number of HLA A2 positive MP per ul of PFP; Banff 

scores of biopsy specimens taken on the same day of sampling shown above each point; 

shaded period represents when severe rejection was noted clinically. 
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